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Abstract 

Biotherapeutics are becoming of greater importance within the pharmaceutical industry, 

with companies expanding their portfolios into this area and an increasing number of 

biotherapeutic regulatory submissions and approvals. As a result of this move away from 

traditional small molecules progresses the methods used to support the data for the 

submissions have to evolve and new techniques explored to ensure the quality of data and 

meet the analytical challenges that this shift in strategy presents. LC-MS has been the main 

technique involved in the production of toxicokinetic (TK) and pharmacokinetic (PK) data 

for a number of years and has been reliable for quantification of small molecules. LC-MS 

using a ‘bottom-up’ approached based on enzyme digestion and surrogates’ peptides along 

with plate-based techniques such as enzyme linked immunosorbent assay (ELISA) have 

been used for quantification of biotherapeutics however these techniques both have 

restrictions and limitations. This work looked to develop a method that could fill these gaps 

for the quantification of monoclonal antibodies (mAbs) using capillary electrophoresis-high 

resolution mass spectrometry (CE-HRMS).  

The final method that was developed for quantification was based on reduction to the light 

and heavy chains and used a capillary electrophoresis (CE) separation with a discontinuous 

buffer system and two stage application of pressure to achieve a method that produces 

good peak shape; analyte response (in terms of peak intensity) and reasonable run times. 

The method used electrokinetic injection as a means of introducing the sample to the 

capillary. The data are greatly improved by the used of an internal standard to counteract 

the variation that is introduced as an artefact of the electrokinetic injection. The CE-MS 

method had a low limit of quantification for the mAb of 50 ng/mL in human plasma and 

achieved partial resolution of the mAb light and heavy chains in a run time of 15 minutes. 
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This work shows that CE-MS has the potential to be used to produce PK and TK data based 

on a ‘middle-up’ approach, that is more representative of the circulating levels of the intact 

unmodified mAb.  
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Abbreviations and Definitions 
 

Term Definition 

ADA Anti-drug antibody 

ADC antibody-drug conjugate 

ADCC antibody dependant cellular cytotoxicity 

APCI Atmospheric pressure chemical ionisation 

aTTP 
acquired thrombotic thrombocytopenic 

purpura 

BGE Background electrolyte 

Bioanalytical/bioanalysis 

Bioanalysis is the quantitative 
measurement of a drug and/or their 

metabolites in a biological matrix typically 
blood, plasma, serum, urine or tissue 

BiTE bispecific t-cell engager 

Bottom up 
Analysis of a protein (or similar) based on a 
signature or surrogate peptide, often after 

enzymatic digestion 

BSA Bovine serum albumin 

BsAb Bispecific antibody 

C Centigrade 

C18 Octadecyl carbon chain 

Calibration curve 

Comparison of a set of standard samples 
of known concentration against samples 

with unknown concentrations to 
determine their concentration 

CDR Complementary determining region 

CE Capillary electrophoresis 

CESI 8000 Capillary electrophoresis instrument 

CI Chemical impact 
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CID collision-induced dissociation 

cpAb chemically programmed antibody 

CV Coefficient of variance 

CZE capillary zone electrophoresis 

dAb domain antibody 

DART 
Dual-affinity retargeting bispecific 

antibody 

DC Direct current 

Deconvoluted spectra 
Reconstructed from the mass spectra to 
show the mass of a molecule as opposed 

to the m/z 

DTT Dithiothreitol 

DVD-Ig Dual variable domain- immunoglobulin 

EI Electron impact 

ELISA enzyme linked immunosorbent assay 

EK Electrokinetic 

EOF Electroosmotic flow 

EOM Electrophoretic mobility (μep) 

ESI Electrospray ionisation 

EU European Union 

Fab Fragment antigen binding 

Fc 
Fragment crystallisable region of an 

antibody 

FcRn Neonatal Fc receptor 

Fd Heavy chain portion of the Fab region 

FDA Food and Drug Administration 

FT Orbitrap Fourier transform Orbitrap 
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FT-ICR-MS 
Fourier transform-ion cyclotron 
resonance-mass spectrometer 

Hc Heavy chain of an antibody 

HcAb heavy chain only antibody 

HCl Hydrochloric acid 

HILIC Hydrophilic interaction chromatography 

HPLC High performance liquid chromatography 

HRMS High resolution mass spectrometry 

HVPS High voltage power supply 

IC Immunocytokine 

IdeZ Immunoglobulin degrading enzyme 

IgG Immunoglobulin G 

IL Interleukin 

ISV Ion spray voltage 

IT-TOF ion trap time of flight 

LBAs Ligand binding assays 

Lc Light chain of an antibody 

LC Liquid chromatography 

LLQ (s) 

Lower limit of quantification; lowest 
concentration at which the analyte can be 

detected with predefined bias and 
precision 

K’ Capacity factor 

m/z Mass to charge ratio 

mAb Monoclonal antibody 

MALDI Matrix-assisted laser desorption/ionisation 

MEW Mass extraction window 
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Middle down 
Analysis of a protein (or similar) based on 
the protein fragment or sub-unit e.g. Fc, 

Fd, Lc or Hc 

MRM Multiple reaction monitoring 

MS Mass Spectrometry 

MS/MS Tandem mass spectrometry 

N Theoretical plates 

N2 Nitrogen 

NCE New chemical entity 

OptiMS Cartridge 
Combined separation capillary and MS 

interface for use with the CESI 8000 

PEI Polyethyleneimine 

PFP Pentafluorophenyl 

PK 

Pharmacokinetics - study of the time 
course of drug absorption, distribution, 
metabolism, and excretion – described 

through mathematical models 

PTM Post-translational modification 

Q1 Quadrupole 1 

Q2 Quadrupole 2 

Q3 Quadrupole 3 

Q-TOF quadrupole time of flight 

Q-trap quadrupole ion trap 

Rf Radio frequency 

TandAb Tetravalent bispecific tandem diabody 

THRMS 
tandem high-resolution mass 

spectrometry 

TK 
Toxicokinetics - the study of PK at high 
doses using toxicology studies where 

absorption and clearance mechanisms 
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may be saturated 

TOF Time of flight 

Top down 
Analysis of a protein (or similar) based on 

the intact molecule 

TripleTOF 6600™ Sciex Q-TOF mass spectrometer 

US United States 

VH Variable region of heavy chain 

VHH 
Variable region of a heavy chain only 

antibody 

VL Variable region of light chain 
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1 Introduction 

1.1 A Shift in Paradigm Within the Pharmaceutical Industry  

In recent years there has been a steady increase in the rise of the class of therapies known 

as biologics or biotherapeutics. In 2018 the Food and Drug Administration (FDA) approved a 

total of 59 new drugs, 42 of which were new chemical entities (NCEs) and 17 were 

biotherapeutics; this was a new record for biotherapeutic drug approval. There has been a 

steady rise in the approval of biotherapeutic drugs; in 1996 out of a total of 53 approved 

drugs, only 6 were biotherapeutics, in 2015 and 2017, this increased to 12 and in 2018, 17 

biotherapeutics were approved, as shown in Table 1. Of the 17 biotherapeutics approved in 

2018, 12 were monoclonal antibodies (mAbs), 3 were pegylated enzymes, one was protein-

based and one was a fusion protein [1].  

Until the first mAb, Orthoclone OKT3, was approved for use in 1986, followed by 

daclizumab in 1997,  the drug development process was completely focussed on taking a 

NCE to market, from hit to lead screening through to pre-clinical development [2]. The 

development of new biotherapeutic drugs also represented a shift in the approach taken to 

the drug receptor interaction.  Biotherapeutics are raised against a given antigen and the 

mechanism is usually known in advance, whereas previously with NCE development the 

mechanism was unknown and had to be determined as part of a high throughput screening 

programme.  Biotherapeutics offer other advantages such as favourable attrition rates, 

limited toxicological issues, highly specific to the target, and the ability to augment the 

body’s own immune system [3]. 

The production of biotherapeutics on an industrial scale was more complex than for NCEs.  

As a consequence, production costs were higher which meant discovery and development 

of small molecules remained the dominant focus of the pharmaceutical industry.  The rise 
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in the interest of biotherapeutics in the mid-1990s was driven by different, emerging 

companies to those pursuing traditional NCEs, however today the two streams of drug 

target are far more aligned. The molecular complexity of the generics market for 

biotherapeutics is far more challenging relative to NCEs.  The exact molecular structure of 

an NCE can be copied exactly whereas for biotherapeutics the term ‘biosimilars’ has 

emerged which reflects the fact that certain attributes (such as glycosylation patterns) 

cannot be replicated in different manufacturing processes.  This means biosimilars must 

undergo a certain amount of additional characterisation work to determine if these 

deviations from the original biological construct have an impact on the efficacy, 

pharmacokinetics (PK) or safety of the therapeutic original drug [2, 4, 5].  

Table 1 Number of NCE and biologic drug approvals by the FDA in the last 19 years [1]. 

Year Number of NCE approvals 
Number of 

biotherapeutics approved 

1999 35 3 

2000 27 2 

2001 24 5 

2002 17 7 

2003 21 6 

2004 31 5 

2005 18 2 

2006 18 4 

2007 16 2 

2008 21 3 

2009 19 6 

2010 15 6 

2011 24 6 

2012 33 6 

2013 25 2 

2014 30 11 

2015 33 12 

2016 15 7 

2017 34 12 

2018 42 17 
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1.2 Classes of Biotherapeutics 

Biotherapeutics, or biologics, are treatments derived from or involve living cells. 

Biotherapeutics can be produced from a variety of cell types such as mammalian, viruses or 

bacteria. In broad terms biotherapeutics operate in two ways; either acting on a specific 

target (in plasma or cells) or by manipulating the immune system to act [6, 7]. As shown in 

section 1.1 the number of biotherapies coming to the market is increasing and with 

pharmaceutical companies diversifying their portfolios the number is expected to increase 

[8], especially in key areas such as oncology and autoimmune diseases (e.g. Crohn’s Disease 

and Ulcerative Colitis [7, 9]) but also in other areas, with drugs like Erenumab, 

Fremanexumab and Galcanezumab, all being approved in the last year for migraine 

prevention [1]. The diversity in biotherapeutics is also increasing with different types of 

molecules being developed.  These include mAbs (Figure 1), immunoconjugates, 

immunoglobulin (Ig)-like scaffolds and peptides, many of which have further sub categories 

[10], these categories of biotherapeutics will be described in the following sections. 

 Monoclonal antibodies 

The most common type of biotherapeutics currently approved are mAbs, based on an 

Immunoglobulin G (IgG).  mAbs often provide a rapid route to proof of concept for new 

targets, and this coupled with generally good tolerability meaning the risk of unexpected 

safety issues is generally low, means that mAbs offer shorter development times [11]. The 

first drugs developed were based on murine mAbs, but mAbs have progressed through 

humanised, and now onto fully human mAbs [12]. The main drive behind this progression 

was that application of the early murine mAbs were limited due to immunogenicity (the 

ability of a substance to cause an immune response) observed in the clinic. In such cases 
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the production of anti-drug antibodies (ADAs) to the ‘foreign’ mAbs caused reduced 

efficacy or adverse events [13]. 

 

Figure 1 Representative structure of a mAb showing the constituent regions that make up the structure, with 
the complementary determining regions (CDRs), variable regions of the light and heavy chains (VL and VH, 
respectively) constant regions, hinge region, light and heavy chains and where antigen and macrophage binding 
occurs, also where these are located on the fragment antigen binding (Fab), including the heavy chain portion of 
the Fab (Fd) and fragment crystallisable (Fc). 

 

The development of chimeric mAbs went some way to negate this observed 

immunogenicity. With chimeric mAbs the variable domains remain murine (to maintain 

binding activity) and are fused with human constant regions resulting in a mAb that is 

approximately 70% human. Chimeric mAbs provided a stepping stone to fully humanised  

mAbs, in which the constant domain is human while retaining portions of the murine 

variable regions resulting 85 to 90% human (Figure 2) [14, 15]. Humanised mAbs are even 

more successful than chimeric in reducing adverse events. 

mAbs can be designed to function in one of two ways; either to produce a cell mediated 

immune response, otherwise known as antibody dependant cellular cytotoxicity (ADCC) 
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(Figure 3), or to block a protein binding to its receptor.  Both mechanisms are achieved by 

designing the mAb to bind to a specific target which can be soluble or membrane bound 

[3].  

 

 

Figure 2 Depiction of the evolution of mAbs. combining fully murine and human mAbs, through the swapping 
of variable regions and grafting of the complementary determining regions (CDRs) to produce chimeric and 
humised mAbs, respectively. Murine sequences in red, human in green with light colours signalling light chains 
and dark colours signalling heavy chains. 
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Figure 3 Example of a mechanism of antibody dependent cellular cytotoxicity (ADCC) on a tumour cell, mAb binding to an antigen on the tumour cell acting as a target for natural 
killer cells leading to lysis of the tumour cell, the debris is then ‘mopped up’ by antigen presenting cells which in turn leads to the release of antibodies with specific epitopes for target 
antigens and cytotoxic T lymphocytes that are capable of recognising and killing cells that express the target antigen [14]. 
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 Immunoconjugates 

A second group of biotherapeutics are immunoconjugates these molecules are antibodies 

that carry an attachment such as an NCE, toxin, enzyme or radionucleotide, where the 

antibody is essentially a vehicle for delivering one of these cytotoxic payloads [10]. 

