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Abstract 

Monoclonal antibodies (mAbs) are used extensively as biotherapeutics (BTs) for a range of 

chronic and acute conditions. mAb treatments cost on average ∼$100 000 per year per patient, 

limiting their use. Protein A chromatography (PrAc) accounts for a substantial portion of 

downstream processing costs, primarily due to expensive resin and its degradation, resulting 

in reduced binding capacity. This research utilised vibrational spectroscopy to investigate 

these issues. 

ATR-FTIR and Raman spectroscopy successfully assessed static binding capacity (SBC) of 

Protein A resin. Spatial location within the column affected resin performance, with the inlet 

showing greater binding capacity reduction compared to the outlet. Vibrational spectroscopic 

methods provided valuable chemical insights into protein conformation that traditional analysis 

methods lack. 

In-situ ATR-FTIR spectroscopy revealed that changes in ligand density did not align with the 

reduction in binding capacity. Irreversibly bound contaminants were suggested as the primary 

cause of reduction in binding capacity. Confocal Raman spectroscopy demonstrated 

heterogeneous binding of BTs within resin beads, indicating reduced ligand accessibility in 

used resins. Spectral analysis of used resin samples without BTs loaded indicated the 

presence of Phenylalanine-rich co-eluting host cell protein species. This suggests irreversible 

binding of BTs and fouling mechanisms that reduce resin pore size. 

Raman spectroscopy showed promise for monitoring dynamic binding capacity (DBC) of 

Protein A. High-throughput well plate Raman analysis proved as effective as industry-standard 

methods. By utilizing PLS analysis, Raman spectroscopy could quantify BTs not used in model 

training, reducing time and effort for each new BT. In-line Raman methodology successfully 

identified BTs in complex cell supernatant without separation or chemical labels, offering real-

time monitoring potential. 

in conclusion this thesis effectively used vibrational spectroscopy, specifically ATR-FTIR and 

Raman spectroscopy to characterise Protein A resin, elucidated binding capacity decay, and 

enabled DBC monitoring in BT downstream processing. 
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π ratio of the circumference of any circle to the diameter of that circle 

ν̃ wavenumber 

𝜎 scattering intensity 
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Chapter 1- Literature Review 
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1.1 Biotherapeutics 

The biopharmaceutical industry is rapidly growing with 175 biotherapeutics (BTs) approved 

for market as of 2021 [1, 2]. BT is used in this thesis to collectively refer to antibody-based 

molecules such as Bispecific antibodies, monoclonal antibodies (mAbs) and antibody 

derivatives such as fusion proteins and single-chain variable fragments. By far the most 

common and successful BTs are monoclonal antibodies (mAbs) which are used to treat a wide 

range of diseases and account for 22% of the Food and Drug Administrations (FDA) newly 

approved drugs between 2016-2018 [3]. However other BTs are beginning to take a hold in 

the market. Bispecifics which can bind to two targets simultaneously account for 4 market 

approvals [1]. Fusion proteins which combine desirable aspects of two proteins to treat 

disease account for 12 market approvals [4]. The best selling therapeutics for 2019 were mAbs 

with the top 9 generating cumulative sales of $75 billion in 2019 [5].  

Overall mAbs make up the majority of BT’s available with 90 approved for market as of 2021 

[2].A total of 510 and 810 mAbs were in Phase I or Phase II clinical trials in 2019 and 2021 

respectively [2, 6]. In addition, a record 61 cancer and 54 non-cancer targeted mAbs totalling 

115 mAbs were in FDA and European Medicines Agency (EMA) late-stage studies as of 

November 2021 [2]. The increase from 240 mAbs in phase I-III clinical trials in 2010 illustrates 

the ever-increasing development of mAb based treatments by the pharmaceutical industry 

over the last decade [7-9].  

1.1.1 Monoclonal antibodies 

Currently, therapeutic mAbs available on the market are primarily of the subclass of 

Immunoglobulin type gamma (IgG) [10], also the most common isoform of antibody present in 

the body [11]. mAbs are monovalent antibodies that all recognise and bind to the same epitope 

of an antigen and different from polyclonal antibodies which are a mixture of antibodies which 

recognise the same antigen but bind different epitopes. mAbs are produced by a single clone 

of a hybridoma cell line.  
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Figure 1.1 Structure of immunoglobulin type Gamma (IgG) with the Fc and Fab regions indicated. IgG consists of 

a Y shaped structure made up of 4 chains, 2 heavy and 2 light chains, with disulphide bonds (green) linking the 

interdomain regions of the heavy chains and the light and heavy chains. Red/orange denotes heavy chains and 

blue denotes light chains. VH1= variable heavy chain, VL=variable light chain, CL=constant light chain, CH1= 

constant heavy chain 1, CH2=constant heavy chain 2 and CH3=constant heavy chain 3. 

Antibodies have a Y-shaped structure and consist of a fragment crystallisable (Fc) and a 

fragment antigen binding (Fab) region (Figure 1.1). The Fc region is comprised of the constant 

regions of the heavy chains which determine the antibody class and allow for interaction with 

cell surface receptors [12]. For example, IgG4 Is associated with the downregulation of 

immune responses, whereas IgG3 is associated with inflammatory responses [13]. The Fab 

region consists of the constant and variable regions of both the light and heavy chains. The 

variability of these Fab domains provides highly specific binding to individual antigens. It is 

this exquisite specificity which allows mAbs to be used to alleviate disease symptoms or to 

actively treat diseases [12]. 

1.1.2 Use of therapeutic mAbs 

Therapeutic mAbs are versatile treatments that have been modified to bind to a range of 

disease targets. Ofatumumab is a recombinant humanised IgG1 developed by 

GlaxoSmithKline (GSK) that targets the B-lymphocyte antigen CD20 and is used to treat 

Chronic lymphoblastic leukaemia [7, 14]. The IgG1 Sotrovlmab, marketed by GSK and VIR 

biotechnology, was derived from a B cell of a COVID-19 survivor and given emergency 



  21 | P a g e  
 

authorisation use by the FDA to prevent progression to severe COVID-19 in adults and 

paediatric patients [2]. Sotrovlmab targets an epitope found in both SARS-CoV-2 (Covid-19) 

and SARS-CoV-1 (SARS) and blocks the virus from entering healthy cells [15]. The 

humanised IgG4, Inotuzumab ozogamicin, targets the transmembrane protein CD22 and is 

used to treat acute lymphoblastic leukaemia [16].  

mAbs are highly specific and effective treatments, with less off target effects than small 

molecule pharmaceuticals in part because mAbs normally cannot cross the blood brain barrier 

(BBB). This limits the application of mAbs in the treatment of brain diseases such as cancer 

[17]. However, the BBB can be manipulated using Fc receptor-induced reverse-transcytosis 

to allow access of therapeutic mAbs to the brain tissues [18]. This targeted and controlled 

access of mAbs through the BBB has opened up further disease targets. 

Compared to most proteins, mAbs are stable over a relatively wide range of temperatures, 

buffer conditions and concentrations meaning that they can be isolated effectively and stored 

safely prior to administration to patients. However, they are prone to cold and hot thermal 

aggregation [19]. Reversible nucleation of mAbs can occur, so mAb that has aggregated can 

refold and retain its function [19]. Overall it is their high specificity, their stability during 

manufacture and their wide range of potential disease-relevant targets [20] that has made 

mAbs drug discovery molecules for industry. A key downside, is that mAbs are extremely 

expensive costing on average $100,000 per year, per patient reducing patient accessibility of 

these lifesaving drugs. The high cost is associated in part with the high cost of manufacture 

[21]. 

The manufacture of mAbs is a complex process which, due to the biological nature of these 

molecules is subject to both strict regulations for patient safety and defined processes for both 

upstream (section 1.1.3) and downstream processing (section 1.1.4). 

1.1.3 Upstream processing 

Therapeutic mAbs were originally produced by the hybridoma technique which was 

discovered in by Köhler and Milstein, who were awarded the Nobel prize for their pioneering 

work [22]. This technique involves inoculating a mouse with the target antigen in order to raise 

antibodies against the antigen. After several weeks the spleen lymphocytes of the animal are 

harvested and fused with myeloma cells to form immortal hybridoma cell clones, with each 

clone producing a mAb that recognises and binds to a single site on the antigen. The mAb 

secreting hybridomas are selected for further culturing and non mAb producing hybridomas 

are discarded (Figure 1.2). 
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Figure 1.2 Schematic for the hybridoma technique in the production of mAbs 

The mAbs produced in this way can then be cultured at scale in bio reactors to generate 

large volumes of mAb containing supernatant [23]. However, since the mAbs generated are 

murine in nature, they caused immunogenic reactions in human patients. To combat 

immunogenicity, recombinant DNA technologies have been utilised to generate human Fc 

region containing chimeric mAbs [24, 25] and fully human mAbs [25]. Hybridomas are still 

used but require transgenic mice that have had the murine immunoglobulin genes replaced 

with human genes [26].  

Recombinant technology removes the need for the use of live animals as it utilises DNA 

libraries to select genes that express specific chimeric and human mAb products [25]. The 

engineered genes can then be cloned, expressed and selected for specific characteristics, i.e., 

ability to bind and have a desirable effect on a given protein or biological system (Figure 1.3). 

The majority of therapeutic mAbs are produced recombinantly in mammalian expression 

systems, with 60 % expressed in Chinese hamster ovary (CHO) cells [20]. In the 1980’s 

productivity of cells was below 10 pg per cell per day, but this has been dramatically improved 

to ~ 90 pg per cell per day [26] thanks to the glutamine synthetase expression system which 

amplifies protein expression. The glutamine synthetase genes in recombinant cells ensures 

only transformed mAb producing cells survive in the absence of glutamine in media [27]. 
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Figure 1.3 Schematic for recombinant production of mAbs 

1.1.4 Downstream processing of monoclonal antibodies 

Many therapeutic mAbs have been humanised, but there is still a risk of an immunogenic 

response in patients [10, 20], due to the presence of small amounts of host cell proteins (HCP) 

and host cell deoxyribonucleic acid (HCDNA) in isolated mAbs [28, 29]. Due to the high risk 

to patient safety caused by these contaminants, safe levels of HCP and HCDNA are 

recommended as below detectable limits by the FDA [30] but are typically in the 1ng mg-1 

range [11]. Any contaminants present in final formulations must be studied for effects on 

patients and determined safe levels in product (Table 1.1) [30].  

Table 1.1 FDA requirements for downstream processing of mAbs  

Regulatory requirements Defined by 

Purification reuse limit for columns Performance over time  

Structural integrity of mAb Physiochemical methods to assess aggregation 

Product comparability Batch to batch comparison 

Removal of contaminants Viral clearance, HCDNA and HCDNA characterisation studies 

 

There are various steps employed in the downstream processing of mAbs from mammalian 

expression systems (Figure 1.4) in order to reach safe levels of HCP and HCDNA as well as 

to remove high molecular weight species (HMWS) and culture media components. 
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Figure 1.4 Downstream processing workflow for mAb purification. Centrifugation is the first step, followed by 

microfiltration, desalting in preparation for protein A chromatography to remove the bulk of contaminants. Polishing 

steps are then used to remove residue amounts of contaminants to meet regulations. 

Typically the first step of downstream processing is clarification and involves centrifugation 

and microfiltration to remove cell debris and large particulate matter from the cell culture 

supernatant (CCS) [31]. The filtered media is desalted by size exclusion chromatography to 

remove culture media components and large amounts of salt and exchange into equilibration 

buffer suitable for the capture step binding. The bulk of contaminants are then removed via 

the utilisation of Protein A Affinity Chromatography (PrAc) in the capture step [29]. The solution 

is then refined by one or more chromatographic polishing steps such as Cation exchange 

chromatography (CEX), Anion exchange chromatography (AEX), hydrophobic interaction 

chromatography (HIC) and Multimodal chromatography (MMC) [32-34]. The polishing steps 

remove the majority of any remaining HCPs, viral DNA, protein aggregates or fragments, as 

well as any leached Protein A [35-37]. Any viruses present must be inactivated, typically by 

holding the mAb in low pH solution [36, 38]. Finally, the solution will be buffer exchanged into 

formulation buffer containing sugars and stabilisation agents such as PEG to ensure the long 

shelf life of mAbs [39]. The formulated solution is then concentrated for intravenous or 

subcutaneous injection applications [39]. Formulation is typically performed by ultra-filtration 

and diafiltration methods [36]. Overall, downstream processing is complex and will vary for 

each mAb producing cell line. PrAc, the major focus of the work outlined in this thesis, has 

been identified as the main bottleneck in the downstream processing of mAbs and will be 

further explored in section 1.1.5 [40]. 
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1.1.5 Protein A affinity chromatography 

Protein A is a 54 kDa linear polypeptide found in the cell wall of the bacterium Staphylococcus 

aureus, and consists of a cell wall associated region located at the C-terminus and five triple 

helix antibody binding domains (A, B, C, D and E ) at the N terminus [41-43]. Each antibody 

binding domain of the Staphylococcus protein A (SPA) is 6.6 kDa and the five domains share 

65-95% sequence identity [43]. The ~42 kDa truncated SPA lacking the cell wall associated 

region is used for biotechnological applications [41-43]. SPA is very stable as it can refold after 

denaturation and withstand a pH range of 2-11 [42]. SPA immobilised on chromatographic 

beads was first utilised to isolate IgG in 1972 by Hjelm et al, who achieved a 95% yield [44]. It 

is still used today as the gold standard method of isolation of a wide range of biotherapeutics 

including IgG1, IgG2, IgG4, Fc fusions and bispecific antibodies [42]. 

 

Figure 1.5 Structure of the Fc region of a mAb bound to the antibody binding domain B of SPA. Image generated 

in Chimera (PDB 1fc2 [45]. Key residues involved in the interaction between the two proteins are labelled. The Fc 

region is shown in magenta with the Fc residues involved in binding shown in cyan in stick representation. The 

antibody binding domain B of SPA in shown in brown with the key residues involved in the interaction shown in red 

in stick representation. In light (SPA) and dark green (mAb residue) are the two His residues which play a key role 

in both binding and elution. 

PrAc is employed in a bind/elute mode. The mAb is bound to SPA immobilised onto 

chromatographic beads at a slightly alkaline pH allowing media components, HCP and DNA 

to flow through the column and for the IgG to bind to the SPA ligands chemically cross-linked 
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to the resin beads. X-ray crystallography has shown that the SPA binding domain helices bind 

to the IgG Fc region’s constant heavy domains 2 and 3 [45], this reversible interaction consists 

of hydrophobic interactions, hydrogen bonding and two salt bridges (Figure 1.5) [42]. When 

binding occurs, only three out of five binding domains are occupied due to steric hindrance 

[41]. Although the Fc and SPA domain interaction is highly specific it was discovered that SPA 

domains D and E binds to the Fab region when variable heavy chain type 3 is present in IgG 

[42, 46].  

Further alkaline pH buffer containing salt is washed though the column in order to remove 

weakly bound impurities. Elution is then performed by decreasing the pH of the column to ~3 

resulting in protonation of histidine 137 of SPA and histidine 435 of IgG and subsequent 

release of the bound mAb due to electrostatic repulsion [47] (Figure 1.5). The protein is eluted 

into buffer at higher pH in order to bring the mAb closer to more neutral pH as quickly as 

possible.  

This purification process is performed three times in each purification cycle, with each cycle 

followed with a strongly alkaline cleaning in place (CIP) step employing up to 0.5M NaOH [42, 

48, 49], to remove contaminants strongly bound to the column after repeated use [29, 49-51]. 

Trace amounts of SPA binding domains can be observed in the CIP eluant [42, 49]. 

To minimize SPA leaching and extend column lifespan, agarose-based resins using 

engineered SPA ligands have been developed. MabSelect SuRe, for example, utilizes a SPA 

ligand with a modified binding domain B, engineered to be more alkaline resistant [42]. 

MabSelect Sure retains half its binding capacity even after 10 hours of exposure to 0.16 M 

NaOH [49]. Boulet-Audet et al have shown that the MabSelect SuRe modified SPA ligand 

undergoes denaturation at 1.60 M NaOH but that proteolysis only occurs in extremely harsh 

conditions, such as 6.46 M NaOH [49], a much higher concentration than used for column 

cleaning. The MabSelect SuRe modified SPA ligand is crosslinked to an agarose bead which 

is on average 60 µm in diameter but can be up to 120 µm in diameter. The agarose bead 

matrix is porous in nature allowing for increased surface area for capture of mAbs  Further 

modifications to the SPA ligand and increased ligand density have been observed in the new 

MabSelect PrismA resin which is a further optimised version of MabSelect SuRe [52]. 

PrAc resins have been shown to possess unrivalled purification capabilities, able to remove 

98% of contaminants [29] with a stepwise recovery yield of 99.4% [53]. Downstream 

processing has been shown to be  responsible for up to 80% of overall mAb production costs 

[54]. PrAc accounts for the majority of those costs, due to the expense and lifetime degradation 
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of the resin [38, 54, 55] To make PrAc more economical  and reduce production costs, 

increasing the reuse of resin is essential[55]. 