Biotherapies that combine an NCE are known as antibody-drug conjugates (ADCs) and one 

example of such a drug is brentuximab vedotin. The antibody and active drug are 

connected by a chemical linker where the conjugate can be viewed as the deactivated form 

needed to transfer the small molecule drug to the target cell.  Once at the target site the 

‘payload’ can be released (via cleavage of the chemical linker) causing rapid cell death [16], 

the net result of this type of delivery is the reduction of off-target toxicity [17]. In 2000, the 

first ADC to gain approval was Gentuzumab ozogamicin which was approved for the 

treatment of acute myeloid leukaemia.  Gentuzumab ozogamicin is a construct of 

calicheamicin, a cytotoxic antibiotic linked to a humanised anti-CD33 mAb [18]. Currently 

there are four ADCs approved all for treatment of hematologic malignancies, as opposed to 

solid tumours which are more inaccessible to ADCs. The ADC approach is gaining in 

popularity with over 60 currently in clinical trials, making this class being one the most 

proactive research areas in the oncology arena [17].  

A sub group of immunoconjugates are immunocytokines (ICs). Cytokines, alone work by 

boosting the body’s immune response to tumours and as such have been long pursued as 

an oncology therapy.  However the development of cytokine-based therapies have been 

limited by their high levels of toxicity [19]. Attempts to alleviate off-target effects has 

involved targeted delivery of cytokines to the site of action such as, by fusing with a mAb or 

antibody fragment as with ADCs, which have come to be known as ICs [20]. Two types of ICs 

have been produced based on IgG mAb-based or antibody fragments. The two groups have 

one main difference, the circulatory half-life, with the full mAb having longer persistence 
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e.g. IgG-Interleukin-2 (IL-2) fusion protein, (hu14) has a half-life of 4 to 5 h, compared to the 

diabody (L19) at 2 to 3 h [21], this largely due to reduced renal clearance and neonatal Fc 

receptor for IgG (FcRn) mediated recycling [22]. However, IgG-based immunocytokines also 

have reduced efficacy because of their overall size, impacting on vascular evasion and 

tissue penetration [23]. Therefore, whether to use a full mAb (prolonged exposure) or a 

fragment (better tissue penetration) comes down to the therapeutic need and location of 

the target.  

A third category of immunoconjugate are radioimmunoconjugates. Similar to ADCs and ICs, 

these constructs carry radioactive particles as their payload, but unlike the other types 

radioimmunoconjugates are currently in development for solid tumours [10]. 

Radioimmunoconjugates have additional advantages over other immune conjugates, in that 

they can also be used for molecular imaging. As with ICs, radioimmunoconjugates come in a 

different forms, whole mAbs or a variety of fragments can be used [24]. Chelators e.g. 

DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) act as links between the 

antibody and the radionuclide, allowing the effect attachment of the payload. 

 Ig scaffolds 

Another group of biotherapies based around IgG fragments are known as Ig scaffolds; these 

include nanobodies, domain antibodies (dAbs), bispecific scaffolds and chemically 

programmed antibodies (cpAb) [10]. Naturally occurring antibodies have been discovered 

in camelids where the light chain (Lc) is absent.  This discovery of heavy chain only 

antibodies (HcAbs) has in turn led to the development of single domain antibodies, also 

known as VHH or nanobodies (Figure 4) [25, 26]. In 2018 the nanobody caplacizumab 

(Cablivi™) was approved for the treatment of acquired thrombotic thrombocytopenic 

purpura (aTTP) in the European Union (EU) [27].  Nanobodies offer advantages over 
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conventional IgG based antibodies, they have good solubility, good temperature and pH 

stability as well as an appropriate size that allows them to penetrate tissue with greater 

ease [25]. A less desirable consequence of their reduced size is that it can lead to a shorter 

PK half-life [28] compared to full IgGs that are protected from degradation by FcRn; FcRN 

binds to the Fc region of an IgG in acidic conditions in endosomes.  The FcRn is then 

released at physiological pH and returned to the circulation, allowing the IgG to access its 

binding site. This has been demonstrated in FcRN deficient mice, which sees the half-life of 

IgG reduced from 6 - 8 d to 1 d [29]. The renal clearance of a full IgG is also negligible, but 

lower molecular weight fragments have increased renal clearance [30].   

 

Figure 4 Schematic of the differences between Immunoglobulin G (IgG), camelid or heavy chain only antibodies 
(HcAb) and resulting variable regions; variable region of the heavy chain (VH), variable region of the light chain 
(VL) and variable region of a HcAb (VHH), leading to nanobodies that can be used for therapeutic purposes. 

The variable domains from human antibodies engineered as a biotherapeutic are called 

dAbs, these can be derived from either the variable region of the Lc or heavy chain (Hc). 

dAbs share many of the same attributes as nanobodies, given that they are of similar sizes 

11 to 15 kDa [10, 31].  
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A further class of biotherapeutics that are based around an Ig scaffold are known as 

bispecific antibodies (BsAb), the premise of these is that they bind to two different 

antigens, or two different epitopes on the same or different antigens [32]. As with other 

biotherapeutics the use of BsAbs is on the increase.  In 2018, two BsAbs were approved in 

the EU and the United States (US), with 60 in preclinical development and 30 in clinical 

trials for a variety of indications [33]. There are multiple BsAb forms, some being relatively 

small antibody fragments, such as bispecific t-cell engagers (BiTEs), tetravalent bispecific 

tandem diabody (TandAb) and dual-affinity retargeting bispecific antibodies (DARTs) [34].  

Some BsAb are based on full IgG while, with an Fc region e.g Triomabs, CrossMabs, dual 

variable domain immunoglobulin (DVD-Ig) and 2 in 1-IgG, one further type are chemically 

conjugated BsAbs (Figure 5) [35]. Apart from the obvious structural differences of size, 

valence and presence of Fc region (or lack of), BsAb also exhibit differences in, PK, half-life 

and their ability to penetrate tumours (solid) [33]. 

 Therapeutic peptides 

Therapeutic peptides form a final group of biotherapeutics, made up of relatively short 

amino acid sequences that can be a drug, or also a method of delivery similar to ADCs [36]. 

One thing that stands therapeutic peptides apart from other biotherapeutics is that they 

can either be naturally or chemically produced [10]. The use of peptides as pharmaceuticals 

dates back a long way, with insulin being developed in the 1920s, while today, there are 

over 60 marketed products for the treatment of cancers, diabetes and cardiovascular 

disease. Peptides are not without their problems, short half-lives and poor oral 

bioavailability have hindered their development. However, recent advances in synthesis 

techniques and injection (versus oral dosing) no longer being seen as an inferior route of 

administration has allowed for the PK profiles and stability of peptides to be improved [37].  
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When this is taken into consideration with the low toxicity peptides become a viable option 

as a developable therapy [38]. 
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Figure 5 Schematics showing the general make-up of some of the common bispecific antibodies (bsAbs) types, 
with Triomabs, dual variable domain- immunoglobulins (DVD-Ig), CrossMabs, 2 in 1-IgGs, and antibody 
conjugates forming the group IgG based bsAbs type and bi-Nanobodies, bispecific t-cell engagers (BiTEs), 
tetravalent bispecific tandem diabody (TandAb) and dual-affinity retargeting bispecific antibodies (DARTs) which 
are fragment based bsAbs all depicted. 
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1.3 Current Approaches to Bioanalysis of Biotherapeutics 

The support of toxicokinetic (TK) and PK studies from a bioanalytical point of view has 

traditionally employed the use of liquid chromatography (LC) followed by tandem mass 

spectrometry (MS/MS) on triple-quadrupole mass spectrometers [39-41]. The focus of such 

analyses has been the quantification of intact small molecule therapeutics. This follows 

from the industry traditionally focussing on novel chemical constructs as therapeutic 

molecules. However, as discussed in section 1.1, there been a paradigm shift within the 

pharmaceutical industry towards the use of larger molecules and, in particular, 

biotherapeutics, the intact analysis of which has been limited to those molecules with lower 

molecular weights [42-44].   

Proteins with higher molecular weights had to be quantified with techniques such as 

enzyme linked immunosorbent assay (ELISA) [45]. These assays are capable of quantifying 

both free and bound forms of the molecules and these can both be important in 

pharmacologic measurements [46-48]. However, a free measurement can be skewed by 

other types of binding, i.e. not just to the target e.g. the presence ADAs can give an 

artificially low response [49]. Ligand binding assays (LBAs) also lack specificity when it 

comes to post-translational modification (PTMs), failing to detect deamidated, isomerised 

or clipped forms, which can all affect the binding at the target. LBAs also have the 

disadvantage of requiring generation of specific reagents, which can be problematic, 

particularly in early development. As a consequence there has significant efforts to 

transition toward protein quantification by mass spectrometry (MS) [50]. 

The current state of quantifying proteins by LC followed by MS for bioanalysis largely 

employs the use of enzymatically derived peptides, referred to as ‘bottom up’ analysis [51]. 
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The use of enzymes like trypsin give reliable and predictable digestions which result in 

proteins being cleaved at specific amino acids.  If the amino acid sequence is known, as for 

a biotherapeutic, then signature or surrogate peptides can be used with LC-MS detection 

[52]. However, enzymatic digestion also has its drawbacks for quantitative bioanalysis, 

particularly by adding to the assay complexity. The protease enzymes such as trypsin are 

only selective in terms of the cleavage sites and not in terms of the proteins they act on, 

which leads to generation of vast numbers of peptides from a protein sample, which 

increases the need for high challenges of selectivity to reduce the impact of endogenous 

interferences.  A move away from the quantitative mass spectrometers (triple quadrupole) 

to high resolution mass spectrometers such as time of flight (TOF) and orbital trap mass 

analysers can reduce the impact of these inferences [53]. The digestion of biotherapeutics 

with a single enzyme can also lead to a loss of information about PTMs, by carrying out 

multiple digestions with different cleavage site it possible to reconstruct this, however [54].  

What is the result of losing information about PTMs when quantification is required and not 

characterisation the molecule? In terms of quantitation for TK and PK studies, it is the 

circulating concentration of active drug that is of interest, the key word being active, and so 

if a PTM affects the activity of a biotherapeutic but does not occur on the signature 

peptide, then using this approach to infer the concentration of the active molecule is not 

valid. However, from a proteomics view the production of a peptide map when using a 

bottom up approach can be very useful [55].  

An approach, whereby analysing the intact protein in quantitative bioanalysis can give a 

more accurate picture, given that it is the often the intact, native form the molecule that is 

active, therefore it would desirable to quantify the intact, native molecule [56]. The 

quantitation of the entire molecule is possible by LC-MS and is referred to as the top-down 
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approach and has been shown to be able to characterise proteins of greater than 200 kDa 

[57]. This approach to quantitation also has its challenges, such as low sensitivity, high 

limits of quantification or requiring one or two orders of magnitude more material than a 

bottom-up approach. Top-down analysis also becomes increasingly more difficult as the 

complexity of the sample increases, so using this form of quantification for samples 

generated in TK and PK studies which will be biological matrices the likes of plasma, serum, 

blood or tissue homogenate will present significant challenges to the analyst [57, 58].  

There is an alternative, or compromise approach, which has been termed middle down. 

This technique uses limited digestion of proteins such that the resulting fragments are far 

larger in size than those produced in a bottom-up method [59]. Middle down methods have 

been able to approach the sensitivity of bottom-up methods. With protein being digested 

into 3 to 20 kDa with the use of microwave-accelerated acid cleavage or endoproteinases 

e.g. Lys-C or Asp-C [60, 61], although there is some debate over whether this can be termed 

middle down as the peptides produced are only marginally larger than those generated by 

tryptic peptides [62]. Recently the use of the IgG degrading enzyme (IdeZ) has gained 

popularity due to its high specificity. IdeZ cleaves IgG at the hinge region of the four chains 

(two Lc and two Hc), this then followed by chemical reduction giving rise to 3 sub unit of 

approximately 25kDa, these are the Lc and two half Hc known as the fragment crystallisable 

(Fc)/2 and the fragment antigen binding (fab) of the Hc (Fd) fragments [63, 64]. 

1.4 Aims and Objectives 

As explained in the previous sections, the use of biotherapeutics as treatments are gaining 

in popularity with a significant increase in therapies of this type being approved for use.  

This presents new analytical challenges to quantification and methods of analysis for the 
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new biological materials.  To ensure the research is fit for purpose the following will be 

included: 

• In Chapter 2 the theory of capillary electrophoresis (CE) (including sample loading, 

buffer systems and specifically the CE-MS interface) and high resolution mass 

spectrometry (with a focus on HRMS, but including ionisation techniques and 

general MS theory) are discussed.  These techniques are evaluated in this thesis for 

the quantification of mAb as an orthogonal approach to high performance liquid 

chromatography.  

•  Chapter 3 describes the equipment and materials used to produce a CE-MS 

method for the identification and quantification of mAbs, as well as the practical 

methodologies employed to generate samples used during the method 

development and evaluation.  Finally, the CESI 8000 and OptiMS cartridge set up is 

provided. 

•  The results presented in chapter 4 focuses on the outcome of experiments to 

determine the conditions that give best measurement responses (with respect to 

peak shape and resolution). Conditions assessed include the buffer separation 

system used and the injection conditions.  

•  The final chapter discusses the methods developed and assesses the impact that 

this work could have on the future of quantification of mAbs and further work that 

follows from this MPhil project. 

The aim of this research will be to develop a new method of for the quantification of mAbs 

using an electrophoretic approach to separation coupled with HRMS.  This will allow a 

middle down approach to quantification to be used rather than the bottom up approach 

commonly used to generate TK and PK data. Once the method has been developed its 
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performance will be assessed. The final method will look to achieve maximum sensitivity, in 

order to achieve the lowest possible limit of quantification, in a run time of less than 20 

minutes. Electrophoretic resolution of the fragment peaks would be desirable but is not 

essential since HRMS will be used giving spectral resolution, peak shape will also be taken 

into account when selecting the CE conditions for separation. The final method is likely to a 

balance between the above factors, a compromise to achieve the most suitable method for 

quantification in a bioanalytical lab.  



29 
 

2 Instrumental Theory and Applications in Industry 

In this chapter CE and HRMS, are discussed as techniques being evaluating for the 

determination and quantification of mAb. High performance liquid chromatography (HPLC), 

the traditional technique used in this area of research, will also be discussed but to a lesser 

extent.  

2.1 Capillary Electrophoresis 

In CE, separation is achieved by exploiting differential migration rates of analytes in an 

applied electric field [65]. Electrophoretic techniques encompass capillary isoelectric 

focusing, gel electrophoresis and capillary zone electrophoresis (CZE).  CZE is the area of 

interest in this research and as such shall be discussed in more detail and referred to as CE 

throughout this thesis.  

Electrophoresis is an orthogonal separation technique to HPLC but has traditionally 

suffered challenges when trying to be coupled with mass spectrometry.  From an industry 

standpoint, the major drawback (until very recently) has been the lack of an ‘off the shelf 

solution’ from vendors as well as the challenge of closing the circuit of the high voltage 

electrical field used in separations [66]. CE can offer exceptional resolving power when 

compared to HPLC, with peak efficiencies of greater than one million theoretical plates [67]. 

The operation principle of CE is the movement of charged or polar molecules inside a 

capillary filled with a conductive fluid under the influence of a uniform electric field (Figure 
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6) [68].

 

Figure 6 Inside a capillary filled with a conductive fluid under the influence of a uniform electric field supplied 
by a high voltage power supply (HVPS), charged or polar molecules will migrate, with positively charged 
molecules migrating towards the cathode and negatively charged species moving towards the anode. This forms 
the basis of separation in capillary electrophoresis (CE), however it does not take into account other factors 
such as electroosmotic flow and the application of pressure to the system [67]. 

The mobility of molecules during CE separation is balanced between the electric force and 

the viscous drag.  Electrophoretic mobility (EOM) (μep) is equal to velocity/unit field 

strength and is described the equation  𝜇𝑒𝑝 =  
𝑞

6𝜋𝜂𝑟𝑠𝑡
 (where q = charge, 𝞰 = viscosity of 

the solution and 𝑟𝑠𝑡 = Stokes radius of the ion) and indicates that mobility is dependent on 

mass-to-size ratio. The molecule’s velocity within the capillary can be calculated using the 

equation 𝜈𝑒𝑝 = 𝜇𝑒𝑝𝛦   (where µep = electrophoretic mobility and 𝚬 = electrical field) 

shows that the velocity of the analyte is directly proportional to the magnitude of the 

electrical field [69]. Another factor to consider in CE is electroosmotic flow (EOF), which 

manifest itself because of surface charges on the capillary wall, the extent of which is 

controlled by the pH of the buffer system. The EOF is a net movement of the buffer towards 

the negative electrode caused by positively charged ions being attracted to the negative 

charge on the surface of the capillary. This flow varies with pH and is much higher at higher 

pH. EOF is defined by the equation  𝜈𝑒𝜊 =
𝜖𝜁

4𝜋𝜂
𝛦 (where ϵ = Dielectric constant, ζ = Zeta 
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potential, 𝞰 = Viscosity of the solution and 𝚬 = electrical field).  The zeta potential (ζ) 

displays an inverse relationship with the charge on the surface area, number of valence 

electrons and square root of the ionic strength of the electrolyte. As a result of this 

relationship, increasing the concentration of the background electrolyte (BGE) will decrease 

the EOF [70-72]. Having control of the EOF is extremely important, and EOF can be used as 

an advantage allowing for the analysis of negatively charged, positively charged and neutral 

analytes in a single analytical experiment.   At neutral pH and above, the EOF is at its 

highest, and at low pH (<pH 2.5) the EOF may effectively stop. When using high pH buffers 

the EOF is stronger than the EOM and therefore all species are carried towards the negative 

electrode, migrating in the order of cations, neutrals and finally anions. 

LC, being pressure driven is subject to frictional forces where the solid surfaces and the 

liquid meet resulting in a parabolic flow profile. This phenomenon of the flow velocity 

gradient may lead to band broadening with in the column [73]. With an electrically driven 

system, like the EOF described here, the flow velocity is far more uniform (see Figure 7) and 

results in a flat profile which results in the production of narrower peaks [74]. 
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Figure 7 Capillary flow profiles showing the uniform, flat flow profile generated by electroosmotic driven flow 
(top) and the parabolic flow profile of pressure driven flow (bottom) generated by the frictional forces being 
exerted on the liquid. The flat profile for electroosmotic driven flow leads to sharper, narrower peaks. 

Joule heating is another factor of the system which must be taken into consideration when 

working with CE. As current passes through a fluid-filled capillary the electrical energy is 

partially converted to heat, which increases the temperature. The extent of this heating is 

dependent on the internal diameter of the capillary and the surrounding environment; the 

net result of which is a radial parabolic temperature gradient, with the temperature at the 

centre of the capillary being greater than at the edges. Since an increase in temperature is 

associated with a decrease in viscosity, it follows that a temperature gradient will again 

lead to a parabolic flow profile analogous to that seen with pump induced flows and 

consequently band broadening [75]. Thus, narrower capillaries are used to negate this 

effect for two reasons.  First, because the heat is more readily dispersed across a narrower 

capillary and second, the current that is being passed through the capillary is reduced. Since 

the temperature increase can be cumulative with continued injections, and analyte mobility 

increasing by approximately 2 % with every degree Centigrade (C), it is often necessary to 

control the temperature through the use of an air or liquid cooling system. Other outcomes 
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of excessive Joule heating can be the production of microbubbles which lead to the 

detection of false peaks, or in extreme cases the buffer can boil within the capillary 

resulting in an interruption of conductivity [76-78].   

 Sample loading in CE 

There are several ways to load a sample into a CE capillary, described by hydrodynamic 

(otherwise known as pneumatic) or electrokinetic (EK) sample introduction as illustrated in 

Figure 8. Hydrodynamic injections work by applying a pressure differential across the 

capillary which physically introduces a small amount of sample solution into the capillary. 

The volume of sample introduced is dependent on a number of variables such as 

dimensions of the capillary, buffer viscosity and both the amount and duration of pressure 

applied. Hydrodynamic injections can lead to band broadening as a consequence of the 

parabolic effect of applying pressure to the system.  In addition, the size of the sample plug 

must also be limited as this can have an impact on separation efficiency and, as a general 

rule, the plug length should be less than 1 % of the total separation length of the capillary. 

Alternatively, EK injection can be used where a constant voltage is applied (typically 3 to 5 

times lower than the separation voltage).  The amount of sample loaded is dependent upon 

the duration of the voltage step and the voltage applied, the EOM of the analyte, the 

conductivity of the sample buffer, the BGE and the EOF. This can result in difficulties 

controlling the amount of sample injected, particularly if there are large variations in the 

salt content of the samples [79]. The use of EK injection can facilitate a process called 

sample stacking, via a discontinuous buffer system.  Applying a plug of buffer with lower 

conductivity than that of the BGE prior to analyte injection induces a concentrative or 

stacking effect. This is a result of the electric field in the sample zone being relatively high, 

causing the analytes to migrate rapidly until the boundary of the two zones are reached 
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where migration slows causing the band of ions to be compressed [80, 81]. The greater the 

difference in conductivity between the sample zone and the BGE the greater the focusing.
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Figure 8  Schematic of CE injection modes. Hydrodynamic injection (pressure and vacuum) results in the bulk movement of sample into the capillary. For electrokinetic injection, the 
sample migrates in the capillary by means of electrokinesis as well as bulk movement driven by electroosmotic flow (EOF) resulting in differential movement of charged species.
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 The CE-MS interface 

CE-MS is becoming more popular, particularly in the world of proteomics, with CE being 

successfully coupled with electrospray ionisation (ESI) and matrix-assisted laser 

desorption/ionisation (MALDI). Coupling CE with MALDI can be less challenging than with 

ESI as MALDI is frequently employed as an offline technique, but can also result in lower 

resolution and increased variability and as such the more popular choice is to couple CE to 

ESI [82]. The CE-MS interface can take two forms, sheath-flow or sheathless (Figure 9) [83, 

84], with the former being most commonly used in industry as it offers greater stability. 

However, with a sheath-flow interface the sample is diluted prior to introduction into the 

mass spectrometer and there is a higher flow rate comprising detection limits. One 

interface that takes advantage of the sheathless approach is the CESI 8000, developed by 

Siex. The CESI 8000 together with an OptiMS cartridge (an integrated unit that fits into the 

CESI 8000, with fixed lengths of silica for the separation and conductive lines and sprayer 

housing) that allows for the integration of CE with ESI within the same interface (see Figure 

10). The system uses an adapted nano spray source, with the emitter tip integral to OptiMS 

cartridge (Figure 11), giving a ‘plug and play’ style set up. 

There are several types of capillary available in this cartridge format; bare-fused silica, 

neutrally coated and polyethyleneimine (PEI) coatings that can be applied by the user. The 

neutral coating involves covalently bonded acrylamide to the silica surface [85]. Covalantly 

bonded coatings are very stable and provide good properties, they are ideal for CE-MS as 

there is very little bleeding of the coating into the mass spectrometer reducing potential 

contamination by the coating [86]. The purpose of the neutral coating on the capillary is to 

reduce the EOF increasing the separation window, reducing the interactions of the sample 

with the surface of the capillary and broadening the pH stability range. These attributes are 



37 
 

suited to the analysis of intact proteins or complex peptide digests and therefore will be 

used within this project.   
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Figure 9 Schematic of electrospray ionisation emitter using sheath-flow (top) and sheathless (bottom). The additional flow used in the sheath-flow design can be seen combining with 
the capillary electrophoresis (CE) flow. 
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Figure 10 Schematic of the CESI 8000 and the mass spectrometry (MS) source adapter featuring the OptiMS cartridge and the configuration of the separation capillary and conductive 
liquid capillary, the sprayer housing and the mass spectrometer source adapter [67]
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Figure 11 Schematic of the OptiMS adapter showing the sheathless design that allows the application of the 
ionspray voltage (ISV) via the conductive liquid, which also allows the completing of the circuit required to 
produce the separation current. The application of the ISV to the conductive liquid induces droplet formation 
(spray) and ionisation [67]. 

 

 Current applications of CE-MS 

CE-MS is rapidly becoming a key techniques for use in bio-omic applications (e.g. 

proteomics, metabolomics and genomics) [87]. The use of CE-MS for the analysis bio-

molecules, no matter their origin, has increased due to the consistent migration patterns 

observed for analytes in complex biological samples [88]. CE-MS is now being used in a 

variety of areas such as metabolite profiling, biomarker identification and analysis [89]. It is 

also used in peptide centric analysis, the bottom-up approach to the analysis of 

biotherapeutics; for example mAbs, creating peptides maps for characterisation giving 100 

% coverage in a single injection [90]. The analysis of intact proteins is an area where CE can 

provide significant impact compared to HPLC techniques which struggle when the size of an 

analyte increases above 50 kDA. Indeed, CE-MS has also being used to successfully separate 
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and characterise intact proteins [91] and has been used in the characterisation of mAbs and 

antibody-drug conjugates (ADCs) [92]. Analysis of post translational modifications, also 

lends itself to CE-MS whether this be again a bottom up approach or at an intact level [93], 

PTMs including aspartic acid isomerisation, asparagine deamidation, methionine oxidation, 

C-terminus glutamic acid cyclization and site specific glycosylation have all be successfully 

analysed with CE-MS [94-96].  

CE-MS and LC-MS are orthogonal techniques offering separation based on different 

attributes of an analyte. In many respects the techniques can be thought of complementary 

to one another, indeed the use of CE in peptide mapping can increase protein sequence 

coverage in the region 20 % [97]. When there is overlap between the two techniques there 

will still be differences e.g. elution order which is related to the analyte’s physicochemical 

properties. This also means the techniques offer different selectivity. To achieve a change in 

selectivity in LC a change of stationary phase is often required i.e. column chemistry, 

whereas with CE changes in selectivity can be achieved by simply changing the pH of the 

BGE. CE-MS can also offer an advantage in the analysis of hydrophilic compounds which are 

traditionally poorly retained on LC systems. CE-MS and LC-MS both offer advantages and 

disadvantages over one another, and for the two techniques to be compared head to head 

might not be the best approach when selecting one technique over the other. Instead the 

prudent approach would be to determine which method gives the desired outcome, 

whether that be resolution, peak shape, sensitivity, peptide coverage or identification of 

PTMs.  

2.2 High Performance Liquid Chromatography 

High performance liquid chromatography, HPLC, is a separation technique used to 

determine analytes in complex samples and is most commonly used as a hyphenated 
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technique coupled to a mass analyser [98, 99]. HPLC can be characterised by the type of 

chromatography used and/or the method of interaction with the stationary phase and the 

analyte.  Four key categories used to describe this process are normal phase, reversed 

phase, size exclusion or ion exchange chromatography (Figure 12). 

• Normal phase operation is characterised by the use of a stationary phase e.g. bare 

silica, cyano, diol or amino banded phases that is more polar when compared to the 

nature of the mobile phase. In a normal phase system, the more polar components 

of a sample have a stronger interaction with the stationary phase c.f., less polar 

components, and are therefore retained longer. The types of mobile phases 

commonly used in normal phase chromatography include, hexane, methylene 

chloride chloroform or diethyl ether. Due to the nature of these solvents e.g. their 

low polarity and their inability accept or donates protons, which unfortunately 

make the eluate unsuitable for use with ESI-MS. 

• Size exclusion HPLC separates analytes based on their molecular size with larger 

molecules travelling faster through the stationary phase compared to smaller 

molecules.  In this system the stationary phase contains pores which exclude larger 

molecules (hence their rapid movement over the stationary phase) and although  

this technique is not widely used for quantitative bioanalysis [98], it may have a 

role to play in the measurement of some biotherapeutics.  