A potential source of lifetime degradation is the harsh alkaline CIP procedures (NaOH) causing 

proteolysis and cleaving the random coil linkages between individual binding domains of the 

SPA ligand [49, 56, 57]. Lifetime degradation of the resin is also attributed in part to irreversible 

binding of contaminants which may reduce SPA ligand accessibility. Although the precise 

nature of these contaminants is unclear, it has been shown that null-cell culture fluid causes 

less fouling than mAb containing culture fluid [58] and that HCPs accumulate on the Protein A 

resin after repeated cycles of purification [59].  

1.1.6 Protein A performance monitoring 

PrAc performance is mandated by the FDA and can be monitored by two different binding 

capacity analysis techniques (Table 1.1)[30]. Static binding capacity analysis assesses the 

maximum binding performance of a resin for a particular mAb. This method is a good indicator 

of resin performance and a way to choose which protein A resin or pH conditions will achieve 

the highest amount of mAb isolated. A chosen resin of known volume (Vresin) is loaded with a 

known volume of mAb (VSample) at a range of concentrations (C0) ranging from no mAb to more 

than the resin should be able to bind. The liquid fraction is then separated from the resin and 

the equilibrium concentration is measured (Ceq) of the flow through to calculate binding 

capacity (Q) as shown by Equation 1.1. 

𝑄 =
𝑉𝑆𝑎𝑚𝑝𝑙𝑒 ×(𝐶0−𝐶𝑒𝑞)

𝑉𝑟𝑒𝑠𝑖𝑛
 1.1  

Where Q = binding capacity, Vsample = volume of mAb, C0 = initial concentration, Ceq = equilibrium concentration and 

Vresin = volume of resin 

The binding capacity is the maximum amount of mAb that can bind to a resin at a given pH, 

formulation and protein concentration. Once Q has been calculated the Langmuir isotherm 

can be used to explain binding behaviour as shown by Equation 1.2. 

𝑄 =
𝑄𝑚𝑎𝑥 × 𝐶𝑒𝑞

𝐾𝑑 + 𝐶𝑒𝑞
 1.2 

Where Q = binding capacity, Qmax = maximum binding capacity, Ceq = equilibrium concentration and Kd = 

disassociation constant 

The Qmax is defined as the maximum capacity of mAb that the resin can hold. This method 

however assumes high protein loss and is not representative of industry processes where 
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protein loss is minimised to prevent product loss. To better represent purification conditions 

dynamic binding capacity (DBC) analysis is used. This approach assumes limited mAb loss, 

and indeed the amount of product loss can be chosen, with typically 10% utilised [52, 60-65]. 

DBC measurements identify the load of mAb where 10% of the initial concentration of mAb 

(C0) flows through the column, unable to bind as every available Protein A ligand binding site 

is occupied. The chromatogram is offset as there is a delay between the sample pump and 

detector, and this delay is accounted for by subtracting the offset volume (V0) from the 

chromatogram volume. The resultant volume is then multiplied by the concentration of mAb 

and then divided by the volume of the column to calculate the amount of mAb (mg) per ml of 

column (Equation 1.3).  

Where DBC10% = Dynamic binding capacity at 10% breakthrough, V10% = volume at 10% breakthrough, V0 = offset 

volume, Vc = column bed volume, C0= initial concentration 

The mechanism of binding is driven by mass transport [65], thus in SBC the resin must be 

over saturated and in DBC the flow rate is varied; the lower the flow rate/ longer residence 

time of a mAb in a column then a higher chance of binding events occurring. 

These methods have been used to reveal a reduction in Protein A column performance with 

repeated use but are unable to explain the chemical basis of this reduction. Suggested 

reasons for lifetime degradation include protein aggregation on the column [40, 51] and 

irreversible binding of contaminants [56]. A range of analytical techniques have been used to 

better understand the cause of lifetime degradation of protein A resin such as confocal laser 

scanning microscopy (CLSM) [57, 66], scanning electron microscopy (SEM) [57] and mass 

spectrometry [59]. CLSM showed an increase in both accumulation of foulant and bead pore 

blockages in protein A resin beads as a function of increased usage, a finding supported by 

SEM [66]. CLSM, although a powerful technique, requires fluorescent labelling which can 

change the absorption behaviour of proteins [67]. As a result, fluorescently labelled proteins 

can be displaced by non-fluorescent proteins with stronger binding affinity, affecting 

interpretation of CLSM results. An increase in irreversibly bound host cell protein (HCP) and 

mAb contaminant with an associated decrease in protein A resin binding capacity detected 

via liquid chromatography-mass spectrometry (LC-MS/MS) has also been reported. The 

analysis, carried out following an increasing number of purification cycles, revealed marked 

HCP accumulation after 80 bind/elution steps [59]. 

𝐷𝐵𝐶10% =
(𝑉10% − 𝑉0) ∗ 𝐶0

𝑉𝑐
 1.3 
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Vibrational spectroscopic methods like attenuated total reflection Fourier transform infrared 

(ATR-FTIR) and confocal Raman spectroscopy are alternative methods that can provide 

quantitative information as well as chemical and secondary structure information for a given 

sample. The fundamentals of these techniques are explained in section 1.2 and 1.3 

respectively. ATR-FTIR spectroscopy has been used to assess SPA ligand stability after 

extended CIP exposure [49] as well as quantifying mAb bound to the surface layer of resin 

beads both on column and offline [56]. Confocal Raman spectroscopy represents a powerful 

alternative, as it is able to probe much deeper into samples, whilst, like ATR-FTIR 

spectroscopy, providing detailed chemical information and giving insights into protein 

secondary structure [68, 69]. Additional features are also detectable in Raman spectra, such 

as amino acid side chains and particularly aromatic amino acid side chains [70]. The ability to 

detect these additional features allows distinction between the desired protein analyte peaks 

and those obtained from the SPA ligand and the matrix. Both ATR-FTIR and Raman 

spectroscopy are label-free techniques, meaning native forms of the protein can be studied 

[71]. Importantly, they are also non-destructive meaning the sample is still suitable for further 

processing after analysis. 
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1.2 Infrared spectroscopy 

Spectroscopy is the study of matter using electromagnetic radiation, which can be emitted, 

absorbed or scattered by matter. Infrared (IR) spectroscopy focuses on the use of 

electromagnetic radiation in the IR region of the electromagnetic spectrum to observe 

molecular vibrations in matter. 

Table 1.2 Electromagnetic spectrum wavelengths and each classsificaions effect on matter 

Energy 
Radiation 

classification 
Wavelength (nm) Effect 

 Radio >100000 Non ionising 

microwave 100000-25000 Non ionising 

infrared 100000-750 Non ionising 

visible 750-400 Non ionising 

ultraviolet 400-1 ionising 

x-rays 1-0.001 ionising 

gamma <0.001 Ionising 

  

Electromagnetic radiation with short wavelengths such as gamma rays and X-rays are high 

energy forms of radiation that can ionise and thus damage matter. In contrast, forms of 

radiation with long wavelengths like radio, micro-waves and IR are lower energy and are thus 

non-ionising and non-destructive. As shown by Planck’s Equation energy is inversely 

proportional to wavelength (Equation 1.4). 

𝐸 =
ℎ𝑐

λ
 1.4 

Where E = energy, h = Planck’s constant (6.62x10-34 J s), c =the speed of light (2.997x108 m s -1) and 𝜆= wavelength. 

The IR radiation can be divided into three types based on wavelength relative to visible light. 

In IR spectroscopy wavelength are referred to in µm. Near IR lies from 0.75 µm – 2.50 µm, 

mid IR from 2.50 µm – 25.00 µm and far IR at 25.00 µm -1000.00 µm. IR spectroscopy can 

analyse the chemical composition of matter in any state, liquid, solid or gas.  
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1.2.1 Fundamentals of Infrared spectroscopy 

When IR radiation is absorbed by matter, the energy state of the matter changes. The matter 

will undergo a transition from its ground state energy (Eg) to a higher energy state (E1). The 

energy of an absorbed photon has a fixed energy and therefore proportional frequency (ν) and 

is described by the Bohr frequency condition Equation 1.5 [72].  

hν = 𝐸𝐺 − 𝐸1 1.5 

Where h = Planck’s constant, ν = frequency, Eg = the ground state energy and E1 = the higher energy state 

Equation 1.5 can be expressed in terms of ν (Equation 1.6). 

ν = c/λ 1.6 

Where ν = frequency c = speed of light and 𝜆 = wavelength 

Since c is a constant, the frequency of a photon is directly proportional to the energy of a 

photon. In the case of IR radiation, the energy is reported in terms of wavenumber (ν̃). 

Wavenumber is the number of complete wavelengths over one cm and is defined by Equation 

1.7. 

 ν̃ =
ν

𝑐
=

1

λ
 

 

1.7 
 

Where ν̃= wavenumber, ν = frequency, c = speed of light and 𝜆 = wavelength 

When the frequency of electromagnetic radiation matches the frequency at which molecular 

bonds are vibrating the radiation is absorbed. The number of vibrations for linear (Equation 

1.8) and nonlinear (Equation 1.9) molecules are shown below. 

nmodes=3N-5 1.8 

nmodes=3N-6 1.9 

Where N = number of atoms and nmodes = the number of normal vibrational modes 

A heteronuclear diatomic molecule will contain different atoms bonded to one another. A 

heteronuclear bond in a diatomic molecule will be made up of different mass atoms for 

instance the case of C-H group i.e. Hydrogen (1 da) is smaller than Carbon (12 da). Because 

the mass of each atom is different the molecular vibrations for a diatomic molecule can be 

described by Hooke’s law in Equations 1.10 and 1.11. 
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µ𝑒𝑓𝑓 = (
𝑚1 ∗ 𝑚2

𝑚1 + 𝑚2
) 1.10 

where µeff = effective mass, m1 = mass of one atom in a chemical bond and m2 = mass of the other atom in a 

chemical bond. 

ν̃= 
1

2𝜋𝑐
√

𝑘

µ𝑒𝑓𝑓
 1.11 

Where ν̃= wavenumber, k =force constant, c= speed of light and µeff=effective mass 

The wavenumber at which these vibrations occur overlaps with the frequency of the IR region 

of the electromagnetic spectrum. Absorption occurs when incoming IR radiation matches the 

frequency of the fundamental mode of vibration for the molecule. The IR spectrum, as 

previously described, is divided into three categories of far, mid and near. The Far IR region 

overlaps with rotational energy in molecules and the near IR region overlaps with the energy 

of overtone vibrations. The mid IR radiation used in this thesis overlaps with fundamental 

vibration transitions. The vibration of molecules acts like anharmonic oscillators; thus cannot 

be compressed beyond a certain point and will break at high enough energies where 

interatomic distance becomes too great for electron interaction. 

 

Figure 1.6 representation of the potential energy of a diatomic molecule showing fundimental vibrations. 

As shown by the anharmonic oscillator for a diatomic molecule in Figure 1.6 when mid IR 

radiation is absorbed by molecular vibration the amplitude or interatomic distance two different 

atoms is increased. As this absorption occurs at discrete wavenumbers/energies we can 

determine the exact chemical species present within a sample.  

As the electromagnetic radiation is an electric field, when the electric field matches the 

frequency of the chemical bond it causes a change in interatomic distance of the constituent 

atoms. An example is CO2, which according to Equation 1.8 has 4 vibrational modes (Figure 

1.7). 
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Figure 1.7 4 vibrational modes of CO2 and their Infrared activity. A) IR inactive symmetric stretch B) IR active 

antisymmetric strecth C) IR active in-plane bending D) IR active out of plane bending. 

Of these 4 modes of CO2, only three are IR active modes. These modes are IR active due to 

the presence of an oscillating dipole which can interact with electromagnetic radiation. No net 

change in dipole occurs in the mode illustrated in the symmetric stretch in Figure 1.7 A. Other 

molecules can have other vibrational modes such as stretching, wagging, and bending in both 

antisymmetric and symmetric forms. As the wavenumber at which a molecule’s vibrations can 

absorb IR radiation is unique, the resultant bands on an IR spectrum correlate to specific 

modes of vibration revealing a unique spectral fingerprint. 

1.2.2 Fourier transform infrared spectroscopy 

The first instrumentation allowing IR spectroscopy utilising a globar source was developed by 

Coblentz in the early 1900’s [73]. Originally dispersive systems were utilised but were slow to 

allow generation of a full range spectrum, primarily due to the requirement for a 

monochromator to filter individual wavenumbers of IR radiation. This was be achieved by 

introduction of a moving prism or grating. Since this development, Fourier transform infrared 

(FTIR) spectrometers have been produced allowing for fast full spectrum analysis utilising the 

Michelson interferometer (Figure 1.8). 
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Figure 1.8 Schematic of the Michelson interferometer used in FTIR spectrometers. The IR beam path is shown in 

red with the specific elements of the interferometer shown in grey. The sample is shown in blue. 

The Michelson interferometer is made up of a beam splitter and two mirrors, one fixed and 

one oscillating [74]. IR radiation is passed into the beam splitter where the radiation is split 

equally and directed to both the fixed and oscillating mirror. The beam splitter is made of KBr 

which is known to have little absorption in the mid IR region and is regarded as transparent in 

the mid IR region. The IR radiation directed to the fixed mirror is reflected straight back to the 

beam splitter with a fixed path length. The IR radiation directed to the oscillating mirror will 

have a varying path length. When the radiation from both perpendicular mirrors recombines 

at the beam splitter an interference pattern of both constructive and destructive interference 

is formed [74] (Figure 1.9). Typically, measurements are the average of multiple scans in order 

to minimise root mean square noise (RMSN, defined by Equation 1.12) and ensure clear 

observable peaks in a spectrum [75]. In the case of Figure 1.9 64 scans were used.  

𝑅𝑀𝑆𝑁 = √
∑ (𝐴𝑖 − 𝐴̅)2

𝑖

𝑛
 1.12 

Where RMSN= Root mean square noise Ai= ith data point 𝐴̅=mean signal and n= the number of data points 
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Figure 1.9 Measurement of liquid H2O showing the interferogram obtained and the process to convert to the final 

absorption spectrum. A) interferogram of the sample measurement, B) reference (blue) and sample (black) single 

channel spectra, C) transmittance spectrum formed from the ratio of reference and sample single channel spectra, 

D) absorption spectrum of H2O. 

As shown in Figure 1.9 the interferogram is subjected to a Fourier transform algorithm, 

generating the single channel spectrum seen in Figure 1.9B. Since a single source of radiation 

is used, a ratio of the background and sample measurement is required to remove any spectral 

features other than the desired sample. This is needed to simplify the spectral system as this 

represents the difference between radiation in sample vs out. Bands from the atmosphere 

such as water vapour would be present if this step was not carried out. The ratio of the two 

single channels forms a transmittance (T) spectrum as defined by Equation 1.13. 

Transmittance spectrum is defined as the ratio of IR radiation to be transmitted by the sample. 

𝑇(%) =
𝐼

𝐼𝑂
 1.13 

Where T=transmittance I=intensity of single channel measurement with sample and IO=intensity of single channel 

without sample present. 

The transmittance spectrum can be converted to an absorption spectrum by Equation  1.14. 

𝐴 = − log10 𝑇  1.14 

Where A=absorbance and T=transmittance  
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An absorption spectrum is used in FTIR spectroscopy in preference to a transmission 

spectrum as absorbance is directly related to concentration as defined by the Beer-Lambert 

law (Equation 1.15) and all spectra in this work will herein be displayed as absorption.  

𝐴 = 𝜀𝐶𝑙 1.15 

Where A=Absorbance, ε=molar absorptivity, C=concentration and 𝑙=pathlength 

1.2.3 Transmission Fourier transform Infrared spectroscopy 

Transmission mode FTIR spectroscopy is commonly used to measure matter in the physical 

states of liquid, solid and gas. In transmission mode some of the IR radiation is absorbed by 

the sample and the rest passes through the sample.  

 

Figure 1.10 Schematic of transmission mode IR spectroscopy with IR radiation passing through sample to detector. 

There are multiple ways in which to fix samples for measurement. Solid samples can be mixed 

with KBr to form a pellet that can be clamped into place [76]. Another method grinds the 

sample together to a paste with Nujol oil, which has a very simple IR spectrum, which can be 

placed on IR transparent windows [77]. Scattering effects can however occur in both the 

previously mentioned methods. Scattering occurs when sample size is comparable to that of 

the wavelength of IR radiation the scattering effects will cause distortions in the resultant 

spectrum [78]. A sample can be made into a thin film by melting or solvent evaporation on an 

IR inert glass, this however can cause samples to degrade [76].  

For the analysis of liquids and gases transmission mode commonly utilises IR transparent 

glass such as CaF2, which has absorption from 1000 cm-1 and below, and thus is at the 

extremities of the mid IR region. Therefore, the majority of fundamental vibrations in the mid 

IR are not absorbed by the CaF2. The sample is wedged between two slides of CaF2 to fix its 

position.  