• Ion exchange chromatography uses ionic mobile phases of varying pH and ionic 

strength to control the elution time of analytes passing over a charged resin based 

stationary phase.  An anionic stationary phase can be used to separate cations, that 

are attracted to the surface of the stationary phase by electrostatic interaction and 

a cationic stationary phase is used to separate anions. 
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• Reversed phase chromatography is arguably the most well used method of 

chromatography in industrial and research applications.  In this system the 

stationary phase is less polar than the mobile phase and so less polar analytes are 

retained longer than polar ones due to the increased strength of interaction with 

the non-polar stationary phase.  In reversed phase chromatography, the use of 

polar mobile phases e.g. acetonitrile or methanol make this technique compatible 

with mass spectrometry [100], and as such the subcategories and applications of 

this system will be discussed further.  

A further adaptation of reverse phase chromatography that gives greater retention of more 

polar analytes is known as hydrophilic interaction chromatography (HILIC), which pairs a 

normal phase silica stationary phase with mobile phases that better enables the separation 

of non-polar analytes [101, 102]. Reversed phase chromatography is commonly could with 

mass spectrometry for bioanalytical applications , particularly when coupled to triple 

quadrupole mass spectrometers employing either ESI or atmospheric pressure chemical 

ionisation (APCI) (see section 2.3) [103].  Hence further information on this analytical 

technique is given below.  Note that HPLC is also a widely used tool in other fields such as 

metabolomics, proteomics and lipidomics for biomarker research [104, 105]. 
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Figure 12 Representation of the four key categories of high performance liquid chromatography (HPLC): normal 
phase, reverse phase, size exclusion and ion exchange chromatography. Reverse phase exploits the interaction 
of less polar molecules with the non-polar stationary phase. In normal phase, the polar components have a 
strong interaction with the polar stationary phase. In ion exchange chromatography, ionic mobile phases control 
the elution of analytes. Size exclusion chromatography uses a porous stationary phase to slow the travel of 
smaller molecules through the column. 

Non-polar or hydrophobic stationary phases are created by covalently bonding alkyl chains 

to silanol groups present on the surface of the silica particles.  Normally octadecyl carbon 

(C18) chains are grafted onto the surface of the stationary phase although shorter chain 

length alkyl groups area also used to alter separation selectivity, such as C8, and C4 [106], as 

are cyano, phenyl or pentafluorophenyl (PFP) groups. 

The final stationary phase surface is modified to suit the type of chromatography required.  

The surface coverage of alkyl chains is far from 100 % and is commonly around 15 – 20 %.  

This free silanol groups on the surface of the stationary phase have the potential to cause 

secondary interactions with analytes, including ionic and hydrogen bonding.  In the 

extreme, this can often lead to irreversible interactions between analytes and stationary 

phase, leading to a reduction in column performance.  A process called end capping may be 
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used to add low molecular weight alkyl groups (via a silylating agent like 

trimethylchlorosilane) to ’cover’ the free silanol groups on the surface of the stationary 

phase therefore limiting any unwanted bonding interactions [107]. 

 Chromatographic parameters used to measure performance 

There are several chromatographic parameters that can be calculated and used to 

characterise the interaction of an analyte with the chromatographic system and hence 

chromatographic performance. The parameters include the peak asymmetry factor (As), 

capacity or retention factor (K’), resolution factor (Rs), selectivity factor (α) and 

chromatographic efficiency (N). The peak asymmetry factor is used to describe the shape of 

a peak shape (e.g. whether it is Gaussian, fronting or tailing). In reality, it is rare that a HPLC 

generated peak would be perfectly Gaussian, and more often the peak symmetry, 

calculated by 𝐴𝑠 =
𝑏

𝑎
 (where 𝑎 and 𝑏 are the distance from the midpoint, perpendicular 

from the highest point of the peak to the edge when measured at 10 % peak height),  

 indicates a tailing peak (if the As value >1), or a fronting peak (if the As value is <1).  As 

values resulting between 0.9 and 1.1 indicate reasonably acceptable symmetrical peaks. 

where 𝑎 and 𝑏 are the distance from the midpoint (perpendicular from the highest point of 

the peak) to the edge when measured at 10 % peak height. The capacity (or retention) 

factor (K’) measures the strength of interaction of an analyte with the stationary phase. The 

larger the K’ value the stronger the interaction and the more highly retained the compound 

will be. The term K’ is calculated by 𝐾′ =
(𝑡𝑅−𝑡0)

𝑡0
 (where 𝑡0 is equal to the retention of 

the solvent front or a compound that has no retention e.g. uracil and where 𝑡𝑅 is the 

retention time of the analyte) and is used to compare the performance of different 

chromatographic system because it is not affected by column dimension or small changes 
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to the mobile phase flow rate. The resolution equation 𝑅 =
𝑡𝑅2−𝑡𝑅1

0.5(𝑊1+𝑊2)
 (where 𝑡𝑅1 and 

𝑡𝑅2 are the retention times for each peak and 𝑊1 and 𝑊2 are the width of each peak at the 

base) gives a measure of the extent of separation between two adjacent peaks and can be 

particularly useful when separating complex mixtures. The resolution equation gives a 

numerical indication of how much the peaks overlap. A Rs value of 1.5 indicates optimal 

resolution between two adjacent peaks, as this gives an overlap of 0.15 %, values greater 

than 1.8 indicate that separation is not optimal and the base-line separation is too large 

and that the run time should be reduced.  A Rs value of 1 equates to a 2.3 % overlap 

between adjacent and peaks (Figure 13) and values less than 1 indicates that adjacent 

peaks are not sufficiently resolved. 

The selectivity factor, α, calculated by 𝛼 =
𝑘2

𝑘1
=

(𝑡𝑅2−𝑡0)

(𝑡𝑅1−𝑡0)
   is also used as an indication of 

peaks separation and is a ratio of the two peaks’ capacity factors. If two peaks have an 

equal value of α (that is the selectivity factor equals 1, the two peaks will have the same 

retention time and cannot be resolved.  Ideally α values range between 1.05 and 2.0. 

The chromatographic, or column, efficiency is used to indicate the number of theoretical 

plates (N) in the chromatographic system; it is a measurement value that has been 

‘borrowed’ from the fractional distillation industry [108]. Efficiency is a measurement based 

on the peak’s retention time and width, with the general equation for efficiency shown by 

𝑁 = 𝑥 (
𝑡𝑅

𝜎
)

2

 . However, the terms σ and 𝑥 are both dependent on where the width of the 

peak is measured.  If the peak width is measured at the base of the peak,  𝑥 = 16 and giving 

the equation   𝑁 = 16 (
𝑡𝑅

𝑤𝑏
)

2

, and if the peak is measured at half peak height it will be 5.54 
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giving 𝑁 = 5.54 (
𝑡𝑅

𝑤ℎ
)

2

.  Note that both the equations for N (at the base and at half height) 

would only produce the same number for efficiency if a peak was Gaussian.   

 

Figure 13 Resolution and peak separation resolution (Rs) values of 1.5 signify optimal resolution between 2 
peaks and Rs values of ≤1.0 indicate that two adjacent peaks are not significantly resolved [109]. 

 

2.3 Mass Spectrometry 

The technique of mass spectrometry can be used to provides both quantitative and 

qualitative data (depending on the instrument used) allowing the accurate measurement 

(quantification) or the identification of analytes (structural characterisation). In the 

broadest terms MS analysis involves 

• conversion of analytes to gaseous ions, with or without fragmentation, 

• transfer to a high vacuum region to avoid scattering between of ions during transit 

from formation to detection 

• acceleration and focusing of the ion packet to facilitate their transit through the 

instrument 

• separation of different ions according to their respective mass-to-charge ratios.  

This is achieved by applying electric and or magnetic fields (Figure 14) [110, 111]. 
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Figure 14 Basic schematic of a mass spectrometer (MS), showing the major components: inlet (e.g. high-
performance liquid chromatography or capillary electrophoresis), ion source, mass analyser, ion transducer and 
signal processor.  

Ionisation is the process of forming charged ions from molecules that are in a neutral state, 

this occurs by either exciting the neutral molecule causing it to eject an electron and form a 

radical cation (M+) or the production of and adduct (MH+) through ion-molecule reactions. 

Ionisation techniques include electron impact ionisation (EI), chemical impact ionisation 

(CI), ESI and MALDI [112, 113]. These methods of ionisation can then be subdivided into 

hard and soft ionisation, where soft ionisation generally produces ionisation of the 

molecular ion and hard ionisation induces a degree of in-source fragmentation. EI and CI fall 

into the hard category and ESI and MALDI into the soft.  

Looking at ESI (Figure 15), as the technique employed in this thesis, the initial sample starts 

in the liquid phase, with the formation of charged droplets with the application of high 

voltage at the tip of a capillary through which the eluate from the inlet system is travelling. 

The application of such a voltage causes the solution to form an aerosol of charged 

droplets. These charged droplets then undergo desolvation which results in the production 

of a Taylor cone [114], from the tip of which other smaller highly charged droplet are 

formed, this process continues until the droplets contain a single charged molecule. The 

desolvation process is assisted by the introduction dry nitrogen (N2) around the capillary 
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which both helps the formation of the aerosol and directing it towards the mass 

spectrometer, a second gas is also used to assist with the  desolvation and reduce droplet 

size [113, 115-117]. 

 

Figure 15 A schematic of an electrospray ionisation (ESI) ion source, depicting the spray needle and the 
application of voltage and sheath gas to induce charged droplets [116]. 

Ions are then accelerated by an electric field and enter the mass analyser, the function of 

which is to separate according to their mass to charge ratio (m/z). There are multiple types 

of mass analysers, that offer different; resolutions (the amount of separation between two 

ions), mass ranges, scan rates and detection limits, all are governed by Lorentz force law 

and Newtons second law of motion [116].  

Mass analysers can be used to obtain information about the precursor ion, or fragment, 

ions. With MS/MS, the precursor ion must first be selected then undergo fragmentation 

prior to either separation of the product ions or in the case of multiple reaction monitoring 

(MRM) a second selection based on m/z and subsequently detection. Two or more types of 

mass analysers may be combined to give differences in the resolution, mass range and the 

experiments that can be performed. [113].  Mass analysers can be described as either 
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continuous or pulse, continuous include quadrupole filters and magnetic sector while 

pulsed mass analysers include time of flight (TOF) quadrupole ion trap (Q-trap).  

Quadrupole mass analysers are among the most common [112], this type of mass analyser 

generally acts as a mass filter, combining  direct current (DC) and radio frequency (rf) 

potentials, the manipulation of these two parameters can be used to select for ions of 

desired m/z. The DC and RF potentials applied to each pair of rods cause the ions to travel 

in an oscillating motion with those only those ions that that have a stable trajectory 

transmitted through the mass filter (Figure 16). Quadrupoles can also be used as ion guides 

with broad m/z ranges by applying only a rf potential to the rods. These rf only quadrupoles 

are employed in triple quadrupole mass spectrometers as the collisions cell (Figure 17). 

 

 

Figure 16 Representation of a quadrupole mass filter, with ions travelling in the direction of z. By adjusting the 
voltages applied to quadrupoles, ions can be selectively transmitted, with ions not of interest either impacting 
on the quadrupoles or travelling in different directions and not transmitted. 
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Quadrupole mass spectrometers, despite having many advantages such as fast scan rates, 

and high transmission efficiency, as well as practical advantages like their relatively small 

size and the need for only a modest vacuum. However, quadrupole mass spectrometers do 

have limitations with respect to both resolution and m/z ranges restriction. The resolution 

of the quadrupole mass spectrometers is limited to that of unit resolution, which in 

practical terms means the mass analyser can only distinguish between ions that are 

separated by 1 m/z or more [112].  
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Figure 17 Schematic of a triple quadrupole mass spectrometer being used to perform multiple reaction monitoring (MRM), the technique commonly used for quantification in 
bioanalytical laboratories.  Selection of the precursor ion in quadrupole 1 (Q1) is based on mass to charge ratio (m/z), which then undergoes fragmentation by collision induced 
dissociation (CID) in the collision cell or quadrupole 2 (Q2) before a further m/z selection in quadrupole 3 (Q3) and subsequent detection.
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 High resolution mass spectrometry 

HRMS can be thought of as any type of mass spectrometry where the exact mass of a molecular ion 

is determined, and not the nominal mass. HRMS requires sharply focused peaks and, a high resolving 

power of >10,000.  When working with small molecules increased precision (with respect to analyte 

m/z) can reduce uncertainty in metabolite identification and in proteomics.  Identification of fewer 

amino acid combinations are possible with increased precision, potentially leading to the 

identification of PTMs. The main types of high resolution mass spectrometers include TOF, sector 

mass spectrometers (SECTOR), Fourier transform-ion cyclotron resonance-mass spectrometer (FT-

ICR-MS) and Fourier transform Orbitrap (FT Orbitrap). With the addition of a second mass analyser, 

tandem high-resolution mass spectrometry (THRMS) has increased the power of the technique with 

many manufactures producing instruments with combined detectors such as quadrupole time of 

flight (Q-TOF), ion trap time of flight (IT-TOF), LTQ-Orbirap and Q Exactive-Orbitrap [118, 119].  High 

resolution mass spectrometers supplied from different instrument manufacturers will have different 

attributes e.g. resolution, m/z range and acquisition speed, as well the differences between the mass 

analysers e.g Q-TOF, IT-TOF, Q Exactive etc. 

 Quadrupole time of flight mass spectrometers 

A Q-TOF mass spectrometer can be thought of as being a triple quadrupole system, where the third 

of the three detectors is a reflecting TOF mass analyser (Figure 18).  The instrument can be used in 

two ways, as a TOF-MS where quadrupole 1 (Q1) (refer to Q1 in Figure 18) is used to transmit ions 

using rf signals only. This allows the production of a high resolution spectrum.  In MS/MS mode, Q1 

acts as a mass filter at unit mass resolution to transmit only the precursor ion(s) of interest. Then 

quadrupole 2 (Q2) (refer to Q2 in Figure 18) is used as a collision cell where ions undergo collision-

induced dissociation (CID).  There is a benefit of having a low collision energy (<10 eV) in Q2 even 

when using TOF-MS as this adds some collisional focusing while avoiding fragmentation [120, 121]. 

After leaving Q2 the ions enter the TOF analyser, a pulsed electric field is then applied to make the 

ions change direction and enter the free drift space [122]. 
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Figure 18 Schematic of the internal components of a Sciex 6600 TripleTOF mass spectrometer (MS) [89]. Q0 is a focusing 
quadrupole confining the ion beam in the direction of travel through the MS, Q1 provides  the mass filter for precursor 
ions, collision cell or Q2 is where collision induced dissociation (CID) or fragmentation to product ions take place, with the 
ions then moving into the drift space [123]. 

 

TOF-MS is based on the principle that if ions start at the same point and are accelerated by applying 

the same kinetic energy to a detector then the time of flight is related to m/z. This can be described 

by the equation 𝑇𝑂𝐹 = 𝑑√0.5𝑧𝑒𝑉√𝑚/𝑧 where d = distance to detector, zeV = kinetic energy 

applied and m/z = mass to charge, as this expression contains constants it can then be further 

derived, to 𝑇𝑂𝐹 = 𝑘√𝑚/𝑧, where k is a proportionality constant [124]. 

To improve the resolution of a TOF mass spectrometer a reflectron can be incorporated, which is 

used to correct the kinetic energy distribution in the direction of ion flight.  Without this correction, 

not all ions of the same m/z will arrive at the detector at the same time because ions are not formed 

with zero kinetic energy (e.g. at a standstill) and at exactly the same point. As ions of the same m/z 

ratio (but a spread of kinetic energies) enter the reflectron, those with higher kinetic energies 

penetrate deeper into the reflectron whereas those with lower kinetic energies take a slightly longer 
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path (Figure 19). The net result is that a packet of ions, which was spherical initially, is flattened to a 

disc and it is this disc-like packet of ions that hits the flat surface of the detector at the same time; 

this is sometimes referred to as TOF focus. A secondary advantage of this arrangement is that the 

flight path can be can doubled in any given space [125, 126].  

 

 

Figure 19 Reflectron schematic. Ions that enter the drift of a time of flight (TOF) mass spectrometer (MS) do not have the 
same kinetic energies even if they are of the same mass to charge ratio (m/z). The ions that have higher kinetic energies 
travel further into the reflectron than ions with lower kinetic energy meaning that ions of the same m/z are now travelling 
at the same speed and hit the detector at the same time. This arrangement also has the advantage of doubling the length 
of the drift space. 
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3 Experimental 

3.1 Materials and Reagents 

Table 2 Table of materials and reagents, function and supplier. 

Equipment/Material Function Supplier 

BupHtm 50 mM sodium 
carbonate-biocarbonate buffer, 

pH 9.4 
Coating buffer salt 

ThermoFisher Scientific, Waltham, 
MA, USA 

Passive coating plates (white, 
96-Well) 

Solid phase 

SuperBlock®T20 (PBS) Blocking buffer 

20x phosphate Buffered saline 

buffer (PBS) 
Wash buffer salt 

Tween 20 Wash detergent 

Opima® grade acetonitrile Extract organic modifier 

Opima® grade methanol CE solution 

Isopropyl alcohol CE solution 

Bovine serum albumin (BSA) Assay buffer protein 

Sigma-Aldrich, St. Louis, MO, USA 

1 M Dithiothreitol (DTT) Reducing agent 

Glacial acetic acid Acidifying reagent 

Formic acid Acidifying reagent 

Hydrochloric acid (HCl) Capillary rinse 

IdeZ protease Digestion Enzyme Promega, Madison, WI, USA 

Human plasma 
Standard/QC/ 

Blank matrix 

GSK, Stevenage, UK 
mAb Reference material 

Non-neutralizing idiotypic 
antibody 

Capture antibody 

mAb-2 Internal standard 

Mineral oil Evaporation limiter 

Sciex, Warrington, UK 

TripleTOF 6600™ Mass spectrometer 

CESI 8000 Capillary electrophoresis 

Nano spray MS source fitted 
with OptiMS adapter 

Mass spectrometer ion 

source 

OptiMS neutral cartridge CE Capillary 

EL X 405 Plate washer Bio-Tek instruments inc., Winooski, 

VT, USA 
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3.2 Preparation of Digested Neat mAb  

A neat digest of mAb was prepared from the 10 mg/mL reference material, which was diluted to 50 

µg/mL with phosphate buffered saline (PBS) (prepared by diluting 50 mL 20X PBS with 950 mL of 

ultra-pure water). 500 µL of the 50 µg/mL was added to a 1.5 mL protein LoBind™ Eppendorff tube 

with 500 µL (50 unit/mL) IdeZ protease enzyme and the mixture was incubated while shaking at 37 

°C for 30 min to achieve cleavage at the hinge region of the Hc. Reduction of the disulphide bonds 

was carried out by adding 100 µL of 50 mM Dithiothreitol (DTT) followed by incubation at 65 °C for 

45 min whilst shaking. The sample was then allowed to come to room temperature before 100 µL of 

neat glacial acetic acid was added and the resultant solution gently mixed. This gave a final total 

mAb solution concentration of 20.8 µg/mL, containing the Fc, Fd and Lc fragments. A 25 µL aliquot of 

the digested, reduced, neat mAb solution was placed into individual tubes and stored frozen at -80 

°C for use throughout the development of the CE methods in this research project. Prior to injection 

onto the CE-MS system, a 25 µL aliquot was thawed and allowed to come to room temperature 

before 75 µL of acetonitrile was added and the solution gently mixed. 100 µL of the neat extract was 

added to a PCR vial insert and a single drop of mineral oil added to limit solution evaporation. 

3.3 Preparation of Reduced Neat mAb 

To determine the viability of removing the digestion with IdeZ protease, a solution of reduced neat 

mAb was prepared as follows. A 50 µg/mL solution was prepared as in section 3.2, 500 µL of the 50 

µg/mL was added to a 1.5 mL protein LoBind™ Eppendorff tube and mixed with 500 µL of water (in 

place of the IdeZ protease solution). A 100 µL aliquot of 50 mM DTT was then added prior to 

incubation while shaking at 65 °C for 45 min; this solution was then allowed to come to room 

temperature before the addition of 100 µL glacial acetic acid. Again, this gave a concentration of 

20.8 µg/mL in terms of the intact mAb, in the form of Lc and Hc present in the sample, prior to 

injection onto the CE-MS system. Here, a 25 µL aliquot of the reduced mAb solution was combined 

with 75 µL of acetonitrile in a PCR vial insert together with a single drop of mineral oil. 
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3.4 Preparation of Human Plasma Extracts 

To assess the CE-MS method, extracts were generated using a ‘pull down’ approach with an idiotypic 

antibody to remove the mAb of interest from the plasma.  A solution of coating buffer was prepared 

by adding 50 µL of non-neutralizing idiotypic antibody (2.4 mg/mL) to 10 mL of 50 mM sodium 

carbonate-bicarbonate buffer, pH 9.4 and mixing. A 100 µL aliquot was then added to each well of a 

96 well passive coating plate, which was then sealed and incubated whilst shaking at 4 °C for at least 

18 h to allow binding to take place. With the idiotypic antibody bound to the surface of the plate, 

the plate was washed with PBS containing Tween 20 (0.1 % v/v), through 5 cycles, on the automated 

plate washer in order to remove any excess coating buffer and therefore any unbound idiotypic 

antibody. The next step was to block any free binding sites that remained on the plate to prevent 

nonspecific binding; this was achieved by adding 100 µL of SuperBlock®T20 (PBS) to each well, the 

plate was then sealed and incubated for 30 min at 37 °C whilst shaking. During this step human 

plasma was spiked with reference material and diluted to 10, 25, 50, 100, 250, 500, 1000, 2500, 

5000 or 10000 ng/mL. Each concertation then underwent a 10-fold dilution with PBS containing 

Tween 20 (0.1 % v/v) and Bovine serum albumin (BSA) (0.1 % v/v). After washing the plate (as 

before) 100 µL of the human plasma samples diluted with PBS mixture was added to each well, again 

the plate was sealed and incubated at 37 °C for 2 h. Then plate was then washed as before prior to 

the manual addition of 200 µL of PBS to each well.  The process was repeated 4 times to ensure no 

surfactants remained. The reducing agent was then added, 20 µL of 50 mM DTT containing 4.75 

µg/mL of mAb-2 (as internal standard), the plate sealed and incubated for 45 min whilst shaking at 

65 °C. After reduction had taken place and the plate had cooled to room temperature, 5 µL of neat 

glacial acetic acid was added to stop the reaction and elute the mAb from the plate. At this point the 

plate was either sealed and stored at 4 °C if more samples had been generated than the 48-sample 

capacity of the CESI 8000, or a 75 µL aliquot of acetonitrile was added to each well and mixed before 

being transferred to a PCR vial insert with a single drop of mineral oil ready for injection. 
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3.5 Initial CE Conditions 

Table 3 Initial CE separation conditions as provided by Sciex. 

Separation 
Condition/Parameter 

Buffer CESI Setting Duration 

BGE 10% Acetic acid - - 

Injection - 10 kV 99 seconds 

Separation 10% Acetic acid 30 kV, 10 psi 20 minutes 

 

3.6 Mass spectrometer method 

Analyses were carried out using a Sciex 6600 TripleTOF™ mass spectrometer, with a nano spray 

source fitted with an OptiMS cartridge adapter (Figure 20). The MS method was operated in TOFMS 

mode over the range 800 to 3000 m/z with an accumulation time of 750 ms, curtain gas set to 5 psi, 

ionspray voltage (ISV) between 1700 and 2000 (depending on capillary), collision energy of 15, time 

bins to sum at 64 and an acquisition time of 17 min. 

 

Figure 20 A Sciex nano spray source fitted with OptiMS adapter, with an OptiMS cartridge in place, the source has had the 
housing removed to show the adapter and cartridge more clearly [67]. 
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3.7 CE and OptiMS Cartridge Set-up 

 OptiMS cartridge conditioning 

Prior to use, the OptiMS cartridge required rehydration conditioning, which consisted of rinsing the 

separation capillary with 0.1 M hydrochloric acid (HCl) at 100 psi for 5 min followed by rinsing the 

conductive line with water for 3 min at 100 psi, followed by rinsing the separation line with water at 

100 psi for 30 min. Once the flow was visually checked the emitter tip was placed into a tube 

containing water to prevent it from drying out.  The final step in the conditioning process, was a low 

flow (5 psi) water rinse of the separation capillary for a minimum of 18 h (preferably longer and rinse 

times of up to 66 h were used over the weekend). The capillary was then ready for use. Alternatively, 

a shorter electrical conditioning procedure was used only after the cartridge has been previously 

used and stored correctly. This process also used the same initial 0.1 M HCl and water rinses, but the 

low pressure water rinse was replaced and instead both lines were filled with 50 mM ammonium 

acetate pH 3 for 3 min at 100 psi (after fitting the OptiMS sprayer housing into the source adapter). 

A 30 kV separation voltage was then applied with the flow of 50 mM ammonium acetate pH at 5 psi 

on both lines, the cartridge was then ready for use. 

 Spray evaluation 

The sprayer must be adjusted to achieve the best position and spray stability, this was done using 

several different commercially available compounds, or by using one that was more compatible with 

the application. Sciex offer 2 compounds for spray evaluation: a peptide mix known as “pI 9.5 

peptide” or a protein test mix. In this case a stored IdeZ digestion of neat material was used, 

however the process outlined below would be the same even if the commercially available material 

was used. The conductive line was rinsed at 100 psi for 2 min with acetic acid (10 %, v/v), the 

separation line was filled with IdeZ digest, prepared by diluting the 25 µL stored aliquot (section 3.2) 

with 75 µL acetic acid (10 %, v/v). A separation voltage of 30 kV was applied with a pressure of 1.5 

psi to achieve a continuous infusion of material. Firstly, the ion spray voltage (ISV) was adjusted by 
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manually increasing the voltage from 1000 V in 100 V increments until the best ISV was achieved in 

terms of intensity of signal and spray stability (assessed by monitoring baseline fluctuation), usually 

an ISV of between 1500 and 2000 gave the best results, although the ISV was noted to vary between 

cartridges and sometimes alter the cartridge was stored. Second, the spray position was adjusted in 

three positions, proximity to the MS orifice, height in relation to the orifice and laterally, again the 

goal here was to achieve maximum intensity and spray stability over the parameters studied. 
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4 Results 

Throughout this section the terms optimise, or optimisation of conditions will be used, these terms 

will be will be used to describe the selection of the best single method condition obtained in this 

study and does not refer to use of the term ‘optimisation’ as normally applied in multivariant 

analyses. 

As shown in section 4.1 the initial starting CE conditions used (given in Table 3, section 3.5) to 

analyse mAb, (prepared as described in Section 3.2) did not produce an optimal electropherogram 

and attempts were made to improve the electropherogram for the quantification of mAb.  When 

considering the optimal electropherogram produced by the CE method there were 3 main 

considerations: peak shape; analyte response in terms of peak intensity and run time. Absolute peak 

separation, or resolution, was not considered in the optimisation experiments due to the ability of 

the high-resolution mass spectrometer (Sciex 6600 TripleTOF) to separate mAb fragments on the 

basis of differing mass-to-charge ratios. When considering peak shape several experimental 

parameters were assessed to improve the electropherogram; EK injection (which can permit 

‘stacking’ in a discontinuous buffer system (section 2.1.1)), pressure and BGE. These parameters will 

also contribute to the analyte response and migration time. Optimisation of the method may involve 

a compromise between these three parameters in order to achieve the best all round separation 

method.  