Protein samples are almost always analysed under aqueous conditions to ensure correct 

protein folding, however water is a very strong absorber of IR radiation. To ensure some IR 
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radiation that passes through the sample reaches the detector a very thin layer of sample of 

around 5-50 µm must be used [79, 80]. This adds a layer of preparation required for aqueous 

samples being measured in the mid-IR range. Transmission has been used to study protein 

containing agarose beads [80]. Agarose is the base matrix of protein A resins such as 

MabSelect SuRe. When performing measurements the H2O bending mode will overlap with 

key protein regions such as the amide bands [81] as well as reducing IR radiation that reaches 

the detector. Transmission mode is not suitable for the study of mAb purification studies due 

to the up to 100 µm size of Protein A beads as well as high absorption of H2O but can be used 

for the study of live cells [82] . 

1.2.4 Attenuated transform Reflection Fourier transform Infrared spectroscopy 

Another mode of measurement is Attenuated Total Reflection (ATR) FTIR spectroscopy which 

uses total internal reflection of IR radiation to generate an evanescent wave as illustrated in 

Figure 1.11. ATR allows for the probing of a sample layer of up to 6 µm thickness adjacent to 

the surface of the internal reflection element (IRE) crystal [83] overcoming the issue of strong 

water absorption in the mid-IR range beyond this depth.  

 

Figure 1.11 Schematic diagram of attenuated total reflection mode of FTIR spectroscopy. The red line represents 

IR radiation from the IR source. IR is passed through the IRE shown in grey at the critical angle where attenuated 

total reflection occurs. An evanescent wave probes the sample and remnant IR radiation is reflected to the detector. 

One criterion that must be met for ATR-FTIR spectroscopy is that that the refractive index of 

the Sample (n1) must be lower than that of the IRE (nIRE). Typically materials such as diamond 

or germanium are used [77]. An additional criterion is that the IR radiation angle of incidence 
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(θ) must be greater than the critical angle. Typically the critical angle of commonly used 

systems will be 45° but this angle can be changed to adjust the depth of penetration by the 

evanescent wave in the z direction [84, 85]. The depth of penetration (dp) of the evanescent 

wave is usually within the range of 0.2 - 6 µm and can be calculated according to the Harrick 

Equation (Equation 1.16) [86-88]. 

ⅆ𝑝 =
𝜆

2𝜋𝑛1 (sin2 𝜃 − (
𝑛𝐼𝑅𝐸
𝑛1

)
2

)
0.5 

1.16 

Where ⅆ𝑝=depth of penetration, 𝜆=wavelength, 𝑛1=refractive index of sample, 𝑛𝐼𝑅𝐸=refractive index of IRE and 

θ=angle of incidence 

The use of an evanescent wave prevents complete saturation by IR absorption in an aqueous 

sample [56]. This removes the need for preparation steps such as films, pellets or sandwiching 

windows ensuring minimal sample preparation.  

ATR-FTIR spectroscopy has been applied to the quantification of BTs with measured spectra 

being shown in absorption format. According to Equation 1.14 the resultant spectra can be 

applied to the Beer Lambert law (Equation 1.15). Absorbance is commonly determined on an 

IR absorption spectrum by measuring the area under the curve (integration) or by the peak 

height.  

Applying the Beer Lambert law in transmission mode is simple, as pathlength, l, is simply the 

distance the IR radiation travels through a sample and is the sample thickness. In ATR-FTIR 

spectroscopy the effective thickness is defined as the equivalent sample thickness required to 

give an equivalent absorption spectrum in transmission mode compared to ATR mode. As the 

IR radiation is non polarised, Equation 1.17 can be used [89]. This describes that each 

wavenumber of light will have a different effective thickness and is an important point to 

consider when using the Beer Lambert law to quantify ATR-FTIR spectra. 

ⅆ𝑒

𝜆
=

𝑛𝐼𝑅𝐸
𝑛1

𝑐𝑜𝑠𝜃 [3𝑠𝑖𝑛2𝜃 − 2(
𝑛𝐼𝑅𝐸
𝑛1

)2 + (
𝑛𝐼𝑅𝐸
𝑛1

)2𝑠𝑖𝑛2𝜃]

2𝜋(1 − (
𝑛𝐼𝑅𝐸
𝑛1

)2) [((
𝑛𝐼𝑅𝐸
𝑛1

)2) 𝑠𝑖𝑛2𝜃] (𝑠𝑖𝑛2𝜃 − (
𝑛𝐼𝑅𝐸
𝑛1

)2)
0.5 

1.17 

Where de= effective thickness, λ=wavelength of light, n1=refractive index of sample, nIRE=refractive index of IRE 

and θ=angle of incidence  
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1.2.5 Amide Bands 

The mid-IR wavenumber range (400cm-1 - 4000cm-1) is ideal for analysing protein samples. 

Not only does the mid-IR region give way to fundamental vibrations of molecules but also 

allows for determination of protein secondary structure. As proteins are made up of chains of 

amino acid residues there are a large number of amide functional groups present in any 

sample, resulting in prominent spectral peaks in the amide I and II regions on a given spectrum. 

The exact position of peaks and shoulders within the amide bands are dependent on the 

protein secondary structure present [90], thus the amide bands can provide important 

structural information on a protein sample, as well as how that structure changes under 

specific conditions, e.g. upon heating [84, 91-94]. 

 

Figure 1.12 Visual representation of the amide I & II vibrational modes present in an absorption spectrum of a 

protein. Purple highlighted area is the amide I band and green is the amide II band. 

The amide I vibrational mode can be found at 1600-1700 cm-1 and is made up of primarily 

C=O stretch coupled to C-N stretch and N-H in-plane bending [77, 90] (Figure 1.12). The exact 

spectral position at which the amide I peaks resides is dependent on the hydrogen bonding 

pattern of individual secondary structures; α-helices, β structures, turns, and random coils. 

The hydrogen bonding pattern comes from the N-H and C=O interacting with surrounding H2O. 

If hydrogen bonding is decreased, for example by an increase in temperature, the C=O 

vibration is enhanced and thus the amide I peak exhibits higher absorption [95]. Within the 

amide I band on a spectrum, there will be many overlapping peaks, the position of the main 

peak represents the predominant secondary structure, with shoulders representing other more 

minor secondary structures in the protein sample [90].To study the secondary structures 
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represented in the peaks and shoulders of the amide I spectral band derivative analysis, 

deconvolution and band fitting can be used [77]. 

The amide II vibrational mode is made up of C-N stretching and N-H bending [77] and resides 

between 1520 cm-1 and 1590 cm-1. Like the amide I band, the amide II band is a complex 

mixture of peaks representing secondary structure. The amide II vibrational mode is not as 

strong in absorption as it lacks contributions from the strongly IR absorbing C=O vibrations. 

C=O can be found in every peptide bond linking individual amino acid residues that make up 

a given protein. When there is large β secondary structure present with little amounts of other 

structures, a split in the amide II region of a spectrum can be observed as the result of two 

peaks [90]. Due to the amide II being predominantly made up of N-H vibrations, this peak 

provides information on protein backbone and solvent interactions and exhibits greater peak 

shifts compared to amide I when hydrogen bonding is altered by either temperature [95] or 

solvent change [96]. When hydrogen bonding is decreased the amide II band shows a 

decrease in absorbance [96]. 

Although the amide bands are informative there still exist issues of key spectral features such 

as amide I vibrations (1600-1800 cm-1) overlapping with H2O bending vibrations (≈1650cm-1) 

masking spectral features [77]. In order to mitigate spectral masking water can be subtracted 

from the absorption spectrum of proteins by ensuring a H2O specific combination (bend + 

libration) band at ≈2150 cm-1 is completely removed [97].This thesis utilises ATR-FTIR 

spectroscopy for the analysis of proteins when applying IR spectroscopic techniques. 

1.2.6 ATR-FTIR spectroscopy applied to bioprocessing  

ATR-FTIR spectroscopy has in recent years been applied to bioprocessing of proteins. The 

versatility and chemical information provided by this technique is increasingly being utilised in 

Process analytical technologies (PAT).  

One such example of PAT development is work by Großhans et al where ATR-FTIR 

spectroscopy was successfully implemented to quantify mAbs in-line during CEX 

chromatography [98]. Different proteins (mAbs and lysosomes) could be differentiated and 

quantified under flow with the utilisation of partial least squares (PLS) regression. The root 

mean square error (RMSE) is useful for determining PLS predictive ability compared to a 

known value in this case concentration and can be calculated by Equation 1.18 .  
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𝑅𝑀𝑆𝐸 =  √
∑ (𝑦𝑖 − 𝑦̂𝑖)2𝑛

𝑖=1

𝑛
 

1.18 

Where RMSE= Root mean square error, n=number of observations, 𝑦𝑖= ith iteration of actual observation , 𝑦̂𝑖= ith 

iteration of predicted observation 

The Großhans et al. study gave RMSE values of 2.42 mg ml-1 and 1.67 mg ml-1 for 

quantification of mAb and lysosome respectively indicating, small variations between ATR-

FTIR derived concentrations compared to industry standard UV/Vis derived concentrations. 

Concentrations reached upwards of 112 mg ml -1 for lysosomes in the study [98]. ATR-FTIR 

spectroscopy was also able to identify PEGylation of the eluted mAbs in the work showing the 

extra added information obtained using this approach compared to standard methods like 

UV/Vis. 

ATR-FTIR has also been utilised for the study of purification resins. Research by Boulet et al, 

2016 showed that ATR-FTIR spectroscopy could assess the amount and state of the SPA 

ligand of PrAc resins [49]. Changes in the conformation of SPA occurring upon exposure of 

concentrations of NaOH above 0.1 M could be detected and the stabilising effects of trehalose 

explored [49]. Further work on the CIP step for PrAc revealed leaching of ligands even in 

alkaline resistant Protein A resins such as MabSelect SuRe. With each CIP step the Protein 

A ligand density decreased demonstrated by a reduction in absorbance of the amide I and II 

bands. mAb bound to the surface layer of resin beads in-column were also successfully 

quantified [56]. 
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1.3 Raman Spectroscopy 

Raman spectroscopy is named after the person to first observe this effect, Sir Chandrasekhara 

Venkata Raman [99] who won the Nobel prize in physics in 1930. Raman spectroscopy is 

similar to IR spectroscopy in that it allows for determination of specific vibrational modes in a 

molecule. The key difference between the two techniques is that Raman spectroscopy utilises 

scattering and IR spectroscopy utilises absorption. The electromagnetic spectrum and its 

different forms are described in section 1.2.  

1.3.1 Fundamentals of Raman spectroscopy 

Electromagnetic radiation can be described as a propagating oscillating dipole as illustrated 

in Figure 1.13.  

 

Figure 1.13 Representation of the components in an electromagnetic wave. Electric field shown in Red and 

magnetic field shown in blue.  

If a molecule is exposed to an external electric field such as electromagnetic radiation, 

distortion or displacement of the electron clouds that make up molecular bonds will occur. If a 

change in the separation of charge across the bond occurs, the molecule is then considered 

polarised. The ability of an electron cloud to be displaced by external electric fields is defined 

as its polarizability (Equation 1.19) [100]. 

µ′ = 𝑎𝐸 1.19 

Where µ’=induced dipole moment, a=molecular polarizability and E=electric field strength 

E is defined by Equation 1.20 and shows how electric field strength varies with time [100]. 
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𝐸 = 𝐸0𝑐𝑜𝑠2𝜋 ν0t 1.20 

Where E =electric field strength, E0=vibrational amplitude , ν0=frequency of wave and t=time  

By substituting Equation 1.19 E with Equation 1.20 we get Equation 1.21 

µ′ = 𝑎𝐸0𝑐𝑜𝑠2𝜋 ν0t 1.21 

Where µ’=induced dipole moment, a=molecular polarizability, E0=vibrational amplitude , ν0=frequency of wave and 

t=time  

The electromagnetic radiation’s electric field interaction with matter is dependent on the 

molecular structure, when this interaction occurs a time dependent temporary change in dipole 

moment is induced. The absorbed energy from incident electromagnetic radiation will cause 

a change in the energy state of the bond shown in Figure 1.14. 

 

Figure 1.14 The representation of potential energy of a diatomic molecule showing fundamental IR transitions and 

scattering transitions. Rayleigh scattering (green), Stokes scattering (red), anti-Stokes scattering (blue) and 

fundamental transition (dark red) are shown. 

Hooke’s law shown in Equations 1.10 and 1.11 explains the frequencies at which molecular 

vibrations occur. As described in section 1.2.1 if the electromagnetic radiation has the same 

wavenumber as the vibrational mode, then absorption will cause a fundamental transition in 

the vibration of a molecule as shown by the dark red arrow in Figure 1.14. If for instance a 

monochromatic source is used at visible or near-IR ranges, the frequency of the oscillating 
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dipole of the incident electromagnetic radiation is much greater than that of the vibrational 

modes in the molecule. The absorption will cause polarisation and the vibration will go to its 

highest energy state such as a virtual state before contracting back to ground state and 

releasing a photon [100]. This absorption and release is known as scattering, as the incident 

photon will have a different vector compared to the emitted (scattered) photon. 

Photons will be scattered in three different ways. The most common way is Rayleigh scattering 

shown in green in Figure 1.14. The wavenumber of the incident photon will equal that of the 

scattered photon. There is however a one in a million chance that Stokes or anti-Stokes 

scattering will occur shown by the red and blue lines respectively in Figure 1.14. Stokes 

scattering is when the wavenumber of the incident photon is higher than the scattered photon. 

Anti-stokes is when the wavenumber of the incident photon is lower than the scattering photon. 

Stokes scattering is more likely to occur than anti stokes since most vibrations are in the 

ground state.  

The Raman scattering effect is explained by looking at the displacement that occurs when 

electromagnetic radiation is applied to a molecule (1.22) which is similar to Equation 1.20 but 

components refer to molecule’s nuclear displacement rather than the electric field strength of 

the electromagnetic wave. 

𝑄𝐷 = 𝑄𝐷0𝑐𝑜𝑠2𝜋ν𝑣𝑖𝑏𝑡 1.22 

Where QD=nuclear displacement, QD0=amplitude of vibration, ν𝑣𝑖𝑏=frequency of vibration and t=time 

Displacements will be small, as the amplitude of vibration will be smaller than the bond length. 

The polarizability can be expressed as a linear function of nuclear displacement given by a 

Taylor series 1.23. 

𝑎 = 𝑎0 + (
𝜕𝑎

𝜕𝑄𝐷
) 𝑄𝐷+. . ., 1.23 

Where a=polarizability, a0=polarizability at equilibrium (
𝜕𝑎

𝜕𝑄𝐷
) =rate of change of the polarizability with respect to 

QD and QD=nuclear displacement 

Since the amplitude of vibration of a molecule is small compared to the oscillating wave, the 

higher terms in the Taylor expansion can be ignored. Equations 1.21, 1.22 and 1.23 can be 

combined using the trigonometric Equation 𝑐𝑜𝑠 𝑎 𝑐𝑜𝑠 𝑏 =
1

2
(𝑐𝑜𝑠(𝑎 − 𝑏) + 𝑐𝑜𝑠(𝑎 + 𝑏)) to give 

Equation 1.24 [100]. 
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µ′ = 𝑎0𝐸0𝑐𝑜𝑠2𝜋ν𝑣𝑖𝑏t +
1

2
(

𝜕𝑎

𝜕𝑄𝐷
) 𝑄𝐷𝐸0(𝑐𝑜𝑠𝜋(ν0 − ν𝑣𝑖𝑏)𝑡 + 𝑐𝑜𝑠𝜋(ν0 + ν𝑣𝑖𝑏)𝑡 ) 1.24 

Where µ’= induced dipole moment , a=polarizability, a0=polarizability at equilibrium (
𝜕𝑎

𝜕𝑄𝐷
) =rate of change of the 

polarizability with respect to QD ,QD=nuclear displacement , E0=vibrational amplitude , ν𝑣𝑖𝑏=frequency of vibration 

, ν0=frequency of wave and t=time 

The components of scattered photons are shown by Equation 1.24; green shows Rayleigh 

scattering, red shows Stokes scattering, and blue shows anti-Stokes scattering. The Equation 

also contains a selection rule for Raman scattering, that for Raman scattering to occur a 

change in polarizability must be associated with a vibrational mode in order to be considered 

Raman active as shown in Equation 1.25. 

(
𝜕𝑎

𝜕𝑄𝐷
) ≠ 0 1.25 

(
𝜕𝑎

𝜕𝑄𝐷
) =rate of change of the polarizability 

The change in frequency when comparing incident photons to Raman scattered photons is 

referred to as the Raman shift and is expressed in wavenumber on a resultant spectrum.  

1.3.2 Raman spectrometer considerations 

A Raman spectrometer can have varying configurations with the experiments described in this 

thesis using commercially available laboratory spectrometers. The first spectrometer 

component to consider when using Raman spectroscopy is the excitation laser wavelength. 

The radiation source on a Raman spectrometer will be monochromatic in nature, as the shift 

in wavenumber caused by scattered photons is being assessed. A broad band source would 

complicate calculating the difference in scattered light to multiple wavelengths The wavelength 

used can vary, with the spectrometer utilising UV visible and IR lasers. The intensity of 

scattering is inversely proportional to the fourth power of the wavelength of the excitation laser 

(Equation 1.26 ) [101] .  