 

4.1 Optimisation of the Capillary Electrophoresis Method 

To establish and test a CE-MS method for the quantification of this mAb, sample extracts were 

obtained by digesting neat reference material or after the mAb underwent a ‘pull down’ from 

human plasma using an anti-idiotypic antibody as a capture antibody. The experimental methods are 

given in sections 3.2, 3.3 and 3.4.  Initially, digested neat reference material samples were used to 

optimise the CE method as these samples did not include additional complicating factors such as 
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matrix effects from human plasma components.  In later experiments, as the method development 

was refined, immunocapture of the mAb from human plasma was introduced to evaluate the 

performance of the method in as this was the physiologically relevant matrix. 

The reference material was supplied at a mAb concentration of 10 mg/mL and was diluted to 50 

µg/mL in a solution of PBS and 0.1 % Tween 20.  Digestion with IdeZ was performed to cleave the 

mAb at its hinge region, followed by disulphide bond reduction.  This procedure yielded 3 mAb 

fragments Fc, Fd or Lc regions (all approximately 25 kDa in mass), see Figure 1, and typical spectra 

are shown in Appendix 1, Appendix 2 or Appendix 3, respectively with the deconvoluted spectra 

(shown in Appendix 4) confirming the identity of each fragment. The digest mixture was divided into 

25 µL aliquots and stored at -80 °C for use across the method optimisation experiments. An aliquot 

of the digest was thawed and diluted with 75 µL of acetonitrile which also contained 5 % acetic acid. 

The presence of acetonitrile and acetic acid was to facilitate the use of EK injection as a means of 

introducing the sample to the CE separation system. As mentioned in section 2.1.1, EK injection 

involves applying a constant voltage to the sample, in this case 10 kV for 99 s, which allowed the 

sample to migrate into the capillary.  The initial data were collected over 17 min, with the fragments 

migrating between 11 and 13 min. Accounting for capillary loading, injection and wash steps the 

total cycle time was approximately 25 min. 

The preliminary CE method was provided by Sciex and had been generated for an instrument 

demonstration of the CESI 8000 instrument. This method showed that the three expected mAb 

fragments (Fc, Fd and Lc) were generated and that m/z values of electropherogram peaks were 

consistent with the amino acid sequences. However, the peaks obtained were poor (with respect to 

peak shape and height) as shown in the reconstructed electropherogram in Figure 21.  Here, a single 

charge state for each fragment was plotted using m/z 1260 Da, 1282 Da or 1301 Da, for the Fc, Fd or 

Lc, respectively). Peak shape was extremely poor particularly for the Fc fragment with peak splitting 

evident confirming that further improvement of the CE method was required.  It was theorised that 
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the peak shape observed was poor due to band broadening either as a result of the pressure applied 

during the separation resulting in parabolic flow within the capillary or due to diffusion of the 

sample as it migrated through the capillary over the relatively long injection time of 99 s; which was 

chosen to maximise the loading amount of analyte.   

 

Figure 21 Electropherogram generated with starting conditions showing the three fragments of the mAb following 
digestion with immunoglobulin degrading enzyme (IdeZ). Top to bottom: Fragment crystallisable (Fc), heavy chain portion 
of the fragment antigen binding (Fab) region (Fd) and light chain (Lc). 

 Introduction and optimisation of a discontinuous buffer system 

A discontinuous buffer system was introduced to improve peak shape by influencing changes in 

conductivity (and pH). A change in conductivity meant that the mAb fragments would migrate at a 

different rate, when compared to injecting directly into the BGE, leading to the phenomenon known 

sample stacking (section 2.1.1). This discontinuous buffer system was achieved by the introduction 

of an ammonium acetate plug prior to EK sample injection. Furthermore, it was necessary to 

introduce a two-stage pressure approach so that the parabolic flow profile caused by the application 
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of pressure did not override the ‘stacking’ effects of the ammonium acetate plug. Initially, a plug of 

0.5 M ammonium acetate at native pH (20 s at 1 psi) was inserted prior to the introduction of the 

mAb digest along with a 30 kV separation.  The two stages of pressure were applied as follows: 1 psi 

for the first 8 min then 10 psi for a further 8 min. These initial conditions were chosen to give an 

injection plug of sufficient size and to provide different conductivities without generating sample 

plugs with increased viscosity (which can be a problem at high concentrations of ammonium 

acetate).  

Introduction of the ammonium acetate plug, along with the two-stage pressure injection resulted in 

much improved peak shapes (see Figure 22) and peak symmetry was markedly better for the Fd and 

Lc fragments. However, the Fc fragment still exhibited some tailing indicating that band broadening 

was still occurring and therefore further improvement of method was required.  Options to improve 

the Fc electropherogram included: alteration of the concentration and/or size of the ammonium 

acetate plug with the goal of increasing the stacking effect; or optimisation of the two-stage 

pressure step in order to limit the effects of the application of pressure. There was the possibility, 

however, that altering these two parameters would not lead to an improved peak shape because of 

conformational flexibility in solution of the Fc fragment, exhibiting differing degrees of folding.  In 

this instance, two or more conformers would be migrating differently in the buffer system within the 

capillary as mobility is dependent of the mass-to-size ratio. 
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Figure 22 Electropherogram showing the three Immunoglobulin degrading enzyme (IdeZ) induced fragments, fragment 
crystallisable (Fc) (top), heavy chain portion of the fragment antigen binding (Fab) region (Fd) (middle) and light chain (Lc) 
(bottom) after introduction of an ammonium acetate plug and two stage pressure separation, allowing for stacking and a 
reduction in band broadening. 

Altering the concentration and volume of the ammonium acetate plug was assessed first to further 

improve the separation process. Injections of digested mAb solution were introduced into buffer 

systems containing plugs of 0.5 M, 1 M, 2.5 M or 5 M ammonium acetate (Figure 23). As shown, 

increasing the concentration of ammonium acetate had an effect on migration times of each 

fragment while decreasing resolution, but had very little effect on the peak shape. An increase in 

concentration directly correlated with an increase in migration time as higher acetate 

concentrations lead to lower conductivities and hence smaller electric fields. 

Increasing the concentration of the ammonium acetate plug also decreased peak resolution of the 

three mAb fragments. With 1 M ammonium acetate (Figure 23 top), Fd and Lc peaks showed signs of 

resolution (Rs = 0.55, see Appendix 5 for calculation) but as the ammonium acetate concentration 

increased to 5 M (Figure 23, bottom) they almost co-migrate (Rs = 0.40, see Appendix 5 for 

calculation). In summary, the use of an ammonium acetate plug improved peak shape for all three 
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fragments when compared to direct injection into the BGE.  However, there was no improvement in 

peak shape when acetate concentrations greater than 1 M were used, and so this concentration was 

chosen to provide the best separation with respect to migration time, peak shape and resolution. 

 

Figure 23 Electropherograms showing the effect of increasing the concentration of the ammonium acetate plug prior to 
introduction of sample, 1 M (top), 2.5 M (middle) and 5 M (bottom) concentrations on the fragment crystallisable (Fc) 
(orange), heavy chain portion of the fragment antigen binding (Fab) region (Fd) (pink) and light chain (Lc) (blue) mAb 
fragments. 

It should be noted that an increase in ammonium acetate concentration also inversely influences the 

MS signal intensity generated. Table 4 lists the Lc fragment peak heights where a 2-fold decrease in 

sensitivity was observed for an ammonium acetate concentration increase from 1 to 2.5 M, which is 

a notable increase. When considering this in the context of the application of this method, lower 

peak sensitivity leads to higher detection limits, ultimately meaning less well-defined PK for the 

mAb.  This was a second reason to choose a 1 M ammonium acetate plus for further experiments. 
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Table 4 The effect of concentration of the ammonium acetate plug on peak height of the Lc fragment. 

Concentration of Ammonium Acetate Plug 
(M) 

MS Response (peak height) of LC Fragment 
(ion counts per second) 

1 5.0e5 

2.5 2.5e5 

5 2.1e5 

 

Following selection of the ammounium acetate plug concentration, attention was turned to varying 

the pressure used to inject the plug or the duration of the injection. Since increasing the duration of 

the injection contributes to the cycle time, changes to the size of the plug were achieved by 

adjusting the pressure. A series of injections of the digest solution were carried out by introducing 

the 1 M ammonium acetate plug at 0.5, 1, 3, 5, 7, 9, 11, 15, 17 or 20 psi. Using the Lc fragment as in 

an indicator of peak performance, Figure 24 illustrates the steady increase in migration time 

observed with increasing pressure; similar to the trend observed when increasing ammonium 

acetate concentration.  Again, the size of the injected plug had little or no effect on peak shape. 

There was, however, a slight impact on MS response when injection pressures above 3 psi were 

used.  A reduction in signal intensity (peak height) was observed. Overall these experiments were 

used to select conditions that used a 1 M ammonium acetate plug injected at a pressure of 1 psi for 

20 s. 
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Figure 24 Overlaid electropherograms of the light chain (Lc) fragment after varying the size of the ammonium acetate plug 
by adjusting the pressure at which the plug is injected. The overlaid electropherograms from the Lc fragment left to right 
represent plug sizes 0.5, 1, 3, 5, 7, 9, 11, 15, 17 or 20 psi. 

In order to use the discontinuous buffer system and take advantage of the stacking effects of the 

ammonium acetate plug, a small amount of conductive electrolyte solution must be injected prior to 

EK injection. This is due to the low conductivity of the plug impeding a voltage-based injection. This 

allowed further opportunity for method optimisation of 3 different electrolyte solutions: acetic acid 

at 1 % and 15 % (which is the BGE) or 1% formic acid.  Higher levels of formic acid were not 

considered because of higher viscosity of this acid compared to acetic acid.  Acetic acid and formic 

acid were selected for investigation as they are compatible with mass spectrometry. 

The effects of modifying the injection plug with acetic or formic acid were minimal (Figure 25), 

however, 1 % formic acid was shown to give minor advantages when compared to 1 % acetic acid or 

BGE of 15 % acetic acid in terms of peak shape, MS response and resolution. Minor differences in 

migration time were also observed between the 3 electrolyte solutions. Based on the observed 

results, the conditions selected for a discontinuous buffer system were: a pre-injection plug of 1 M 
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ammonium acetate at 1 psi for 20 s, followed by injection of 1 % formic acid at 1 psi for 20 s. This 

system resulted in good peak shape for both the Lc and Fd fragments, the Fc fragment did continue 

to exhibit tailing, but showed some improvement over the initial conditions assessed in Section 4.1. 

 
Figure 25 Effect of the composition of the injection plug 15 % acetic acid (top), 1 % acetic acid (middle) and 1 % formic acid 
(bottom) on the 3 mAb fragments, fragment crystallisable (Fc) in orange, heavy chain portion of the fragment antigen 
binding (Fab) region (Fd) in pink and light chain (Lc) in blue. 

 

 Optimisation of the two-stage pressure separation 

Pressure is applied to the capillary to create flow, with greater pressure there will be higher flow 

rates.  This has several consequences, including the possibility of creating a parabolic flow profile, 

band broadening and poor peak shape.  With increased pressure also comes reduced migration 

times resulting in less time for the analyte to resolve. However, pressure helps to generate a 

consistent, steady spray at the emitter tip and therefore provides a more reproducible MS response. 

A two-stage pressure separation takes advantage of the benefits of applying pressure while limiting 

the drawbacks; this means applying low pressure at the start of the CE method allowing separation 
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to occur on the basis of molecular properties (charge-to-size ratio of the analytes).  Ions that may 

cause suppression to the MS response, like excessive amounts of ammonium acetate from the plug, 

will travel faster through the capillary and co-elute with the analytes of interest, and for some 

separations this will also increase resolution between analytes. Once the desired separation has 

been achieved the pressure can be increased, both speeding up osmotic flow through the capillary 

and improving spray from the emitter tip; this would reduce the overall run time whilst maintaining 

the integrity of the capillary separation. 

When determining the best conditions for a two-stage separation, the pressure and duration of each 

stage must be considered. For stage one (application of low pressure) the key factor was found to be 

time (Figure 26). A pressure of 1 psi was selected as the lowest for practical use and the duration 

was assessed over 2, 4, 6 or 8 minutes (Figure 26). For stage two (application of higher pressure) the 

pressures assessed were 5, 10 or 15 psi (Figure 27). The electropherograms indicated that a 

combination of 1 psi for 8 min followed by 15 psi for 6 min provided a good balance between peak 

shape, resolution of the three mAb fragments, MS response and overall run time per injection. The 

resolution between the Lc and Fd fragments remained stable with varying the pressure in stage two 

at approximately 0.5 at both 5 and 15 psi, 10 psi showed lower resolution (0.36), largely caused by 

the fronting observed with Fd fragment, see Appendix 6. Longer migration times were noted when 

the pressure application in stage 1 was held at 1 psi for longer, which was due to lower osmotic flow 

through the capillary (the migration of analyte heavily relies on its EOM to move towards the 

cathode). For stage two the migration time reduced with increasing flow rate as analytes are carried 

in the moving BGE. 

There are now two final parameters to consider, the effect of varying the BGE on the separation, and 

lastly the effect of the injection voltage.
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Figure 26 The impact of varying the duration of the 1 psi stage (first) of the separation. 8 min (top left), 6 min (top right), 4 min (bottom left) and 2 min (bottom right) on the 3 mAb fragments, 
fragment crystallisable (Fc) in orange, heavy chain portion of the fragment antigen binding (Fab) region (Fd) in pink and light chain (Lc) in blue. 
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Figure 27 The effect of varying the pressure used as stage 2 of the separation, 5 psi (top) 10 psi (middle) and 15 psi 
(bottom) on the 3 mAb fragments, fragment crystallisable (Fc) in orange, heavy chain portion of the fragment antigen 
binding (Fab) region (Fd) in pink and light chain (Lc) in blue. 