𝜎 ∝
1

λ4
 1.26 

Where 𝜎=scattering intensity, λ=wavelength 

Based on Equation 1.26 it is more advantageous to use short wavelengths to improve the 

amount of Raman scattering in a given sample. There are however drawbacks, such as 

fluorescence produced when a molecule enters an excited energy state as the result of 
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receiving electrons pushed from other electron clouds. This typically occurs in molecules with 

conjugated double bonds, where the pi bonds allow for the spread of outer electron orbitals. 

The difference in energy of the excited state and ground state are low enough for visible light 

to excite electrons [101].This can be schematically shown with Franck-Condon principles [102, 

103] (Figure 1.15) . 

 

Figure 1.15 Franck-Condon Principal energy diagram for a diatomic molecule showing Raman stokes scattering 

and fluorescence. Rayleigh scattering (green) stokes shift (red) and fluorescence (purple). 

When Stokes shift occurs molecules can reach virtual states as described previously (Raman 

scattering), however molecules with the capacity can reach excited (S1) states. The S1 state 

molecule will then undergo vibrational relaxation illustrated by the bending of the purple arrow. 

Once relaxation has occurred the molecule will revert to the S0 state releasing a photon. The 

relaxation can return to any energy level (E0-E…) during this process, then undergo vibrational 

relaxation to return to ground state. This process typically has a 1 in 100 chance to happen 

and thus is more common than Raman scattering. Due to the range of energy states achieved 

by fluorescence, this appears as a broad intense peak on a spectrum, masking Raman 

signals. Proteins containing aromatic residues can self-stabilise when they have excess 

energy in their vibrations due to their delocalised electrons in π-π bonds and this self-

stabilisation results in fluorescence that masks Raman signals. Fluorescence does require 

more energy than Raman as shown by Figure 1.15. A way to minimise fluorescence is to 

control laser power to ensure sufficient energy for Raman scattering to occur but not enough 

for a molecule reach excited states. Another way to decrease fluorescence is to increase laser 
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wavelength, therefore decreasing all scattering as the energy of each photon is decreased. 

The fluorescence mechanism occurs over longer than picosecond time scales so this 

fluorescence can also be reduced by use of a time gated laser with femtosecond range pulses 

able to only detect Raman scattering [104, 105]. 

Another key component of a Raman spectrometer is a filter to remove Rayleigh scattered light 

from the Raman scattered light. This removes the laser wavelength which causes excitation 

whilst allowing Stokes or anti-Stokes light to pass through the filter (Figure 1.16).  

 

Figure 1.16 Example of transmittance through a holographic notch filter using a 785 nm laser. The excitation 

wavelength is all light elastically scattered by Rayleigh scattering. The filter results in 0% transmittance within the 

cut off either side of the excitation wavelength. An equivalent Raman shift in wavenumbers (cm-1) is given to 

compare to wavelength. 

Modern holographic notch filters based on designs by Denisyuk [106] perform a selective 

rejection action by interference (Figure 1.16). When the interference pattern has one of the 

original wavelengths applied the second wave front is reconstructed [107]. In reality the filter 

is likely to have a usable cut-off ~50 cm-1 from the excitation wavelength, thus any Raman 

scattering within this limit will not be displayed on the spectrum [108]. Some spectrometers 

have been shown to allow for Raman scattered light over ~ 5 cm-1 from the Rayleigh line [109]. 

In order to filter out the Rayleigh scattering, atomic metal vapours can be used. The metal 

vapour gives a very narrow absorption of light and thus can be selected based on the excitation 

wavelength used to remove all Rayleigh and Raman scattering within the cut off from the 

Rayleigh line. 
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Once scattered light has been filtered in order to remove Rayleigh scattered light the remaining 

Raman scattered light will be of low intensity. Any Stokes and anti-Stokes light will have a 

range of shifts in frequency distinct from the Rayleigh scattered light and must be separated 

to be detected. For separation and detection of Raman scattered light, a diffraction grating 

and charge coupled detector (CCD) are used respectively. 

 

Figure 1.17 Schematic diagram of a difraction grating to spatially separate the multiple discrete frequencies of 

Raman scattered light into beams of each discrete frequency onto a CCD detector. 

The diffraction grating horizontally disperses the Raman scattered light into individual 

frequencies. The more grooves per mm (grooves mm -1) the greater the dispersion of light 

[110]. This greater dispersion allows for better differentiation between discrete frequencies of 

Raman scattered light but does mean a smaller region of a given spectrum will be observed 

as some frequencies will be dispersed away from the detector. To compensate Raman 

spectrometers have a motorised diffraction grating to allow all frequencies to reach the CCD 

detector. Multiple diffraction grating positions are used in measurement of a sample in order 

to obtain the full spectral range of frequencies (50-4000 cm-1). Less light reaching the CCD 

detector means a reduction in signal strength. 
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The CCD detector (Figure 1.18) is made up of an array of pixels that convert incident light into 

electric charge. The amount of scattered light detected is proportional to the charge generated. 

These spatially different pixels allow for detection of multiple frequencies of light. 

 

Figure 1.18 Schematic of CCD detector found in a Raman spectrometer and the spectrum produced. Green and 

yellow represent different frequencies of Raman scattered light and their respective peaks on a Raman intensity 

spectrum. 

The CCD detector utilises the process of pixel binning to sum the horizontally dispersed 

charge generated by dispersed Raman scattered light from the diffraction grating [111] as 

shown by Figure 1.18. The size of pixels and the diffraction grating will affect the resultant 

spectral resolution as the spectrum is reliant on the spatially dispersed frequencies of the 

Raman scattered light to generate a spectrum [110]. Although sensitive enough for detection 

of Raman scattering, CCD detectors are also vulnerable to generation of charge from cosmic 

events [112]. Cosmic events can cause cosmic spikes on a given spectrum and will be 

represented by one or more very sharp narrow peaks. These events are spontaneous and the 

chance of occurring is increased with longer measurement times. To compensate for cosmic 

spikes, methods for removal include nearest neighbour analysis which compares repeat 

measurements for outlying spectra features [112]. 

1.3.2 Confocal Raman microscopy 

Raman spectrometers are commonly coupled to a microscope allowing for confocal Raman 

microscopy to be performed. Biological samples often have weak Raman scattering effects 

and thus require signal enhancement. Utilising a microscope allows electromagnetic radiation 

from a monochromatic source to be focused on a single area referred to as a spot, thus 

increasing the amount of Raman scattered light detected. The focused area means a higher 

energy density is focused on a sample and thus increases the amount of Raman scattered 

light detected. This allows for lower power lasers to be used preventing unwanted burning or 

damage to samples. The spot size is typically close to the diffraction limit, defined as the point 
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where spatially different spots in the X and Y directions are no longer distinguishable from 

each other (Equation 1.27).  

𝑟 =
1.22λ

2𝑁𝐴
 1.27 

Where r= distance between two points that are resolved, λ=wavelength of light, NA=Numerical aperture 

The numerical aperture (NA) characterises the range of angles that light will pass through an 

objective lens and is defined by Equation 1.29. 

𝑁𝐴 = 𝑛𝑙𝑠𝑖𝑛𝜃𝑙 1.28 

Where 𝑛𝑙=refractive index of objective θl=max half angle of the confocal light 

𝑠𝑖𝑛𝜃𝑙 =
𝐷

𝑓
 1.29 

Where 𝜃𝑙= max half angle of the confocal light D= radius of confocal light f=distance to focal point  

𝑠𝑖𝑛𝜃 is schematically represented below in Figure 1.19. 

 

Figure 1.19 Schematic representation of confocal light and the illustration of the physical properties used to 

calculate NA in equation 1.2.9. Red shows the confocal light. 

The NA plays a critical role in the spatial resolution of confocal Raman microscopy, not only 

in the x and y planes, but also in the z direction when undertaking depth profiling of samples. 

Research by Everall has explored the role of refraction in depth profiling [113]. When light 

enters a material with a distinct refractive index, it will undergo refraction and thus the focus 

point of the light will change. The change in the angle of light by refraction is described in 

Snell’s law discovered in 1621 (Equation 1.30).  

𝑛1𝑠𝑖𝑛𝜃1 = 𝑛2𝑠𝑖𝑛𝜃2 1.30 

Where n1 =refractive index of sample n2=refractive index of second material 
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The change in focal point for refracted light is expressed as the depth resolution (DR) [113] 

and is demonstrated by Figure 1.20 and Equation 1.31.  

 

Figure 1.20 Schematic representation of depth resolution during confocal Raman depth profiling at different 

perceived depths. Marginal rays (red) and paraxial rays (orange) are shown 

DR is the distance between the marginal and paraxial focal points of the confocal light shown 

as the focal points of the red and yellow rays respectively in Figure 1.20. 

𝐷𝑅 = 𝛥 ((
𝑁𝐴2(𝑛1

2 − 1)

(1 − 𝑁𝐴2)
+ 𝑛1

2)

1
2⁄

− 𝑛1) 

 

1.31 

Where DR=depth resolution NA=Numerical aperture n1=refractive index of sample ∆=attempted focus depth 

Equation 1.31 shows that as the sample is probed deeper by confocal light the DR increases 

and thus the illumination volume increases [113]. Thus, depth profiling the sample thickness 

needs to be accounted for, as the illuminated volume could go beyond the sample and 

illuminate other samples parts below the desired area. Typically, samples are measured in an 

environmental medium of air with a refractive index of 1. In this environment DR will increase 

with increasing depth, although this effect can be mitigated by using immersion oils with the 

same refractive index as the measured sample thus refraction of light beyond the sample 

thickness will not occur. The use of immersion oils requires specialist lenses and introduces 

peaks that can overlap and mask sample specific Raman spectral bands. The addition of extra 

bands by immersion oils makes this approach unsuitable for analysis of proteins as they 

exhibit weak Raman scattering. 
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1.3.3 Application of Raman Spectroscopy to Bioprocessing. 

Raman spectroscopy has been applied to bioprocessing of proteins, allowing for utilisation of 

Amide bands in a similar fashion as described for ATR-FTIR spectroscopy in section 1.2.5. In 

the application to resins ATR-FTIR spectroscopy is however limited to probing only the surface 

layer (~ 5 µm) of PrAc resin beads, which can be up to 120 µm in diameter. Confocal Raman 

spectroscopy is not limited to measuring the surface layer of samples and can be used to 

explore the distribution of ligands bound at both the surface and within pore regions of agarose 

beads [114]. Previous studies have applied confocal Raman spectroscopy to the study of mAb 

binding to a cation resin, Fractogel EMD SO3, at different ionic strengths [115]. The study 

demonstrated that it was possible to use this approach to obtain a depth profile for mAb binding 

to the resin beads and show that mAb binding occurred preferentially at higher ionic strength 

conditions. A subsequent study using the same approach revealed that mAb desorption from 

the Fractogel EMD SO3 occurred at pH 5.0, while at pH 4.0 the mAb adopted a conformation 

that stayed bound to the resin [116].  

Recent studies have utilised the multivariate nature of Raman spectroscopy in the application 

of characterising multiple mAb characteristics such as purity, pH and formulation compounds 

[117]. In-line methods have been developed to assess mAb concentration of breakthrough 

from a Protein A column [118]. The use of Raman spectroscopy utilised PLS regression to 

quantify mAb and served as a proof of concept for Raman application in the monitoring of mAb 

concentration during downstream processing. 

 

 

 

 

 

 

 



  53 | P a g e  
 

1.4 AIMS: 

The overall aim of the research described in this thesis was to utilise vibrational spectroscopic 

methods, both ATR-FTIR and Raman spectroscopy, to investigate the causes of degradation 

of Protein A resin during downstream processing and the monitoring of resin performance 

during isolation. The specific objectives of were: 

• To investigate the Protein A ligand density and conformation on Protein A resins after 

repeated purification cycle by industry unit operations (Chapter 3). 

 

• To determine if the reduction of binding capacity of Protein A resin after repeated 

purification cycles is influenced by spatial location within a column (Chapter 3/4). 

 

 

• To determine the cause of Protein A resin binding capacity decrease after industrial 

use and examine fouling distribution within the porous matrix of protein A resin at the 

bead level (Chapter 4). 

 

• To develop and validate confocal Raman spectroscopic methods for both the 

quantification of biotherapeutics and the monitoring of purification performance in 

industrial scalable unit operations such as protein A purification (Chapter 5). 
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Chapter 2- Experimental instrumentation 
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During the work carried out in this thesis, 4 spectrometers were used to generate spectra, two 

IR spectrometers and two Confocal Raman spectrometers. Fundamentals of spectroscopy are 

covered in section 1.2 and 1.3. This section describes the unique set up of each of the four 

spectrometers. 

2.1 ATR-FTIR spectroscopy  

2.1.1 Equinox 55 with diamond Golden Gate accessory 

The Equinox 55 FTIR spectrometer was used to generate the data presented in Chapter 3. 

The schematic layout of the Equinox 55 system used can be seen in Figure 2.1. 

 

Figure 2.1 Schematic layout of the Equinox 55 FTIR spectrometer with ATR Golden gate accessory. The beam 

path of the mid IR radiation and 1064 nm radiation are shown respectively by light red and dark red. Spectrometer 

components are shown by the grey labelled squares. 

The Equinox 55 spectrometer utilises a globar (silicon Carbide) IR source, electrically heated 

to between 1000 K and 1200 K, which emits IR radiation with wavelengths from 2.5-17 µm. 

The Globar acts like a black body radiation source emitting radiation wavelengths 

corresponding to the mid-IR region [119] and covers wavenumbers 588-4000 cm-1. Molecular 

vibrations absorb energy from this mid-IR range as described in section 1.2.1. The system is 

purged with dry air to minimise radiation being absorbed by strongly absorbing H2O in the 

atmosphere. This reduces decay of the signal before it reaches the sample and minimises 

spectral changes due to CO2 and humidity levels changing over the course of experiments.  
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The mid-IR radiation from the polychromatic globar source is then reflected to the 

interferometer where the radiation is split 50% by a beam splitter, half goes to a fixed mirror 

and half goes to a moving mirror. The mirrors are positioned perpendicular to each other. The 

radiation is reflected from the two perpendicular mirrors allowing the two beams to combine 

(Figure 1.8). A diagram is shown for the Michelson interferometer (section 1.2.2). The 

combining of the beams causes the generation of an interference pattern in the resultant beam. 

The modulated beam is then reflected into the sample compartment containing a Golden Gate 

ATR accessory (Figure 2.2). 

 

Figure 2.2 Schematic of diamond Golden gate ATR accessory. The beam path of IR radiation is shown by the red 

line.  

The Golden Gate accessory facilitates the use of the ATR mode of IR spectroscopy. IR 

radiation from the interferometer is reflected into the dry air purged Golden Gate. The IR 

radiation reaches the fixed mirror, where it is focused through an objective lens on a Diamond 

IRE with a refractive index of 2.4. The angle of incidence for radiation reaching the prism is 

fixed at 45 degrees. This is above the critical angle and results in the production of an 

evanescent wave which probes the sample. According to Harrick’s depth Equation (Equation 

1.16) [86-88], this means the penetration depth of the evanescent wave across all 

wavenumbers is fixed and will not change when measuring the same sample.  

The Equinox 55 uses a liquid nitrogen cooled mercury cadmium telluride (MCT) detector which 

detects the full mid-IR range and allows fast interferometer scan speeds and therefore faster 

measurement of samples. The monochromatic He-Ne 1064 nm laser also emits near IR 
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radiation into the interferometer. The near IR beam moves coaxial to the globar sources mid-

IR radiation in the interferometer. The now modulated near-IR radiation reaches a diode where 

it is used to calibrate the interferometer mirror positions and wavenumber assignment. 

2.1.2 Tensor 27 with Golden Gate accessory for Spectroscopic imaging 

In addition to traditional ATR-FTIR spectroscopy ATR-FTIR imaging can be achieved with the 

addition of a Focal plane array (FPA).This instrument was used to generate chemical images 

(Figure 3.9) in chapter 3. 

 

Figure 2.3 Schematic layout of Tensor 27 FTIR spectrometer with large sample chamber, ATR golden gate 

attachment and FPA. The beam path of the mid IR radiation and 1064 nm radiation are shown respectively by light 

red and dark red. Spectrometer components are shown by the grey labelled squares. 

The Tensor 27 spectrometer, utilised to generate data presented in chapter 3, has a large 

sample compartment chamber attached to provide a larger sample compartment and space 

for addition of the FPA. The Globar IR source is heated to a fixed temperature ensuring a 

consistent emission spectrum. Light passes through an aperture which controls the amount of 

radiation to reach the interferometer. Once the radiation reaches the interferometer the 

radiation is split with 50% directed to both the moving and stationary mirrors. The modulated 

beam is then reflected to the Golden Gate where the evanescent wave produced is used to 

probe the sample. The radiation is then reflected to the liquid nitrogen cooled MCT FPA 

detector. The FPA has a 64*64-pixel array allowing for 4096 spectra to be measured 

simultaneously with each pixel corresponding to a spatial location on the Diamond IRE of the 

Golden Gate. 
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2.2 Confocal Raman microscopy 

2.2.1 Bruker Senterra II  

Confocal Raman spectroscopy measurements described in chapter 4 were performed using 

a Bruker Senterra II spectrometer. The device incorporates a white light source and a video 

camera for optical micrographs to be generated and for optical alignment of samples with the 

Raman laser. 

 

Figure 2.4 Schematic layout of Senterra II Raman spectrometer. The beam path from the laser is shown in red. 

Spectrometer components are shown as labelled grey squares. The red dotted line represents the path of the 

fibreoptic cable. Black dotted line represents the microscope interlock doors. 

The Interlock doors must be closed for the excitation laser to emit radiation. The excitation 

laser emits radiation at 532 nm, which is then fed into a fibre optic cable to the main body of 

the spectrometer (Figure 2.4). Some energy is lost due to the fibre optic [120] .The fibre optic 

is fed into a beam expander and then directed to the microscope objective. A 50X, 0.65 NA 

aperture was used to focus the beam onto the sample. Raman and Rayleigh scattered light 

then comes back through the objective through the variable aperture towards the Rayleigh 

rejection filter. The aperture can be decreased in size to limit signal reaching the CCD detector 

and light from out of focus regions will also be filtered out. The Rayleigh rejection filter removes 

all Rayleigh scattering plus light scattered ~100 cm-1 from the Rayleigh rejection filter. The 
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remaining Rayleigh scattered light is dispersed by diffraction grating. There are two diffraction 

gratings on the system with 400 and 1200 grooves mm-1. The 1200 grooves mm-1 diffraction 

grating was utilised to displace scattered light onto the electronically cooled CCD in this work. 

This grating and CCD allows for static scans where the full range from 400-3400 cm-1 can be 

measured simultaneously without the need for multiple grating positions. 

2.2.2 Renishaw InVia spectrometer  

The Renishaw InVia Spectrometer was utilised in chapter 5 to perform confocal Raman 

spectroscopic measurements. This system has a white light source for optical alignment on 

samples that is not shown in the schematic below (Figure 2.5).The source rests above the 

objective for micrographs to be taken. 

 

Figure 2.5 Schematic of Renishaw InVia Confocal Raman spectrometer. The beam path from the laser is shown 

in red. Spectrometer components are shown as labelled grey squares. Black dotted line represents the microscope 

interlock doors. 

Before measurements can begin on the system the interlock doors must be closed, this 

prevents the laser source from emitting radiation when doors to the stage are open. The 

system has a choice of two lasers, 532 nm and 785 nm with the 785 nm laser used in this 

work. The laser is directed to a beam expander which reduces the power density and expands 

the area covered by the laser. The expanded beam is then reflected to the holographic notch 

filter then to either the internal silicon standard for calibration or measurement of samples. 

Calibration of the grating and holographic notch filter is performed based on the peak position 

of silicon at 520 cm-1. If sample measurement is underway, the beam is directed to the sample 

via a 10X, 0.25 NA objective lens. The scattered light is then reflected back to the holographic 

notch filter. The holographic notch filter utilises the excitation wavelength to remove Rayleigh 
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scattered light. The InVia system incorporates eclipse holographic notch filters which offer 

improved filtering to allow Raman scattered light >5 cm-1 to be separated from Rayleigh 

scattering [109]. The light is then directed to an optional pinhole in either the in or out position 

to control the amount light from outside points of focus reaching the detector. The scattered 

light then reaches the diffraction grating. The system has two gratings available, at 1800 and 

1200 grooves mm-1. The light is dispersed onto an electronically cooled CCD detector. Multiple 

grating positions must be used to achieve the full spectral range with this CCD and grating 

setup. 
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Chapter 3- Insight into purification of monoclonal antibodies 

in industrial columns via studies of Protein A binding 

capacity by in situ ATR-FTIR spectroscopy 

 

 

 

 

 

This chapter’s contents are reproduced and edited from the manuscript detailed below with 

permission from the Royal Society of Chemistry: 

 https://doi.org/10.1039/D1AN00985K 

 

Beattie JW, Rowland-Jones RC, Farys M, Tran R, Kazarian SG, Byrne B. Insight into 

purification of monoclonal antibodies in industrial columns via studies of Protein A binding 

capacity by in situ ATR-FTIR spectroscopy. Analyst. 2021(146):5177-85. 
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3.1 Background 

As described in section 1.1.3 the majority of therapeutic mAbs are recombinantly produced in 

mammalian expression systems. Due to the recombinant source of mAbs, the presence of 

small amounts of host cell proteins (HCP) and host cell DNA (HCDNA) in the isolated material 

is possible. Such contaminants have the potential to trigger a harmful immune response [28, 

29], an undesirable response referred to as immunogenicity [121]. 

Various steps are employed in downstream processing of recombinantly produced mAbs in 

order to reduce HCP and HCDNA to safe levels as well as remove HMWS and culture media 

components [11, 32]. Although responsible for the removing the majority of contaminating 

material [29] PrAc is responsible for the majority of downstream processing costs [54] due to 

high upfront cost and lifetime degradation. 

Whilst it is well known that PrAc resins suffer loss of binding capacity over time, one thing that 

is not well characterized is whether the loss in binding capacity is homogeneous throughout a 

Protein A column. A better understanding of this has the potential to make resin use more 

efficient and thus cut costs associated with mAb purification. This chapter describes studies 

using a combination of SBC analysis and ATR-FTIR spectroscopy to explore the mAb binding 

performance, ligand density and secondary structure of the SPA ligand/bound mAb in 

MabSelect SuRe samples obtained from a used Protein A column. FTIR spectroscopy is a 

non-destructive, label-free method which can detect multiple components in a system 

simultaneously. For example, in this study agarose, SPA ligand, solvent and IgG are all 

detected in a measured sample of PrAc resin. The molecular vibrations within a sample absorb 

mid-IR radiation of specific frequencies resulting in an energy change. This absorption results 

in spectral bands at specific wavenumbers making up an individual chemical fingerprint. In a 

measured mid-IR absorption spectrum, prominent spectral features such as the amide I and 

amide II bands found at 1600 cm-1-1700 cm-1 and 1520 cm-1-1600 cm-1 respectively are 

characteristic of proteins as described in section 1.2.5. 

PLS regression analysis of the spectroscopic data confirmed the ability of ATR-FTIR 

spectroscopy to predict performance of affinity resins for mAb capture. The data also shows 

the additional molecular information which can be obtained from the resin samples by ATR-

FTIR analysis compared to traditional OD280 nm based SBC assays.  

This chapter assesses used Protein A resin (MabSelect SuRe) from different spatial locations 

within an industrially used 981 ml column. Findings show that the highest losses in binding 

capacity are experienced at a Protein A resin column inlet and there is a gradual reduction in 
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binding capacity loss through the length of the column. The loss of binding capacity is not due 

to a reduction in the amount or conformation of the SPA ligand bound to the resin in the column 

but is likely due to irreversible binding of mAbs or HCP fouling within the porous matrix of the 

Protein A resin. 
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3.2 Materials and methods 

3.2.1 IgG4 preparation and isolation 

A Glutamine Synthetase Chinese Hamster Ovary (GS-CHO) cell line (Lonza Biologics, 

Switzerland) was used to express Chimeric mAb B72.3 (IgG4). Cultures were maintained in 

CD-CHO medium (ThermoFisher, UK) supplemented with L-methionine sulphoximine (Merck, 

UK) at 8% CO2 humidified air at a temperature of 36.5 °C. The Chimeric cB72.3 IgG4 was 

secreted into the CCS. Following protein expression, the CCS was harvested and then frozen 

at -20 °C prior to further use. 

The CCS containing B72.3 IgG4 was allowed to thaw on ice, centrifuged at 4601 g for 10 

minutes and then passed through a 0.45 µm Supor Acrodisk syringe filter to remove large 

particulate matter. The filtered media was desalted using a HiPrep 26/10 column (Cytiva, UK) 

in equilibration buffer (50 mM phosphate/150 mM NaCl, pH 7.4). The desalted media was 

loaded onto a Protein A MabSelect Sure column (Cytiva, UK) equilibrated with equilibration 

buffer. The column was washed with equilibration buffer and bound material eluted with 0.1 M 

sodium citrate, pH 3.3. The purified IgG4 was eluted into neutralization buffer (1 M Tris-HCl, 

pH 9.0) to raise the pH. The fractions containing the mAb were pooled and the purified cB72.3 

IgG4 fractions were buffer exchanged into equilibration buffer and concentrated using 100 kDa 

molecular weight cut off filters (Merck Millipore, USA). The protein was concentrated to 10 mg 

ml-1. The amount of cB72.3 IgG4 was quantified by OD280 nm using a Nano drop lite (Thermo, 

USA) with an E1% of 13.7. Samples were stored at -80 C° for further use. 

3.2.2 Static binding performance of protein A resins  

All resin samples analysed in this study were MabSelect Sure. PrAc resin samples from 

various positions in an AXIChrom 981 ml column previously used for 25 cycles of purification, 

were provided by GSK Biopharm Process Research. Samples were extracted from different 

spatial column locations during column unpacking. Precise distances from the column inlet 

are provided (Table 3.1). 
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Table 3.1 Location of resin samples relative to the vertical distance from the column’s inlet  

Sample 

 
Distance from 

column inlet (cm) 

MabSelect SuRe N/A 

Middle, inlet 0 - 5 

Middle, center 12-17 

Middle, outlet 21 - 26 

Side, inlet 0 - 2 
 

An aliquot of 20.8 µl of each resin sample was individually packed, equilibrated and dispensed 

into a 96 well Supor filter (0.45 µm) plate using a MediaScout® ResiQuot (ATOL, Germany) 

provided by GSK. Purified B72.3 IgG4 was thawed and diluted to give a range of 

concentrations.  

(1, 2, 3, 4, 5, 6 and 7 mg ml-1) in equilibration buffer. Diluted IgG4 (200 µl) was individually 

added to the resin samples, and the resin + protein samples were mixed (1000 rpm) for 45 

minutes at room temperature. The concentration of unbound IgG4 that flowed through the 

packed resin was analysed at OD280 nm on a Nanodrop lite with an E1%= 13.7. Resin samples 

were stored at 4ºC. Unused MabSelect Sure was used as a control. 

The Langmuir adsorption isotherm was used to determine the mAb binding capacity of the 

resin samples from different locations within the pilot scale column. The measured amount of 

protein in the flow-through (Ceq) after loading samples of various concentrations of IgG4 (C0) 

was used to calculate the binding capacity (Q) of different resin samples using Equation 3.1 

[65]: 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑄) =
𝑉𝑆𝑎𝑚𝑝𝑙𝑒 × (𝐶0 − 𝐶𝑒𝑞)

𝑉𝑟𝑒𝑠𝑖𝑛
 3.1 

Where Q = binding capacity, Vsample = volume of mAb, C0 = initial concentration, Ceq = equilibrium concentration and 

Vresin = volume of resin 

Once the binding capacities of individual resin samples were calculated, the data was fitted to 

a Langmuir isotherm (Equation 3.2). This allows for the prediction of maximum binding 

capacity (Qmax) and dissociation constant (Kd) for each resin sample. 

𝑄 =
𝑄𝑚𝑎𝑥 × 𝐶𝑒𝑞

𝐾𝑑 + 𝐶𝑒𝑞
 3.2 

Where Q = binding capacity, Qmax = maximum binding capacity, , Ceq = equilibrium concentration and Kd = 

disassociation constant 
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3.2.3 In situ-ATR-FTIR spectroscopy of Protein A resins 

A master chip was designed in SOLIDWORKS 2020 software (Solidworks, USA) and 3d 

printed using a Form 3 3d printer (Formlabs, USA). The master chip was used to cast Sylgard 

a 184 PDMS device by soft lithography. The PDMS device had a 1.3 mm micro well designed 

to cover the IRE of the Diamond Golden GateTM ATR accessory (Specac, UK). PMMA housing 

was designed in SOLIDWORKS and then laser cut (Figure 3.1B). The custom PDMS 

microwell device was affixed to a Diamond Golden GateTM ATR accessory by custom PMMA 

housing (Figure 3.1C). 

 

Figure 3.1 The microwell device A) master chip with a 1.3 mm diameter well, B) PMMA housing to secure the 

PDMS device. C) Final microwell device attached to the Golden Gate accessory.  

The ATR accessory was used with an Equinox 55 FTIR spectrometer (Bruker, Germany) 

equipped with an MCT detector. SBC resin samples (≈10.4 μl in 10 μl of 50 mM PBS, 150 mM 

NaCl, pH 7.4) were loaded into the microwell. The microwell contents were subjected to a 200 

g load through a polyethene filter tip, and custom cut 19-gauge plunger (Figure 3.2). Samples 

were then measured by co-adding 64 scans between 3800 cm-1 - 800 cm-1 at a spectral 

resolution of 1 cm-1. 

ATR-FTIR spectra were collected using OPUS 5.5 software (Bruker, Germany). Single 

channel spectra were ratioed using PBS buffer background spectra and a built-in atmospheric 

compensation algorithm (utilized simulated vapour spectra). This ensured all background 

buffer liquid and vapour was removed from the spectra. The removal of spectral bands of 

water was confirmed by the absence of the libration + OH bending mode [97] at 2125 cm-1. 

The generated absorption spectra were then imported to Orange [122] with Quasar addon 

[123]. A rubber band baseline correction was applied to the ATR-FTIR spectra in the range 

1800.0 cm-1 – 853.6 cm-1 using Orange. For PLS quantification, ATR-FTIR spectra were 

normalized at the glycosidic bending mode of the agarose base matrix at 1067 cm-1. All 

subsequent data analysis was performed in MATLAB (MathWorks, USA). 
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Figure 3.2 Schematic of the in-situ ATR-FTIR spectroscopic setup used for analysis of Protein A resin. The PDMS 

microwell device was affixed to the ATR accessory by an acrylic top plate. The resin was pressed against the 

diamond IRE with a controlled load monitored by the load cell. The plunger contained a porous filter and buffer 

reservoir to ensure small sample volumes did not dry out during measurements. Note that this schematic is not to 

scale. The evanescent wave is much smaller than the resin in reality 

3.2.3 PLS quantification of mAbs bound to Protein A resin 

SBC analysis was used to measure the binding capacity of unused MabSelect Sure generating 

a total of 23 data sets. PLSR of the ATR-FTIR spectral data sets obtained for these unused 

MabSelect Sure samples using Q as the regression target were utilised to generate a PLS 

predictive method. The number of PLS components was chosen based on the lowest root-

mean-squared error after LOOCV. The model was then applied to the ATR-FTIR spectral data 

sets of the spent resin (total of 6 spectra for each resin sample) that had been saturated with 

IgG4 (loaded with 5, 6 and 7 mg ml-1). 

3.2.4 Local protein A concentration of Protein A resin  

A SPA standard curve was generated using recombinant SPA (Merck, UK) OD280 nm readings 

obtained on a Nano drop Lite with E1%=1.65 [124] plotted against ATR-FTIR integrated 

absorbance of the amide II band (1482-1590 cm-1). A range of SPA concentrations between 

0 and 52.95 mg ml-1 was used. This standard curve was used to quantify the local SPA 

concentration of the GSK spent resin samples with no mAbs bound based on the absorbance 

of the amide II band obtained in each case. 
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3.3 Results 

3.3.1 Static binding capacity optimisation 

To ensure accurate adsorption isotherms for mAb binding to Protein A resin according to 

Equation 3.2, SBC experimental conditions of resin deposition, resin volume, mAb volume and 

mAb concentration range were optimised. Aliquots of MabSelect SuRe of 50 µl 20% v/v slurry 

were deposited onto 96 well filters. This volume of slurry equated to depositing 10 µl of resin 

onto the 96 well plate filter. Each resin sample was loaded with 100 µl mAb across a range of 

0.25-5 mg ml-1. The mAb and resin mixture was then allowed to incubate for 30 minutes before 

collecting flowthrough into a 96 well plate by centrifugation. The collected samples (Ceq) were 

analysed by 280 nm on a Spectramax M2 (Molecular Devices, Germany) well plate reader 

with E1% of 13.7. 

 

Figure 3.3 Initial adsorption binding isotherm results. Conditions used: C0 range= 5, 4, 3, 2.5, 2, 1, 0.5, 0.25 mg ml-

1, Vsample = 100 µl, Vresin = 10 µl, incubation time = 30 minutes. The resin samples were dispensed by pipette and 

Ceq was measured at 280 nm on a Spectramax M2 plate reader. 

This initial protocol yielded unexpected results. First, Negative values for Ceq are observed 

and are likely due to a sample preparation error as deposition methods were not yet optimised. 

Second, the Qmax of MabSelect SuRe at 29.53 mg ml-1 was below half of both the 

manufacturer stated value of 65.70 mg ml-1 [125] and literature stated value of 59.61 mg ml-1 

[126] (Figure 3.3). Third, the adsorption isotherm did not exhibit the expected plateau 

indicating equilibrium of binding was reached [65, 126]. These findings can be explained by 

the resin not being saturated by the conditions used. Since 10 µl of MabSelect SuRe can hold 

0.60-0.67 mg of mAb, the maximum experimental mAb load concentration of only 0.5 mg was 
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not saturating the incubation time and resin volume were then assessed by loading MabSelect 

SuRe with 100 µl of mAb at 3 mg ml-1. 