 

 Optimisation of the background electrolyte 

The BGE is key to achieving good peak shape and may give rise to increases in sensitivity for the 

three mAb analytes.  Injections were carried out to evaluate six different BGE conditions, 1, 2, 5, 15 

or 20 % (v/v) acetic acid along with a mixture of formic acid (1 %, v/v) and isopropyl alcohol (IPA, 10 

%, v/v). As mentioned previously, organic solvents such as IPA are important to reduce the viscosity 

of the BGE in order to maintain acceptable normal pressures within the capillary. The higher levels of 

acetic acid, 15 and 20 % (v/v) in the BGE, realised the most favourable conditions and provided the 

most improved all-round response (Figure 28).  There was minimal difference in peak shape, 

migration time and separation of fragments with 15 % or 20 % acetic acid, although at 15 % acetic 

acid, the MS response (peak height) was greater.  Acetic acid concentrations of 5 % and below in the 

BGE reduced the quality of the peaks shape and reduced the MS response. Observation of resultant 
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data (see Figure 28) indicated that there was some improvement when using the formic acid/IPA 

mixture over 1 % acetic acid, but the peak shape and migration time did not improve significantly 

enough to match results obtained with higher acetic acids concentrations.  

As there was little difference in the data obtained with the BGE when using 15 % or 20 % v/v acetic 

acid, 15 v/v % was used in future analyses.  Moreover, use of 20 % acetic acid in the BGE increased 

the viscosity of the solution to a point where there may have been issues with the capillary.  
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Figure 28 Effect of background electrolyte composition on the separation, response and migration of the three mAb fragments; BGE composition 20% acetic acid (top left), 15% acetic acid 
(top right), 5% acetic acid (middle left), 2% acetic acid (middle right), 1% acetic acid (bottom right) and 1% formic acid plus 10% IPA (bottom right). 
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 Effect of varying the voltage used for sample introduction 

There are two ways that the EK injection can be altered; by varying the voltage or by 

varying the time that voltage is applied. The EK injection of the sample was altered by 

adjusting the voltage applied to the sample only. Three EK injection voltages were assessed, 

1, 5 or 10 kV. As expected, the voltage had a direct impact on the MS response with an 

injection voltage of 10 kV giving the greatest signal in terms of peak height (Figure 29). 

Increasing the voltage negatively impacted peak shape, with 10kV also giving rise to peak 

fronting, particularly for the Fc fragment. However, it was concluded that the increase in 

MS response with a 10kV injection was of more importance than the slight deterioration in 

peak shape.  

 

Figure 29 Effect of injection voltage on response and separation of the three mAb fragments. Injection voltage 
10 kV (top), 5 kV (middle) and 1 kV bottom. 
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 The final separation method 

Table 5 lists the final method parameters after adjustment of all the operating conditions.  

The electropherogram (

Figure 30) exhibited good peak shape (albeit with some tailing on the Fc fragment), good 

MS response (peak height) and migration times of less than 11 min for all 3 mAb fragments. 

Implementation of the discontinuous buffer system with 1 M ammonium acetate plug 

followed an injection plug of 1 % formic acid (v/v) was an effective means of inducing 

sample stacking and reducing band broadening during the sample introduction.  Dividing 

the application of pressure into two stages during the separation phase was also effective 

at minimising band broadening, thereby providing a degree of resolution between the mAb 

fragments while inducing sufficient flow through the capillary for a steady spray at the 

emitter tip. BGE of 15 % acetic acid (v/v) provided good peak shape, resolution and 

sensitivity and maintaining a sample injection voltage of 10 kV maximised the sample 

loading and therefore the MS response, meaning the lowest possible limit of quantification. 
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Table 5 Final optimised separation condition/parameters. 

Separation 
Condition/Parameter 

Buffer CESI Setting Duration 

BGE 15% Acetic acid - - 

Pre-injection plug 
1 M ammonium 

acetate 
1 psi 20 seconds 

Injection plug 1% formic acid (v/v) 1 psi 20 seconds 

Injection - 10 kV 99 seconds 

Separation - 
30 kV, 1 psi 8 minutes 

30 kV, 15 psi 6 minutes 

 

 
 

Figure 30 Electropherogram of the three mAb fragments using the final CESI separation method. 

 Simplification of the sample preparation 

Having established the optimal condition for the CE separation further improvements were 

investigated with the sample preparation. IdeZ cleaves the Hc at the hinge and after 

disulphide reduction with DTT giving rise to the three mAb fragments. As already seen 

previous figures, the Fc fragment performs the most poorly both in terms of MS response 
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and CE separation, making it very difficult to use in a quantitative mass spec assay for the 

determination of PK profiles.   

If the IdeZ cleavage step could be removed then there would be potential advantages, 

simplifying the sample preparation and reducing the sample preparation time by 30 min.  A 

further advantage would be pre-concentration as the total volume of the extract would be 

reduced. Removal of the IdeZ digestion and moving straight to disulphide reduction would 

mean that the Fd and Fc fragments would remain connected, or in other words, the Hc 

would remain intact.  This would result in 2 (Lc and Hc) fragments rather than 3 (Lc, Fd and 

Fc) and should have no effect on the Lc. However, method performance for the resulting Hc 

fragment would need to be assessed in terms of MS response and CE separation. Figure 31 

illustrates an electropherogram generated using the final optimised CE separation method 

(Table 5) of the Lc and Hc as well as a deconvoluted MS spectra (the charge envelopes can 

be seen in Appendix 8 and Appendix 9, respectively). The Lc fragment gives the greatest MS 

response while the Hc signal is comparable to that of the Fd fragment. The two peaks are 

still not resolved, however, although it would have been preferable to achieve 

electrophoretic resolution it would mean too much of a compromise in terms of run time 

and potentially peak shape. Absolute resolution is not considered a major issue, given the 

resolution of the TripleTOF 6600™.  The spectral resolution in terms of mass-charge-ratio 

allows for the either peak to be used for quantification. 
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Figure 31  Top: reconstructed electropherogram for both light chain (Lc), and heavy chain (Hc). Bottom:  a 
deconvoluted spectrum showing the mass of the reduced Lc and Hc of the mAb. 

4.2 Assessment of the Performance of the Developed CESI-MS Method 

for the Quantification a mAb 

After completion of the method improvements using the reference material digest, the 

ability of the method to be used for the quantification of the mAb in human plasma needed 

to be assessed, in terms limit of quantification, linearity over a concentration range, 

injection to injection reproducibility and stability of migration time. These parameters were 

evaluated using spiked human plasma spiked with mAb followed by ‘pull down’ extraction 

as outlined in section 3.4. 



81 
 

To assess the limit of quantification and linearity, a calibration curve for the mAb was 

prepared in human plasma over the range of 10 to 10,000 ng/mL in human plasma and 

samples prepared according the method in section 3.4 and analysed using the CE and MS 

methods in sections 4.1.5 and 3.6, respectively. At this point a second mAb with a different 

amino acid sequence was included at the reduction step to act as an internal standard and 

aid reliable quantification.  When considering the lower limit of quantification for a viable 

analytical method in a regulated environment any response in blank plasma needs to be 

less than 20 % of the response of the analyte. Table 6 shows data for generated from the 

analysis of the human plasma calibration curve after quantification using Sciex processing 

software Multiquant™ and the IQ4 algorithm to generate peak areas, calculated 

concentrations and accuracies with quantification based on the single most abundant 

charge state (≈1301 m/z). The two lowest concentrations 10 and 25 ng/mL were not 

acceptable as there was a significant peak observed in the samples from blank plasma. 

Therefore, the lower limit of quantification for this method was 50 ng/mL in human plasma 

(Figure 32) with associated signal-to-noise ratio of approximately 20:1. There is potential 

for improvement in the quantification limit by removal of the peaks in blanks, which was 

most likely caused by carryover from the outside of the capillary. Inclusion of additional dip 

steps could potentially remove this. 
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Figure 32 Electropherogram of 50 ng/mL in human plasma after immuno capture. This reconstructed 
electropherogram is based on a single chart state of the light chain (Lc) at m/z 1301.3, generating a signal to 
noise ratio of 20:1 

Although the standard curve generated from the experiment was not linear (Figure 33), 

there was good agreement with the back-calculated and nominal concentrations utilising 

quadratic fit and with a 1/x weighting.  Indeed, over the range 50 to 10,000 ng/mL the back-

calculated concentrations range between accuracies of 85 % to 111 %, which were within 

the +/- 15 % limits of regulated LC-MS based methods. 
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Figure 33 A single representative calibration curve, from extracted human plasma samples, based on peak area 
ratio of a single, most abundant charge state (≈1301 m/z) of the light chain (Lc) with a 1/x weighting applied. 

Table 6 Area and accuracy of a standard line from 10 to 10,000 ng/mL in human plasma after immuno capture 
and CESI-MS analysis for a single charge state of the Lc. Data generated using Sciex Multiquant™ and IQ4 peak 
integration algorithm. 

mAb Concentration 
in Human Plasma 

(ng/mL) 

Calculated mAb 
Concentration 

(ng/mL) 
Accuracy (%) 

Peak Area for Lc 
Single Charge State 

10 N/A N/A N/A 

25 2615.00 10460.01 1423.86 

50 46.12 92.24 4586.58 

100 85.00 85.00 5304.39 

250 270.32 108.13 10959.06 

500 553.99 110.80 14539.03 

1000 1067.06 106.71 34932.30 

2500 2616.07 104.64 61317.75 

5000 4444.70 88.89 121494.06 

10000 10758.33 107.58 192400.64 

 

Without compensation by the internal standard the variability between injections was high.  

The coefficient of variation (CV) (equation in Appendix 7) was greater than 37 % (Table 7) 

over 12 injections (6 each from 2 vials). In contrast, the CVs were down to less than 8 % 

including compensation by the mAb internal standard (Table 7) and was within acceptable 
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bioanalytical limits. Improved CVs with internal standardisation when quantifying Lc from a 

single charge state in the MS spectra or the sum of multiple charge states. The charge 

envelopes can be seen in Figure 34, with the individual charge states for the Lc and Hc of 

mAb and mAb-2 present and identifiable. The migration times were also consistent across 

multiple injections as can be seen in Figure 35, were for 9 injections of the calibration line 

the migration times varied between 10.80 and 10.96 min (equating to a variance of less 

than 10 s over a total run time of 3 h). The migration time does not move progressively 

earlier or later but maintains in this region from injection to injection. 

Table 7 Reproducibility of repeat injection by electrokinetic injection of CESI 8000. Peak area ratios calculated 
from the peak area of the light chains (Lc) of mAb (m/z ≈ 1301) and of mAb-2 (m/z ≈ 1289) for the single charge 
state and the light chains (Lc) of mAb (sum of charge states m/z ≈ 1115, 1171, 1232, 1301, 1377, 1463 and 1561) 
and of mAb-2 (sum of charge states m/z ≈ 1221, 1289, 1365, 1450 and 1547) for the sum of multiple charge 
states. 

 Single Charge State Sum Multiple Charge States 

Rep Peak Area Peak Area Ratio Peak Area Peak Area Ratio 

1 6.56E+05 2.21 2.05E+06 6.89 

2 1.67E+06 1.89 5.27E+06 5.97 

3 1.93E+06 1.88 6.17E+06 5.99 

4 2.52E+06 1.64 8.17E+06 5.31 

5 1.55E+06 1.81 4.90E+06 5.73 

6 1.61E+06 1.95 5.18E+06 6.27 

7 1.73E+06 2.14 5.60E+06 6.92 

8 3.74E+05 1.97 1.14E+06 6.01 

9 1.14E+06 1.94 3.66E+06 6.21 

10 1.10E+06 2.04 3.51E+06 6.51 

11 1.30E+06 1.81 4.13E+06 5.76 

12 1.90E+06 2.10 6.15E+06 6.81 

Mean 1529418.18 1.92 4897090.91 6.13 

SD 554388.42 0.14 1810057.32 0.48 

%CV 36.3 7.4 37.0 7.8 

Rep 1 excluded from calculations due to a poor electropherogram  
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Figure 34 Spectrum generated from the reduction of mAb and mAb-2 showing the charge envelopes for the light and heavy chains of both. Key m/z for mAb light chain are 1115, 1171, 
1232, 1301, 1377, 1463 and 1561 and for mAb-2 are 1221, 1289, 1365, 1450 and 1547, which are used for quantitation and reconstruction of electropherograms. 
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Figure 35 Plot showing the consistency of migration time, for the mAb in extracted human plasma samples. The 
migration times vary between 10.80 and 10.96 min, less than 10 s over the 3 hours of the run. 

 

4.3  Conclusions 

A novel CE-HRMS method was developed for the quantification of a mAb in human plasma 

using a middle down proteomics approach, where large mAb fragments e.g. Fd, Fc, Lc or Hc 

regions infer the concentration of the intact mAb. The CE separation used a discontinuous 

buffer system comprising a BGE of 15 % (v/v) acetic acid, a 1 M ammonium acetate stacking 

plug, an injection plug of 1 % (v/v) formic acid and a two-stage pressure separation with a 

voltage of 30 kV. Sample introduction was achieved via EK injection by applying a voltage of 

10 kV to the sample for 99 s. The method was used to quantify the mAb, to concentrations 

of approximately 50 ng/mL in human plasma and has the potential, with minor 

modifications, to remove or decrease carry over. The inclusion of an internal standard 

vastly improved the injection to injection reproducibility to within limits that would be 
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acceptable for a validated regulatory method. Over the range of 50 to 10000 ng/mL the 

calibration curve required a quadratic fit with a 1/x weighting. Truncation of the calibration 

range would be necessary if a linear fit were deemed appropriate, or alternatively further 

work could be initiated to determine the reason for nonlinearity. Possibilities might include 

(1) MS detector saturation because too many Lc ions are hitting the detector 

simultaneously and therefore some do not register, (2) the recovery time MS detector is 

affected by very highly charged proteins ions and hence some do not register or (3) at 

concentrations approaching 10000 ng/mL the EK injection is becoming saturated, although 

the migration times across on a single capillary and batch of buffers are consistent (over the 

course of a 9 point calibration curve the migration times are within 10 s).  