 

Figure 3.4 Comparison of different binding capacities when incubation time is changed (7.5, 15, 30, 45 minutes) 

for 10ul and 5 µl of GSK spent resin obtained from the center of the column. Expected values of MabSelect sure 

from GE Healthcare (dark green) [125] and literature (light green) [126]. C0=3 mg ml-1, Vresin= 5 µl (red) and 10 µl 

(blue), Vsample = 100 µl, dispensed by pipette. 

The results indicate that the optimal amount of resin was 5 µl for a 100 µl load of protein at a 

concentration of 3 mg ml -1, as this gave the highest Q value (50.19 mg ml -1) after 45 minutes 

incubation time (Figure 3.4). In contrast, the 10 µl resin sample was underloaded under these 

conditions (Figure 3.4). The 100 µl of 3 mg ml-1 mAb load is equivalent to 0.3 mg protein. 

According to the literature 5 µl MabSelect SuRe resin can hold 0.30-0.35 mg of mAb. From 

these results an incubation time of 45 minutes was chosen for all subsequent experiments. 

This protocol was then applied to unused MabSelect SuRe and used MabSelect SuRe GSK 

supplied resins (middle inlet and middle outlet). 

Table 3.2 Langmuir Isotherm predictions of samples with 45 minute incubation time. Co=1, 2, 3, 4 and 5 mg ml-1, 

Vresin= 5 µl, Vsample =100 µl and dispensed by pipette. N=2.  

Sample Qmax (mg ml-1) Kd (mg ml-1) 

MabSelect Sure 55.31 0.1 

Middle outlet 53.25 0.2 

Middle inlet 40.40 0.2 
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The Langmuir isotherm predictions from resin samples in the column show a significant 

reduction in maximum binding capacity for resin located at both the inlet middle of the column 

when compared to the middle outlet of the column with a greater than 10% loss in binding 

capacity. 

 

Figure 3.5 Comparison of adsorption isotherms of resin samples obtained from different locations in a pilot-scale 

column and unused MabSelect SuRe on the Spectramax M2 plate reader. Overall, there is a reduction in Q when 

compared to unused resin. for N=2. 

The data in Figure 3.5 shows that there is a substantial reduction in binding capacity in the 

middle inlet resin sample compared to the middle outlet of the column and unused MabSelect 

SuRe. However, the Ceq and Q value for each loading concentration is highly variable. It was 

hypothesised that the amount of resin being dispensed was not consistent, since even very 

small differences in the volume of resin used for each test condition could introduce marked 

variability at this scale. A different method to dispense resin was then trialled using a positive 

displacement pipette. 
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Figure 3.6 Adsorption isotherm obtained for MabSelect SuRe using a positive displacement pipette to dispense 

sedimented MabSelect Sure. C0=1, 2, 3, 4 and 5 mg ml-1, Vresin= 5 µl, Vsample =100 µl, resin and protein incubated 

for 45 minutes, n=2. 

The results from using a positive displacement to deposit sedimented resin in the 96-well plate 

were more reproducible than the depositing of a suspension by air displacement pipette 

(Figure 3.6). The average standard deviation for positive displacement was 2.58 mg ml-1 

compared to 3.56 mg ml-1 for pipetting slurry. However, the Qmax was around half the values 

reported in the literature for MabSelect Sure. In addition, there was particularly high variation 

in the data points generated for lower loading concentrations, for instance 1 mg ml-1 loading 

concentration (C0) binding capacity of 10.44 and 17.31 mg ml-1 were observed . This method 

of dispensing resin was not reproducible enough for small scale adsorption isotherm assays. 

A vacuum manifold device (MediaScout® ResiQuot) was sourced from GSK and used for 

accurate dispensing of 20.8 µl of resin into each well to improve the reproducibility of results. 

The increased volume of resin required a larger volume and concentration of mAb to be used, 

since 20.8 µl of MabSelect SuRe could hold 1.24-1.37 mg according to the literature and 

manufacturers. Thus, 200 µl aliquots of mAb a concentration between 0 and 7 mg ml-1 were 

used, equivalent to a load of a maximum of 1.4 mg of mAb. 
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Figure 3.7 Adsorption isotherm results of MabSelect SuRe using a ResiQuot to dispense sedimented MabSelect 

Sure. C0= 0, 1 , 2, 3, 4, 5, 6 and 7 mg ml-1, Vresin= 20.8 µl, Vsample = 200 µl, incubated for 45 minutes, n=2. 

Using the ResiQuot and an extended range of loading concentrations for mAb resulted in more 

reproducible measurements (Figure 3.7). The average standard deviation for MabSelect SuRe 

at 0.81 mg ml-1, was 4 times lower than obtained for the pipetting slurry and 3 times lower than 

obtained using positive pipette dispensation. The ResiQuot and loading concertation range of 

0-7 mg ml-1 were used in subsequent measurements according to section 3.2.2. 
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3.3.2 Used MabSelect SuRe performance at different spatial locations 

With the optimised SBC protocol as described above (section 3.2.2), the performance of the 

PrAc resins could be assessed. The adsorption isotherm plots generated provide the Qmax 

and Kd of each resin sample from the column (Figure 3.8). 

 

 

Figure 3.8 Static binding capacity of unused MabSelect Sure and resin samples from different defined locations 

within a used MabSelect Sure column. Three spent samples were assessed from the middle (inlet, center and 

outlet) and one spent sample from the side (inlet) of the column. The approximate locations of the resin samples 

in the original column are indicated by the schematics next to the individual plots. Spent resin has undergone 25 

purification cycles. Each OD280 nm measurement was carried out in duplicate. 

As expected, the unused MabSelect Sure exhibited the highest Qmax value at 47.51 mg ml -1 

(Figure 3.8). All the used resin samples exhibited a decrease in Qmax compared to the unused 

resin. The greatest loss in SBC compared to the unused resin is seen in the resin samples at 

the inlet of the column, where the CCS would be loaded for purification. Resin harvested from 

the middle outlet of the column retained a higher Qmax of 39.17 mg ml-1. The sample from the 

center of the column had a slightly higher but overall, very similar Qmax to the inlet sample. 

On average, the used column exhibited a Qmax decrease from 47.51 mg ml-1 to 36.20 mg ml-

1 compared to unused resin, taking into account measurements from all the different locations 

of the used column (Figure 3.8,Table 3.3). 
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Table 3.3 Langmuir Isotherm predictions from optimised static binding capacity assays.  

 

 

 

 

 

 

*Qmax values obtained from static capacity binding measurements. C0=1, 2, 3, 4, 5, 6 and 7 mg ml-1, Vresin= 20.8 

µl, Vsample = 200 µl, incubated for 45 minutes, n=3. 

SBC data clearly show that the effects of repeated use on resin differs according to the location 

of the resin within the column, with resin at the column inlet exhibiting lower binding capacity 

than that at the outlet. These findings are in agreement with another study on ion exchange 

columns [66]. Whilst SBC analysis reports on the reduction in the ability of the column to bind 

antibody it doesn’t provide information on the changes within the column that account for this 

reduction. 

The Kd of mAb binding to the SPA ligand was the same (0.1 mg ml-1) for each of the test 

samples as well as the MabSelect Sure control, indicating that resin use and resin location 

within the column do not affect binding affinity. This lack of change in binding affinity indicates 

that despite 25 purification cycles of use the SPA is not structurally altered. To confirm no 

change in SPA had occurred ATR-FTIR spectroscopy was used. 

 

 

 

 

 

 

Sample 
Qmax * 

(mg ml-1) 

MabSelect SuRe 47.51 ± 2.07 

Middle, inlet 35.61 ± 4.47 

Middle, center 35.78 ± 1.48 

Middle outlet 39.17 ± 2.60 

Side, inlet 34.25 ± 2.37 

Overall used column 36.20 ± 2.73 
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3.3.3 Optimisation of resin contact with internal reflection element 

The absorbance of vibrational modes can vary depending on the contact with the IRE. This is 

particularly important when measuring convex agarose microspheres up to 150 µm in 

diameter such as MabSelect SuRe beads[49]. Roughly 10.4 μl MabSelect SuRe was loaded 

into a micro well device attached to a diamond GoldenGate equipped Tensor 27 with FPA 

detector. Loads of 100g-400g were applied to the resin sample (Figure 3.9). To select the ideal 

load to apply, the sugar vibrational mode of the agarose base matrix (1000 cm-1 -1200 cm-1) 

was chosen for integration.  

 

Figure 3.9 ATR-FTIR imaging of MabSelect SuRe under a range of applied loads (100 g,150 g,200 g,150 g, 300 

g, 400g). Histogram of pixel count as a function of integrated absorbance of C-O bending, C-O-H stetch and 

polysaccharide skeletal modes (left). ATR-FTIR spectroscopic images of the resin beads under 100g, 200g or 300g 

applied load to MabSelect Sure (right).  

As can be seen in Figure 3.9, the chemical image shows that the higher the load applied to 

the resin, the better the contact with the IRE. At higher loads, wide absorbance distributions 

occur as a result of over-compression of the resin, changing the characteristics of the material. 

Absorbance distributions can be observed in the histogram in Figure 3.9, which denotes 

optimal absorbance with a narrow absorbance distribution between 150 g and 250 g. A load 

of 200 g was chosen as the mass to apply to resin beads for measurements. 

 



  76 | P a g e  
 

3.3.4 ATR-FTIR spectroscopic analysis of the protein A ligand 

With ideal load conditions determined for analysis of PrAc resins by ATR-FTIR spectroscopy, 

the SPA ligand of the different resin samples could be explored.  

 

Figure 3.10 ATR-FTIR spectra of unused MabSelect SuRe and used MabSelect SuRe from different column 

locations. Spectra in the range between 1800 cm-1 - 1000 cm-1 comparing samples with labelled amide I, II & III 

bands at 1654 cm-1, 1549 cm-1 and 1249 cm-1 respectively. There are no significant changes in amide I and II 

bands of the resin samples measured. 

ATR-FTIR spectroscopy of all resin samples show the amide I band at 1654 cm-1 (Figure 3.10), 

indicative of a primarily alpha helical protein [92], in agreement with the known crystal structure 

of SPA [127]. ATR-FTIR spectroscopy agreed with previous finding in section 3.3.2 that ligand 

had not changed.  

Previous research from Boulet-Audet et al [49] and Pathak et al [128, 129] has indicated loss 

of SPA ligand as a reason for reduction in SBC. Thus, using in situ ATR-FTIR spectroscopy 

local SPA concentration was quantified on each resin sample by generating a calibration curve. 

The amide II band was chosen for quantification as it does not overlap with the water bending 

mode band at ≈1640 cm-1, unlike the amide I band at ≈1654 cm-1. As described in section 

3.2.4 absorbance was plotted against concentration (Figure 3.11). 
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Figure 3.11 Protein A calibration curve. Amide II absorbance integrated between 1590 - 1482 cm-1 was plotted 

against known protein A concentrations calculated using the Beer-Lambert law (OD= 280 nm, E1%=1.65). The 

data shown is an average of n=2 independent ATR-FTIR spectroscopy experiments and error bars representing 

standard deviation.  

Linear regression was used to predict the concentration of SPA ligand on each PrAc resin 

sample (Table 3.4). 

Table 3.4 Quantified adsorbed mAb and local Protein A ligand concentrations on each resin sample 

 

 

 

 

 

 

 

 

*Qmax values obtained from static capacity binding measurements. **Local protein A concentration values 

obtained from ATR-FTIR spectroscopy measurements of resin samples. Amide II band was integrated. 

The local SPA concentration obtained for MabSelect SuRe of 31.30 mg ml-1 is higher than the 

resin average of 5.6 mg ml-1 stated by manufacturers [130]. This high local concentration 

compared to the resin average is likely caused by the shallow probing depth [131, 132] of the 

evanescent wave (effective thickness, <4 µm at 1600 cm-1) utilized in ATR-FTIR spectroscopy 

Sample 
Qmax * 

(mg ml-1) 

Local 

Protein A 

concentration 

**(mg ml-1) 

MabSelect SuRe 47.51 ±2.07 31.30 ±9.9 

Middle, inlet 35.61 ±4.47 32.73 ±12.1 

Middle, center 35.78 ±1.48 27.63 ±0.6 

Middle outlet 39.17 ±2.6 20.37 ±7.4 

Side, inlet 34.25 ±2.37 29.04 ±1.7 

Overall column 36.20 ±2.73 29.77 ±5.45 
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[49]. In this case, the local SPA concentration is calculated from ATR-FTIR spectra 

representative of the layer of SPA molecules adjacent to the IRE, and thus the local 

concentration is not the total amount of SPA present in the sample, as previously described 

[49]. However, it is the density of SPA in surface layer of PrAc resin in this work from the 

different spatial regions of a pilot-scale industrial PrAc column were studied. 

The local SPA concentration of the used resin samples did not significantly vary from each 

other or the unused MabSelect SuRe (Table 3.4), indicating that the loss in binding capacity 

is not due to SPA leaching. There was no correlation between local SPA concentration and 

maximum SBC (Qmax) measurements of the different resin samples. This finding, together 

with the fact that the spectroscopic analysis revealed no detectable changes in secondary 

structure of the SPA ligand (no shift or alteration in shape of the Amide I, II and III bands, 

Figure 3.10) in the used resin samples compared to control, indicated that SPA ligand loss 

and denaturation are not causes of the reduction in binding capacity observed for the used 

resin samples. It is possible that the reduction in SBC is caused by fouling of the resin by 

either host cell proteins/DNA or the build-up of irreversibly bound mAb [59]. This is supported 

by another study which indicated that lower binding capacity at the inlet of an ion exchange 

column, as seen here for a Protein A column, was the result of greater fouling due to the load 

material contact time being the highest here [66]. 
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3.3.5 PLS analysis of ATR-FTIR spectroscopic measurements of used Protein A 

resin in order to predict spatial location performance 

ATR-FTIR spectroscopy is sensitive to both chemical functional groups and protein secondary 

structure of measured samples. This sensitivity can be observed when comparing the spectra 

obtained for MabSelect Sure control resin with resin bound to different concentrations of mAb 

(9.23 mg ml-1 and 44.90 mg ml-1). Peaks between 1200 cm-1 and 1500 cm-1 are masked by 

peaks representative of the base agarose matrix (Figure 3.12). 

 

Figure 3.12 ATR-FTIR spectra of resin samples with and without mAb loaded. A) ATR-FTIR spectra of unused 

MabSelect SuRe in the absence of bound mAbs (green) and mAbs bound at 9.23 mg ml-1 (light purple) and 44.90 

mg ml-1 (dark purple) as well as non-functionalised agarose (dashed blue). B) ATR-FTIR spectra of Agarose and 

MabSelect Sure with difference spectrum. MabSelect SuRe with 44.90 mg ml-1 IgG4 adsorbed (dark purple), non-

functionalised agarose (blue), difference spectrum of MabSelect SuRe with 44.9 mg ml-1 IgG4 and agarose 

(orange).  
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The data reveals protein specific bands for both ligand and mAb by subtraction of the agarose 

base matrix spectrum allowing for band assignment in this region. As shown in Table 3.5 and 

Figure 3.12, a wide range of bands present in the measured spectra are representative of the 

bound mAb and thus can be used for quantification.  

Table 3.5 Band assignment of MabSelect SuRe resin with adsorbed mAbs in the fingerprint spectral region 1700 

cm-1 - 1000 cm-1. 

 

 

 

 

 

 

 

 

 

 

 

ν is stretching, δ is bending  

Partial least squared (PLS) analysis allows utilization of all bands that the algorithm detects 

as being related to the Y value, in this case the capacity, Q (Equation 2) of mAbs bound to the 

resin sample. This data contains arrays of thousands of observations representing the 

absorbance at different wavenumber (1800.0 cm-1 – 853.6 cm-1) for each resin sample with 

known concentrations of mAb bound. The data is broken down into components with each 

component representing a % of variance in the y value. The training data set utilized here was 

the in-situ ATR-FTIR spectra of unused MabSelect Sure Resin samples obtained from the 

OD280 nm SBC experiments (Figure 3.8). In total 24 spectra were used, with 1 spectrum 

excluded due to poor IRE contact (Appendix Figure 8.1). The test data consisted of spectra 

obtained from ATR-FTIR spectroscopic measurements of 36 spent resin samples saturated 

with mAbs, with 5 spectra excluded due to poor IRE contact (Appendix Figure 8.1). LOOCV 

was used to test the model. The optimum number of PLS components used was chosen based 

on the lowest root mean squared error (RMSE) of the cross-validation set (Figure 3.13). 

Wavenumber (cm-1) Band assignment 

1688 (shoulder) Amide I β sheets- protein A 

1654 (shoulder) Amide I α helix- protein A [92] 

1634 (main peak) Amide I β sheets- IgG4 [91, 133] 

1545 (main peak) Amide II unordered -IgG4 [92] 

1540 (shoulder) Amide II unordered -IgG4 [92] 

1519 (shoulder) Amide II- IgG4 [133] 

1455 CH3 δas - IgG4 [91, 133] 

1398 CH3 δs – Valine and Alanine- IgG4[93] 

1375 Glycosidic linkage - polysaccharide[134] 

1238 Amide III β sheets-IgG4 [91, 133] 

1185 Glycosidic linkage – polysaccharide [134] 

1150 Glycosidic linkage – polysaccharide [134] 

1067 Glycosidic linkage ν – polysaccharide [134] 
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Figure 3.13 Root mean squared error of the PLS model with an increasing number of PLS components. RMSE 

was calculated by plotting fitted vs observed model for each component using LOOCV (Leave one out cross 

validation). A total of three PLS components was shown to be optimal for this model.  

With each added component the RMSE decreases until the 4th component when a slight 

increase in RMSE occurs. Increasing RMSE is an indication of overfitting and thus a 3-

component model was chosen. When applying the model to the prediction of used resin the 

RMSE was 6.14 mg ml-1 (Table 3.6).  

Table 3.6 Statistical analysis of the PLS model with 3 components. Observed vs fitted concentrations of mAbs 

bound to PrAc resin samples (Appendix Figure 8.2) were used to assess the PLS model. Observed data is the Q 

value calculated from SBC assays and fitted is the prediction from the PLS model. 

Data set Statistic Value 

Training 
R2 0.84 

RMSE 6.08 mg ml-1 

LOOCV 
Q2 0.75 

RMSE 7.84 mg ml-1 

Test 
Q2 0.12 

RMSE 6.14 mg ml-1 

 

Utilising 3 components explained 84.09 % of Y variance in the training data. The loading plot 

spectra generated by the training data set of unused MabSelect SuRe (Figure 3.14) shows 

the weighting of spectral peaks for each component used to quantify the amount of absorbed 

mAb. 
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Figure 3.14 PLSR loading plot. The loading plot indicates the spectral bands representative of each component 

used with the 1st, 2nd and 3rd components shown in blue, red and yellow respectively. The 1st component is 

representative of most variance in the training spectra, followed by the 2nd and 3rd respectively. A strong PLS weight 

means a band represents more of the PLS component. Amide I and II bands vary most with varying mAb 

concentration. 

Component 1 was predominantly made up of the amide I and II bands at 1634 cm-1 and 1540 

cm-1 respectively, with these peaks accounting for 72.77% variance in mAb concentration 

(Figure 3.14). Adding a 2nd component predominantly made up of the amide II band shoulder 

at 1519 cm-1 and amide III band at 1234 cm-1 accounted for a total of 80.87% of the variance 

in mAb concentration. The third component, representative of the amide II band as well as β 

sheet CH3 bending and alanine/Valine bending at 1452 cm-1 and 1400 cm-1 respectively, 

contributed just an extra 3.22% of variance. This component also selected two peaks 

represented by non mAb components: PDMS Si-CH3 at 1256 cm-1 and the C-OH Agarose 

peak at 1008 cm-1. The model was successfully able to predict binding capacity as detailed in 

Table 3.7. 
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Table 3.7 Quantified adsorbed mAb on Protein A resins by SBC and ATR-FTIR spectroscopy. 

 

 

 

 

 

 

 

 

 

*Qmax values obtained from static capacity binding measurements. ¬Average binding capacity is the average 

binding capacity (Q) of resin when saturated with antibodies by loading with C0 of 5,6 and 7 mg ml-1 IgG4. 

¬¬Average binding capacity prediction is the predicted binding capacity of saturated samples obtained from partial 

least squares regression analysis. 

The average binding capacity of saturated spent PrAc resins obtained from the PLS analysis 

shows the same trend in Qmax values with the resin obtained from the inlet of the used column 

having the lowest capacity and the resin obtained from the outlet retaining the highest capacity. 

Sample 
Qmax * 

(mg ml-1) 

Average 

binding 

capacity¬ 

(mg ml-1) 

Average 

binding 

capacity 

prediction¬¬ 

(mg ml-1) 

MabSelect SuRe 47.51 ±2.07 43.38 N/A 

Middle, inlet 35.61 ±4.47 34.41 25.80 

Middle, center 35.78 ±1.48 33.78 36.10 

Middle outlet 39.17 ±2.6 38.01 32.72 

Side, inlet 34.25 ±2.37 32.71 28.28 

Overall column 36.20 ±2.73 34.63 30.08 
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3.4 Discussion 

Using a combination of in situ ATR-FTIR spectroscopy and SBC assays, the reduction in PrAc 

SBC is shown to be heterogeneous throughout a used pilot scale chromatography column 

with the greatest loss of binding capacity occurring at the column inlet. To compare the ATR-

FTIR spectroscopy PLS model against the traditional approach for measuring SBC, the 

coefficient of variation (%CV) of the RMSE of the ATR-FTIR PLS model was calculated as 

18%.  

%𝐶𝑉(𝑅𝑀𝑆𝐸) =
𝑅𝑀𝑆𝐸

𝑦̅
𝑋100 3.3 

%CV is the coefficient of variation, 𝑦̅ =the average actual measurement and RMSE=Root mean square 

error 

This was then compared to the %CV calculated for the SBC assay for the overall column 

average binding capacity; 11%. 

%𝐶𝑉(𝑆𝐷) =
𝑆𝐷

𝑦̅
𝑋100 3.4 

%CV = the coefficient of variation, 𝑦̅ =the average actual measurement and SD=standard deviation 

The PLS model produces a good predication of the binding capacity of Protein A resin, 

meeting industry standards (<20%) compared to the SBC assay and providing additional 

molecular information such as the secondary structure of the Protein A ligands (Table 

3.5)compared to the SBC assay. This could allow further use of the PrAc resin at a column’s 

outlet helping to reduce the cost of mAb purification. Currently, column performance is 

assessed by overall column binding capacity and not by a detailed analysis of different regions 

of a column. 

PLS regression analysis of ATR-FTIR spectroscopic data allowed for the use of multiple 

spectral bands representing mAbs bound to used PrAc resins, ensuring an accurate prediction 

of the binding capacity. As expected, the PLS component explaining the most variance in mAb 

concentration was made up of the Amide I and Amide II bands, as these are the most 

informative bands for determining secondary structure from the absorption spectra of proteins. 

This data clearly demonstrates that in situ ATR-FTIR spectroscopy can be used to accurately 

assess the overall performance of a used column. With PLS regression analysis, the model 

predicted the overall binding capacity of the used column, when saturated with mAbs, to be 
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30.08 mg ml-1. This prediction is just 4.55 mg ml-1 below the SBC calculated binding capacity 

of 34.63 mg ml -1. Intriguingly, the side inlet exhibited the greatest reduction in binding capacity 

both from the SBC measurements and the ATR-FTIR spectroscopic analysis, with a slightly 

lower Qmax than the middle inlet. The resin at the side of the column is subjected to a 

phenomenon known as the wall effect, which results in resin being less packed at this location, 

forming a preferential route of flow in the column. A potential consequence of this is that resin 

at the side of the column is exposed to more contaminants/larger build-up of irreversibly bound 

mAb than in the center of the column [135]. 

This work reveals that loss of SBC is not due to SPA ligand leaching or denaturation. The data 

rather suggests that the reduction in binding capacity is due to irreversible fouling. The 

chemical nature of these contaminants remains to be revealed. The contaminants are not 

directly observable in this study, likely due, in part, to these being under the limit of detection 

after just 25 cycles of purification. Lintern et al reported significant contaminant builds up as 

detected by MS/MS after 80 purifications [59]. In addition, another study reported that fouling 

tends to occur in the center of PrAc resin beads [66]. The penetration depth of the evanescent 

wave used for ATR-FTIR only probes ~5 um of the beads, which can be up to 120 um in 

diameter indicating that this technique is unlikely to detect contaminants bound to these resin 

samples. Since ATR-FTIR spectroscopy is more sensitive to surface layer proteins and less 

able to probe the interior of the MabSelect Sure beads, further analysis using confocal Raman 

microscopy, which can probe further into the beads should provide additional insights into the 

causes of binding capacity loss.  

This work demonstrates the power inherent in situ ATR-FTIR spectroscopy, as the molecular 

information gained from this approach allows quantification of mAb binding, assessment of 

SPA ligand concentration and SPA ligand conformation. Thus, the use of in situ ATR-FTIR 

spectroscopy in this research represents a substantial advance over SBC analysis alone, 

providing an in-depth assessment of why resin samples exhibit reduced binding capacity. 

Therefore, this approach may have a significant potential in industrial mAb processing settings.  
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Chapter 4- Causes of industrial protein A column 

degradation, explored using Raman spectroscopy 

 

 

 

This chapter’s contents are reproduced and edited from the manuscript detailed below with 

permission from the American Chemical Society: 

https://doi.org/10.1021/acs.analchem.2c03063 

 

Beattie JW, Istrate A, Lu A, Marshall C, Rowland-Jones RC, Farys M, et al. Causes of 

Industrial Protein A Column Degradation, Explored Using Raman Spectroscopy. Analytical 

Chemistry. 2022;94(45):15703-10 
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  87 | P a g e  
 

4.1 Background 

As described in section 1.1, mAbs are the fastest growing class of BT’s. Approximately 80% 

of the cost of therapeutic mAbs is attributable to downstream processing [55], essential to 

ensure the final product meets strict regulatory purity requirements [28, 30]. A key component 

of that cost is Protein A resin [54, 55]. The high costs are exacerbated by lifetime degradation 

of protein A resins, discernible as a loss in mAb binding capacity over time [55, 59].  

Typically mAbs are produced recombinantly in CHO cells [20], and secreted into the growth 

media. The resultant cell culture fluid contains high levels of mAb as well as host cell proteins 

[136], media components, cellular DNA and viruses [28, 30] which can cause highly 

undesirable immune responses in patients if they are present at even low levels in the final 

formulation [121]. Effective purification of mAbs from cell culture fluid involves a number of 

different steps, with the key step exploiting PrAc to remove the vast bulk (98%) of 

contaminants [29].  

The data presented in chapter 3 showed that PrAc resin degrades heterogeneously with the 

inlet of the column exhibiting a lower binding capacity compared to the outlet of the column. 

ATR-FTIR spectroscopy was successfully used to demonstrate that although binding capacity 

had decreased more in the inlet compared to the outlet samples, that SPA ligand density did 

not change, suggesting the build-up of irreversible contaminants rather than ligand loss as the 

cause of binding capacity reduction. ATR-FTIR spectroscopy was however limited to only 

observing proteins in the surface layer of resin beads. 

Confocal Raman spectroscopy represents a powerful alternative, as it is able to probe much 

deeper into samples [113], whilst, like ATR-FTIR spectroscopy, providing detailed chemical 

information and giving insights into protein secondary structure [68, 69]. Additional features 

are also detectable in Raman spectra, such as amino acid side chains, and particularly 

aromatic amino acid side chains [70]. Here, the application of confocal Raman to depth 

profiling of mAb binding to used and unused MabSelect SuRe is described. Results show that 

mAbs irreversibly foul MabSelect SuRe reducing the pore size of the beads and thus disrupt 

pore diffusion, the primary driving force of mAb adsorption. PLS regression in combination 

with Raman spectroscopy shows that the spatial location of resin within a column influences 

the extent of reduction in binding capacity. The results show that the binding capacity 

decreases to a greater extent in inlet resin samples and this is reflected in more marked 

changes in adsorption profiles compared to outlet and unused resin samples.  
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4.2 Materials and methods 

4.2.1 Static binding performance 

IgG4 (cB72.3) was prepared, isolated and concentrated to 10 mg ml-1 as described previously 

[49, 56, 137]. MabSelect SuRe resin (Cytiva, UK) was analysed in this study. Used MabSelect 

SuRe samples in this chapter are from the middle of an AXIChrom 981 ml column as described 

in section 3.2.2. The protocol was carried out as described by section 3.2.2 with an extended 

C0 range of 1, 2, 3, 4, 5, 6, 7 and 9 mg ml-1. The amount of excess unbound IgG4 which flowed 

through at each loaded concentration was determined on a nanodrop lite at OD280 nm with 

E1%=13.7. The concentration of unbound mAb in the flow through was used to determine mAb 

binding capacity (Q) of the resin using the mass transfer Equation [65] (Equation 1.2). 

4.2.2 Confocal Raman microscopy 

Individual protein A resin samples (~10.4 µl), both used and unused, from the SBC 

experiments were carefully applied to a glass slide using a polypropylene spreader. The beads 

were visually inspected at 50 X magnification (Figure 4.1), to ensure the beads were not 

damaged during this step. The glass slide containing the sample was placed onto the sample 

stage of a SENTERRA II (Bruker, Germany) Raman spectrometer in reflectance mode. 

 
Figure 4.1 Light micrographs of the resin beads following transfer to glass slides for confocal Raman analysis using 

a polypropylene spreader. The images show the beads are intact after transfer using this approach and illustrate 

the variation in bead size. The manufacturers state bead size can be up to 120 µm in diameter. In this analysis 

most beads were found to be between 40 µm and 70 µm. A) MabSelect SuRe bead of 43.7 µm diameter B) 

MabSelect SuRe beads saturated with mAbs (65.3 mg ml-1). The bead that was analysed was 40.4 µm in diameter. 

C) Used outlet bead of 46.9 µm diameter. D) Used inlet sample, the analysed bead had a diameter of 44.6 µm. E) 

Broken MabSelect SuRe beads obtained when transferring without the use of a polypropylene spreader. 
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Individual protein A beads were measured using a laser at 532 nm with a power 12.5 mW and 

50X objective with NA of 0.65. The spectral resolution was 4 cm-1. Samples were measured 

with 24 co-added scans and an integration time of 3 seconds. A schematic of the experimental 

setup can be seen in Figure 4.2. 

 .  

Figure 4.2 Schematic of the experimental setup for mAb quantification. Workflow is shown for experiments with 

measurement setup for Raman spectroscopy measurements shown. 

The generated Raman spectra were imported into the software package Orange [122] 

equipped with the Quasar addon [123]. As an additional control we also carried out a single 

point measurement on non-functionalised agarose beards (Pierce) to generate a reference 

spectrum. 

For confocal Raman measurements of depth profiling of beads, protein A resin samples with 

no mAbs added were measured in 10 µm steps along the z-axis. The same experiments were 

carried out for resin samples with mAbs added (saturated and partially saturated) with the 

exception that measurements were taken in 5 µm steps along the z-axis. Raman spectra were 

rubber band baseline corrected between 600 cm-1 and 1800 cm-1 followed by integration 

between 600 cm-1 and 1800 cm-1. The z spatial location in respect to the bead surface was 

determined by observing the maximal intensity when plotting integration as a function of stage 

position (Figure 4.3). The spectra were then vector normalised to compare protein content 

between measured scattering volumes and different depths of the bead. 
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Figure 4.3 Determination of the surface of an individual protein A resin bead using confocal Raman spectroscopy. 

A) Intensity vs Stage position (distance lens position moved) plot obtained for a used outlet sample bead. The 

dotted line represents maximum spectral intensity and thus indicates the surface of the sample. B) Intensity vs 

depth plot for a used outlet resin bead once the stage position has been converted to depth in relation to the 

surface; 0 µm represents the surface of the resin bead. The resin bead was optically measured to be 53.45 µm in 

diameter. The Raman spectra were rubber band baseline corrected between 600 cm-1 and 1800 cm-1 followed by 

integration between 600 cm-1 and 1800 cm-1.  

For quantification two individual protein A beads from each of the resin samples generated for 

SBC analysis were measured. Identification of the spectra with maximal intensity, and thus 

corresponding to the bead surface layer was determined by two co-added scans and the 

video-assisted measurement mode in OPUS. Raman spectra were rubber band baseline 

corrected between 600 cm-1 and 1800 cm-1 and vector normalised. Spectra was imported into 

MATLAB (MathWorks, Natick, USA) for PLS regression with the plsregress function which 

uses the SIMPLS algorithm [138]. Where appropriate 1-way ANOVA was carried out on the 

spectra. 

4.2.3 Generation of in house 75 cycle MabSelect SuRe resin. 

As described in section 3.2.1 desalted media was generated [137] . MabSelect SuRe was 

packed into a tricorn 5/150 column with a final bed volume of 0.343 ml on an AKTA Pure Fast 

protein liquid chromatography (FPLC) system. Flow rate was set to 0.3 ml min-1. Each 

purification cycle consisted of equilibrating the column with phosphate buffer (50 mM 

phosphate/150 mM NaCl, pH 7.4) for 15 CV’s followed by loading the column with 15 CV of 

desalted media. Once loaded the column was washed with phosphate buffer for 10 CV. Bound 

material was eluted with 0.1 M sodium citrate, pH 3.3 for 15 CV. With each third purification 

cycle an extra CIP step was performed utilising 0.5 M NaOH for 5 CV. The column underwent 

a total of 75 cycles of purification and 25 CIP steps before being subjected to LC=Ms/Ms 

analysis. No changes in the chromatogram were seen during cycling. 
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4.2.4 Resin preparation for LC-Ms/Ms 

The unused MabSelect SuRe, 75 cycle MabSelect SuRe and the GSK used inlet and outlet 

(100 µl, 50% v/v) resin samples were vortexed at 2500 rpm for 10 minutes. A solution (50 µl) 

of urea (8 M) and ammonium carbonate (100 mM) was added to the resin slurry followed by 

addition of dithiothreitol (2 µl, 450 mM) and the sample mixed at 1000 rpm at room temp for 

one hour. Iodoacetamide (20 µl,100 mM) was then added and the samples incubated for 15 

minutes at room temp with mixing at 1000rpm. Trypsin (128 µl, 39.06 µg/L) was added and 

the resultant slurry mixed at 1000 rpm, 37 °C for 1 hour as described previously [59]. A nano-

LC Orbitrap mass spectrometer was used to analyse the samples. The data obtained using a 

Protein Metrics BYOS® platform. A MS/MS score of 200, MS1 score of 0.95 and FDR of 1% 

was used to filter out false positives and contaminants. Peptides were identified by searching 

the UniProt database. 
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4.3 Results 

4.3.1 Quantification of bound mAb by Static binding capacity 

The SBC protocol described here allows for both controlled loading of mAbs onto resin 

samples and assessment of the overall performance of used and unused MabSelect SuRe 

samples. In this study we evaluated mAb binding to MabSelect SuRe resin samples obtained 

from the inlet and outlet of a pilot scale column from GSK that had undergone 25 purification 

cycles and compared these samples with a control of unused MabSelect SuRe resin. The 

SBC measurements, as described in chapter 3, were repeated in order to generate fresh resin 

samples for Raman analysis. 