  



88 
 

  

5 Discussion 

The purpose of this project was to determine whether a CE-MS system could provide an 

effective method for quantification of mAb in the growing area of biotherapeutics in the 

pharmaceutical industry. Furthermore, the question of whether this method could be used 

as an orthogonal technique to LC-MS providing TK and PK data using a middle down 

approach, rather than the established ‘bottom up’ methods, was addressed. Essentially the 

middle down approach could overcome concerns that ‘bottom up’ methods potentially lead 

to loss of information during the digestion process and that inferred circulating 

concentrations of the intact molecule (interpolated from a small peptide fragment) may 

lead to inaccuracies in the data generated.  In the course of this work a combined CE-MS 

method has been developed for the quantification of a mAb in human using a CESI 8000 to 

provide electrophoretic separation, coupled with a TripleTOF 6600 high resolution mass 

spectrometer to provide detection. The final method for quantification based on reduction 

of the mAb disulphide bonds to give rise to the Lc and Hc which were then used for 

quantification. 

5.1 Electrophoretic Separation System 

The separation system developed for the quantification of mAb fragments utilises a 

discontinuous buffer system, the result of which is a pre-concentration effect known as 

sample stacking, as first demonstrated by Quirino and Terabe (1998) [127], who showed 

that peak sharpening can be achieved by building different areas of conductivity within the 

capillary. In essence, the analyte moves faster through areas of low conductivity, which is 

then dramatically slowed on transition to the adjacent region of high conductivity [128, 

129]. In the separation system developed in this thesis the zone of low conductivity was the 
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1 M ammonium acetate plug and the high conductivity BGE was acetic acid (15% v/v), 

which overall vastly improved the peak shape of the mAb fragments versus from the initial 

starting method. Equally the application of pressure in stages greatly helped ameliorate 

peak shape, by flattening parabolic flow that afflicts pressure driven separation systems. 

Although the EOM associated with a CE separation naturally counteracts parabolic band 

broadening [74], the application of some pressure is required due to acidic nature of the 

buffers being used.  Indeed, without application of pressure the EOF would be very low. The 

application of pressure at 1 psi stage one should not yield a parabolic flow profile [130] and 

therefore the combined EOF and EOM drive the separation. However, it was necessary to 

increase the pressure towards then end of the separation (prior to the migration time of 

the mAb fragments) in order to achieve a steady eluent spray at the emitter tip.  This was 

necessary to achieve a good MS response with the added advantage of reducing the overall 

cycle time. One disadvantage of the pressure increase was the potential to reduce the 

resolution between the mAb fragments, however, this was not of significant due the use of 

HRMS as the detection system.  Since the inclusion HRMS introduces selectivity based of 

mass discrimination, baselines resolution is not a perquisite when the components under 

study differ in molecular weight (strictly mass-to-charge ratio). So, although it may have 

been possible to fully resolve the peaks particularly for the Lc and Hc this was not pursued, 

but could be included in further work, which may extend the applicability to other protein 

constructs. 

The use of EK injection allows for selective introduction of the analyte (from the aliquot on 

the autosampler) into the separation system because different ions in solution migrate at 

different rates in a given electric field.  In contract hydrodynamic injection introduces a set 

amount of sample, and therefore the same amount of all ions contained in the sample 
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[131].  Contrasting these two approaches optimisation of the EK conditions, leads to fewer 

background ions being introduced, which in turn has the potential to reduce ion 

suppression and increase the signal to noise ratio ultimately meaning that lower limits of 

quantification can be achieved. A lower limit of quantification of 50 ng/mL was achieved, 

with the potential to go lower by removal of some carryover from the external surfaces of 

the capillary. There have been questions raised over the injection-to-injection 

reproducibility of EK injection as a means of sample introduction as part of a quantitative 

analysis, i.e. this means of sample introduction leads to large percent CVs, although internal 

standardisation could correct for this [132]. This was certainly the case for the 

quantification of the mAb in this study, with improvements in CV from approximately 40% 

down to in the region of 8% over the course of 12 repeat injections by inclusion of a second 

reference mAb alongside the reducing agent.  

The OptiMS cartridge provides a plug and play approach to interfacing CE with MS, and the 

neutral coated capillary produces a robust and reliable connection, with more than 500 

injections completed throughout this method development and evaluation on a single 

OptiMS cartridge with consistent migration times. 

The CESI 8000 and OptiMS cartridge operate a sheathless CE-MS interface.  Sheath flow has 

been the more common approach and is considered to be a robust technique, but has the 

several drawbacks such as eluent dilution as well as the potential for the sheath liquid to 

adversely impact MS ionisation [133]. Haselberg et al. 2013, [134] showed that a sheathless 

approach was viable for profiling of pharmaceutical proteins and this work in this thesis 

showed that the approach was also suitable for the quantification of biotherapeutics. 
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5.2 HRMS 

In this work it has been shown that HRMS and in particular Q-TOF technology can be used 

for quantification of mAbs, but there still needs to be further work to fully validate the 

method. Quantitative analysis has been dominated by triple quadrupole mass 

spectrometers, with HRMS being predominately applied in areas such as metabolite 

identification, metabonomics and proteomics [135]. The use of HRMS for combined 

quantitative and qualitative is a major attraction, and with the current generation of HRMS 

instruments this is becoming a more realistic proposition. HRMS instruments also have a 

greater mass range than the common quadrupole analyser making them suitable for intact 

or middle down analysis. In the development of this method the Sciex 6600 TripleTOF mass 

spectrometer was operated in TOF-MS mode, and as such, the molecule did not undergo 

fragmentation within the mass spectrometer and therefore quantification was based on the 

mass of the mAb fragments injected (or strictly speaking from the multiple charge states 

ionised) ultimately the Lc and Hc only. Quantification can be achieved using a single charge 

state or by summing multiple charge states of the individual fragments with the most 

appropriate method varying between molecules.  The approach chosen for the quantitation 

will depend on the signal to noise ratio that the different charge states or the use of 

multiple charge states generate. A further consideration when carrying out the post-

acquisition data processing is the mass extraction window (MEW) that is to be used [136] 

and this again will vary between molecule and the resolution achieved.  

Based on the findings presented here HRMS is capable of being used for the quantitative 

analysis of mAbs. However, to be used for the generation of TK and PK data in a regulated 

environment the a priori definition of the post-acquisition data processing parameters will 

be necessary for the quantification of the circulating concertation of the unmodified mAb. 
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5.3 Impact of this Methodology on the Quantification of mAbs 

This study successfully demonstrates that combining CE with HRMS with for the 

quantification of this mAb can be successful. CE using EK injection employing a 

discontinuous buffer system and 2 stage application of pressure provided a reproducible 

(with the use of an internal standard) and sensitive technique for both sample introduction 

and separation. This is complemented by the tripleTOF 6600 QTOF MS providing the 

sensitivity and selectivity required, particularly when combined with the post-acquisition 

processing options for accurate full scan mass data. One further advantage of full scan 

HRMS is enabling the assessment qualitative aspects within the same analysis. Certain 

PTMs will detectable by mass shifts even if not resolved by the separation. Certain PTMs 

like aspartate isomerism, however, will not able distinguishable because there is no mass 

difference and hence the separation system will need to provide the analytical fidelity in 

this instance.  

In terms of validating for use on a regulated study, as already stated the method still needs 

full characterisation, although the work does indicate that it would meet the criteria 

outlined by Jenkins et al. [137] and by Duggan et al. [138] for acceptance criteria for LC-

MS/MS analysis of bio-therapeutics using a bottom up, peptide approach. At this point this 

would be the most appropriate criteria to assess this method.  

This method demonstrates that there is potential for the use of CE-MS for the 

quantification of mAbs, and as such gain greater confidence in establishing circulating 

concentrations of intact mAbs and in addition to generate further information that is not 

currently available with analysis with ELISA or peptide based/bottom up approaches. 

Furthermore, the CE separation method developed for the analysis of the particular mAb 

used in this study would be able to be used with very little alteration, for a variety of other 
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mAbs as demonstrated with the in inclusion of a second mAb as an internal standard.  

Taking into consideration the MS method used has very little optimisation of parameters 

and has a wide and acquires over a wide m/z range, the entire CE-MS method could be 

classed as a generic method for the analysis of mAbs, with the specifics coming from the 

post-acquisition processing. 

5.4 Future Work and Further Applications of CE-MS Quantification 

As mentioned in section 4.2, the method did exhibit carryover from sample to sample, the 

likely source of this is from the mAb fragments adhering to the outside of the capillary 

during the injection cycle. The is scope to reduce this as a part of the method, during this 

development a single water dip step was used after injection to clean the outside of the 

capillary, it is likely that this is insufficient. The inclusion of additional dip steps, using 

different solvents and/or solvents at differing pHs. The inclusion of further dip steps would 

have no impact on the separation, as the solvents used do not enter the capillary. 

Characterising these cleaning steps may allow the lowering of the lower limit of 

quantification. Another area that it would be ideal to explore to fully assess the full 

potential is to look at the injection cycle in further detail, the CESI 8000 has the potential to 

carry out multiple injections in one cycle. It would be interesting to explore the possibility 

of reducing the injection time, currently at 99 seconds but have 2 injections of 60 seconds 

for example. This approach may help load more mAb fragment into the capillary therefore 

increase the MS response without an impact on peak shape due to the stacking effects of 

the discontinuous buffer system. This double injection approach may also be used to 

confirm the quadratic nature of the calibration curve is a result of the saturating the 

injection or saturating the MS detector. It would also be an advantage to investigate minor 

changes to the sample preparation to ensure the recovery from plate is optimal and any 

dilution of the final extract to produce a sample of a composition that is suitable for CE 
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analysis. Once these final experiments had been completed, as previously stated, a key 

piece of work would be to validate the method to determine the precision and accuracy 

over the concentration range as well as characterising any matrix effects and recovery of 

the mAb. 

Another interesting area to explore is the post-acquisition processing, the current method 

quantifies using a single or multiple charge state, these are highly charged species and form 

the spectra that can be seen in the appendices. An evolution of this approach may to be use 

the deconvoluted spectra to reconstruct the chromatogram and quantify on the m/z of the 

entire mAb fragment (Lc or Hc).  

Given the ability of this method to quantify the mAbs there is scope for the CE-MS 

approach to be used for the quantification of other classes of molecule. Methods could be 

developed for other biotherapeutics, the likes of immunoconjugates, Ig scaffolds and 

therapeutic peptides all have the potential to be quantified using this approach. Another 

potential area of use for this technique would be the quantification of naturally occurring 

molecules that are known as biomarkers, which are also of interest in the pharmaceutical 

industry. There is also the potential for CE-MS to be used with synthetic compounds like 

oligonucleotides and even NCEs. Oligonucleotides, although not a large proportion of the 

work in the bioanalytical lab offer significant challenges. Quantification by LC-MS requiring 

the use of ion pair reagents the cause ion suppression, these ion pair reagents also take 

time to remove from the system, often meaning that a dedicated system is required to 

support this type of analysis. CE is already used it the characterisation of oligonucleotides 

and such as such CE-MS has potential for use in a quantitative assay. 
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6 Appendices 

Appendix 1 Typical spectra, post IdeZ digest, the deconvoluted spectra of the Lc fragment showing the mass (bottom) 

and corresponding charge states (marked in red) (top). 
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Appendix 2 Typical spectra, post IdeZ digest, the deconvoluted spectra of the Fc showing the mass (bottom) and 

corresponding charge states (marked in red) (top). 
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Appendix 3 Typical spectra, post IdeZ digest, the deconvoluted spectra of the  Fd fragment showing the mass (bottom) 

and corresponding charge states (marked in red) (top). 
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Appendix 4 Typical deconvoluted spectra after IdeZ digest 3 ≈25 kDa fragments (Fc, Fd and Lc). 
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Appendix 5 Calculation of resolution when varying the concentration of 

the ammonium acetate plug. 

 

1 M ammonium acetate plug 

12.378 − 12.100

0.5(0.684 + 0.633)
= 0.55 

5 M ammonium acetate plug 

13.821 − 13.514

0.5(0.734 + 0.784)
= 0.40 
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Appendix 6 Calculation of resolution when varying the pressure of stage 

two of the CE separation. 
 

5 psi 

13.831 − 13.703

0.5(0.252 + 0.0.249)
= 0.51 

10 psi 

13.216 − 12.977

0.5(0.566 + 0.730)
= 0.36 

15 psi 

11.780 − 11.447

0.5(0.648 + 0.667)
= 0.51 
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Appendix 7 Equation for the calculation of the coefficient of variance. 

 

%𝐶𝑉 = (
𝑆𝐷

�̅�
) × 100 

where  SD = Standard deviation 

  �̅� = Mean
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Appendix 8 Typical spectra, post disulphide reduction, the deconvoluted spectra of the Lc, showing the mass (bottom) 

and corresponding charge states (marked in red) (top). 
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Appendix 9 Typical spectra, post disulphide reduction, showing the deconvoluted spectra of the Hc and corresponding 

charge states. 
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