 
Figure 4.4 Static binding capacity measurements of resin samples fitted to a Langmuir adsorption isotherm. Unused 

MabSelect SuRe (blue) and used MabSelect SuRe samples obtained from the inlet (orange) and outlet (green) of 

an AXIChrom 981 ml pilot scale column which had been subject to 25 purification cycles were analysed (See ). 

Each measurement was performed in duplicate. 

The unused MabSelect SuRe gave a maximum binding capacity (Qmax) of 70.35 mg ml-1. 

This value is higher than reported elsewhere in the literature (64 mg ml-1) [48, 65, 126], 

including in earlier studies [49, 137] and chapter 3. It is not clear why binding capacity is so 

high in this case, but it might be a function of different batches of resin. In contrast, used 

samples from the inlet and outlet of a used pilot scale column exhibit markedly reduced 

maximum binding capacity values of 35.76 mg ml-1 and 40.17 mg ml-1 respectively (Figure 

4.4), consistent with values reported previously [137] (chapter 3). The dissociation constant 

(Kd) of mAb for the protein A resin samples was 0.1 mg ml-1 for all samples.  
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4.3.2 Confocal Raman spectroscopic quantification of mAbs bound to protein A 

resin 

The individual samples prepared for SBC analysis as described in section 4.3.1 were 

subsequently used for confocal Raman spectroscopic measurements. The secondary 

structure of the SPA on both used and unused resin ligands was inspected by confocal Raman 

spectroscopy (Figure 4.5). 

 

Figure 4.5 Confocal Raman intensity spectra of unused MabSelect SuRe and used MabSelect SuRe from the inlet 

and outlet of a used 981 ml column. The region 1800 cm-1-900 cm-1 of the spectra are shown. There are no 

significant changes in the amide I bands between samples. Spectra is representative of N=2  

SPA specific peaks were the same in both the unused and used resin samples (Figure 4.5). 

The amide I band at 1655 cm-1 in the confocal Raman spectra is indicative of the primarily α-

helical structure of SPA. This agrees with earlier ATR-FTIR spectroscopic analysis, which 

revealed that changes in secondary structure of SPA are not responsible for the drop in SBC 

observed for the used resin samples [137] (chapter 3) . 

In order to accurately perform band assignment of the measured spectra a combination of 

literature values [69, 115] and spectral comparison was used (Figure 4.6). MabSelect SuRe 

resin with/without mAbs bound and the non-functionalised Pierce agarose were used to 

identify and differentiate between protein bands in the measured spectra.  
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Figure 4.6 Raman spectra of resin samples. Raman spectra of Pierce nonfunctionalized agarose resin (black), 

MabSelect SuRe with no mAbs loaded (green), MabSelect SuRe with a non-saturating concentration (8.17 mg ml–

1) of mAbs loaded (dark blue), and MabSelect SuRe with a saturating concentration (65.29 mg ml–1) of mAbs 

loaded (light blue). Assigned spectral bands of protein A and bound mAb are labelled. * = a significant difference 

in spectral intensity, p < 0.05, relative to the control of MabSelect SuRe. Example spectra are representative of n 

= 2 beads from each individual resin sample. 

SPA has a distinct secondary structure detectable as the amide I band at 1655 cm-1 (Figure 

4.6, green spectrum), not present in the unfunctionalized agarose (Figure 4.6, black spectrum). 

The change in conformation of SPA upon mAb binding is detectable in the Raman spectra as 

a shift in the amide I band from 1655 cm-1 to 1668 cm-1 (Figure 4.6 light and dark blue spectra). 

Further structural differences in SPA upon mAb binding, are apparent from the shift in the 

Phenylalanine (Phe) bands from 999 cm-1 and 1604 cm-1 to 1002 cm-1 and 1616 cm-1, 

respectively (Figure 4.6, light and dark blue spectra). Tyrosine bands at 1554 cm-1, 755 cm-1 

and 644 cm-1 are also characteristic spectral features of mAb binding to SPA (Figure 4.6, light 

and dark blue spectra). The Phe and Tyr bands become both more prominent and more 

defined with increasing mAb concentration (Figure 4.6, dark blue spectrum). There is a 

significant increase in overall spectral intensity upon addition of both sub-saturating and 

saturating concentrations of mAb (Figure 4.6, light and dark blue spectra respectively). 

PLS regression was used to quantify the bound mAb and to identify those spectral bands that 

correlate to a change in the binding capacity of resin (Q, the y variable for the PLS analysis). 

The analysis utilised the confocal Raman secondary structural features, such as the amide I 
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band, as well as tertiary structural bands representing amino acid side chains, such as Phe, 

in order to quantify mAbs bound as shown in PLS loading plots (Figure 4.7 A). Raman spectra 

of unused MabSelect SuRe resin samples with known concentrations of bound mAb were 

used as the training dataset for PLS regression. LOOCV was applied to test the model’s 

predictive ability through analysis of root mean square error cross validation (RMSECV), R2, 

Q2 and loading plots (Figure 4.7).  

 

Figure 4.7 Statistical analysis of PLS models A) PLS loading plot of the 1st component. B) PLS loading plot of 

components 1-5. C) Root mean squared error (RMSE) of the PLS model with increasing number of PLS 

components. The RMSE cross validation (RMSECV) was calculated by plotting the fitted vs observed model for 

each component using LOOCV (Leave one out cross validation). D) The R2 Vs Q2 plot. R2 was calculated from the 

training data set and Q2 was calculated from LOOCV.  

RMSE was shown to be lowest at 7 PLS components, however beyond 5 components the 

goodness of prediction (Q2) only marginally increased indicating overfitting of the model 

(Figure 4.7 C&D). Therefore 5 latent variables were chosen for the model. The first latent 

variable of the model, which accounted for 82% variance, utilised multiple peaks in the Raman 

spectrum, most notably both amide I peaks at 1668 cm-1 and 1616 cm-1, as well as the Phe 

band at 1002 cm-1. The next 4 latent variables accounted for ~4 % variance (Figure 4.7) each. 

Five latent variables resulted in a total variance coverage of 98% (R2) with a decrease in 
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coverage after cross validation to 89% (Q2) (Table.1). To compare with the SBC approach of 

quantification, the coefficient of variation (%CV) was calculated according to 4.1. The %CV for 

the model compared to the training data was 9%, %CV increased to 20% once LOOCV was 

applied (Equation 4.2). 

%𝑪𝑽(𝑹𝑴𝑺𝑬) =
𝑹𝑴𝑺𝑬

ȳ 
∗ 𝟏𝟎𝟎 4.1 

%CV =coefficient of variation, 𝑦̅ =the average actual measurement and RMSE=Root mean 
square error 

The model was applied to the test data set consisting of 64 spectra in total; 32 spectra each 

for the GSK used inlet and outlet samples. Each of the 32 measurements included 2 individual 

beads from each SBC condition (8 mAb concentrations for each of n=2 SBC experiments). 

Test resin samples were loaded with mAbs up to saturation (41.73 mg ml-1). Application of the 

model to the test data set yielded RMSE and variance values of 7.18 mg ml-1 and 0.90 

respectively, a performance similar to that of LOOCV (Table 4.1 and appendix Figure 8.3).  

Table 4.1 Statistics of the 5 component PLS model. Observed (SBC Q value) vs fitted (PLS prediction) mAb 

concentrations were used to assess the model. 

Data set Statistic Value 

Training 
R2 0.98 

RMSEC 3.19 mg ml-1 

LOOCV 
Q2 0.89 

RMSECV 7.36 mg ml-1 

Test 
Q2 0.90 

RMSEP 7.18 mg ml-1 

 

4.3.3 Depth profiling of protein A affinity resin beads 

Depth profiling has been used previously to explore mAb adsorption profiles during 

chromatography polishing steps, normally used after PrAc [115, 116]. Here we depth profiled 

protein A resin loaded with known concentrations of mAbs. When depth profiling non-uniform 

sized resin beads it was important to consider that DR decreases as deeper areas of sample 

are probed as defined by Everall [113] ((4.2) . 

𝐷𝑅 = 𝛥 ((
𝑁𝐴2(𝑛2 − 1)

(1 − 𝑁𝐴2)
+ 𝑛2)

1
2⁄

− 𝑛) (4.2) 
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With confocal Raman, samples appear to have an apparent depth less than the true depth. 

For example, if a bead of 50 µm in diameter is measured at 40 µm depth with this setup the 

focal point would be illuminating an extra 11.2 µm and thus beyond the bead into the glass 

slide below. This meant when fewer points in the z direction could be used, observed in Figure 

4.8 B where the MabSelect SuRe and inlet samples cut off. 

 

Figure 4.8 Depth profiles of Protein A resins with mAb bound A) Protein A resin depth profiles of adsorbed mAb at 

saturating concentrations (mean SBC calculated concentration (Q) of resin samples; MabSelect SuRe = 65.68 mg 

ml-1, Inlet = 37.57 mg ml-1, Outlet =38.80 mg ml-1). B) Protein A resin depth profiles of adsorbed mAb at below 

saturating concentrations (mean SBC calculated concentration of resin samples: MabSelect SuRe = 19.04 mg ml-

1, Inlet = 18.46 mg ml-1, Outlet = 18.85 mg ml-1). The Phe band at 1002 cm-1 was integrated (993 cm-1 - 1010 cm-1) 

as a means of observing mAbs bound to the resin samples. Blue = MabSelect SuRe, Green = GSK Used outlet, 

Orange = GSK used inlet. Data shown is the average of n = 2 measurements ± standard deviation (SD). One way 

ANOVA was performed on each resin sample. Saturated samples (A) showed no significant difference in intensity 

at different probed depths. Used resin (inlet/outlet) showed significant differences (*=p<0.05) in mAb binding at 

different probed depths compared to the surface of bead, when mAb was loaded at below saturating concentrations 

(B). Spectra as a function of depth for the above depth profile of Saturated MabSelect SuRe, partial Saturated 

MabSelect SuRe, and outlet samples are shown in Appendix Figure 8.4 A–C. 

Depth profiling shows that when unused MabSelect SuRe is loaded with mAbs at or below 

saturation concentration, binding occurs homogeneously throughout the resin (Figure 4.8 A 

and B). However, at below saturation concentrations of mAb (~20 mg ml-1), the used resin 

samples give a heterogeneous adsorption profile, with significantly reduced binding activity 

occurring in the core of the bead (Figure 4.8 B).  

Interestingly, once a saturating concentration of mAb is loaded, a fairly homogeneous depth 

profile is observed in the used resin samples. One way analysis of variance (ANOVA) showed 

that for each sample the Phe band intensity did not significantly change at each probed depth 

for each resin sample (Figure 4.8 A). The Phe band is less intense for both the used inlet and 

outlet samples at both test concentrations, indicating less mAb binding.  
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4.3.4 Identification of protein A foulants 

Based on previous ATR-FTIR spectroscopic analysis [137], indicating that the drop in binding 

capacity is not due to either leaching or denaturation of the SPA ligand, and other published 

reports [59], it can be hypothesized that the reduction in protein A resin binding capacity is 

due to fouling of the column. However, the precise nature of these foulants was unclear. 

Careful analysis of the Raman spectra in the presence of no mAb indicates a slight but 

noticeable increase in the Phe band for the used resin samples compared to the unused 

MabSelect SuRe (Figure 4.9 A), indicating the presence of low concentrations of Phe 

containing proteins within the used resin. 

 

Figure 4.9 Comparison of Raman spectra and LC-MS/MS analysis of Protein A resins with no mAbs loaded A) 

Confocal Raman spectra obtained from different protein A resin with no mAbs loaded. The Phe band region from 

spectra obtained from MabSelect SuRe (blue), GSK used outlet (green), GSK used inlet (orange) and MabSelect 

SuRe with 8.17 mg ml-1 mAb bound (purple). The Phe band at 1002 cm-1 obtained from the Raman spectra was 

integrated (993 cm-1- 1010 cm-1) as a means of detecting mAbs bound to resin samples. B) LC-MS/MS analysis 

showing the frequency of detection of peptides in different protein A resin with no mAbs loaded. Peptides detected 

for each sample are grouped into categories Protein A (blue), mAb (red), HCP (yellow). HCP in this figure refers to 

all identified peptides that are not protein A or IgG based. Non-specific mAb peptide fragments are also detected 

at low frequency in the control samples of agarose and unused MabSelect SuRe and these are likely to be due to 

contamination during the MS procedure. Spectra as a function of depth for inlet resin beads with no mAbs loaded 

are shown in Appendix Figure 8.4 

Increased Phe band intensity is only detectable at specific depths within the beads. For 

example, in the case of the inlet resin sample, this increase is only observed at a measurement 

depth of 30 µm into the beads (up to 38.4 µm considering DR), with a ~55 µm diameter. This 

depth is close to the surface of the bead where contamination is more likely, since a greater 

number of adsorption events will occur on and close to the surface, than in the core of the 
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beads (Figure 4.9B) [115]. A similar result is seen for the outlet resin, where the highest Phe 

band intensity is observed at 40 µm, on the bead surface. 

Comparison of the Phe band peak shape for each used resin sample reveals that the inlet 

Phe band location at 1002 cm-1 matches that of MabSelect Sure + mAbs (Figure 4.9A) 

indicating the presence of irreversibly bound mAb. The SPA ligand of MabSelect SuRe has a 

Phe band which resides at 999 cm-1. The less degraded outlet resin has a Phe peak location 

between that of the SPA and mAb Phe peaks, likely due to a smaller amount of fouling material 

being present, with both 999 and 1002 cm-1 Phe peaks contributing to the resulting peak. 

Further nano LC-MS/MS analysis confirmed the presence of irreversible bound mAbs as well 

as a range of other HCPs (Figure 4.9B and appendix Table 8.1) in both used resin samples, 

with the inlet having 92 more peptide detections than the outlet sample. Peroxidases, known 

HCPs [139], were present in high peptide frequency. 

Generation of a 75-cycle resin sample according to section 4.2.3 showed that following this 

level of use the amounts of HCPs continue to accumulate but the amount of irreversibly bound 

mAb stayed more or less the same. A total of 947 peptides were detected in 75 cycle used 

resin with 23 being SPA, 39 being IgG and 885 being HCP. There is a large increase in HCP 

when compared to inlet and outlet resin samples (25 cycles of purification). mAb and SPA 

showed one more peptide detection than the GSK inlet and outlet samples indicating SPA and 

mAb presence remained consistent regardless of cycle number. 
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4.6 Conclusions 

Loss of binding capacity significantly reduces the lifespan of industrial protein A columns [55, 

59], contributing significantly to the overall cost of therapeutic antibody production, and thus 

continues to limit availability of these life-changing and life-saving drugs. Here we explored 

the possible causes of the loss of SBC of used MabSelect SuRe resins using confocal Raman 

spectroscopy. The results confirm earlier findings [137], that spatial location of resin within a 

column determines the degree to which the binding capacity degrades with use. Sample from 

a column inlet exhibits lower binding capacity, than that at the outlet, likely due to a larger 

number of adsorption events occurring at the inlet. 

The Raman PLS model was able to predict a wider range of bound mAb concentrations than 

the PLS model obtained from previous ATR-FTIR spectroscopic analysis [137]. However, 

the %CV(RMSE) for the Raman model (20%) was higher than the ATR-FTIR spectroscopic 

model (18%), indicating that the Raman model is slightly less accurate at predicting mAb 

concentration. Importantly, industry standards (<20%) for predicting binding capacity were met 

by ATR-FTIR spectroscopic model with the Raman model on the threshold. The Raman model 

underpredicted test data when actual bound mAb concentrations were below 20 mg ml-1 

(Appendix Figure 8.3). Raman spectroscopy has an advantage over ATR-FTIR spectroscopy, 

[137] as it is able to probe past the surface of resin beads to explore causes of column 

degradation. Thus, as demonstrated by the current study, Raman spectroscopy provides 

additional information that is not possible to obtain with ATR-FTIR spectroscopy. 

Previous studies show pore blockages occurring in protein A resin after use. CLSM, for 

example, revealed that fluorescently labelled mAbs bound to the resin but were not completely 

removed by typical CIP procedures [58, 59]. Given that CLSM requires fluorescently labelled 

mAb and the presence of the fluorophore alters the binding properties of the mAb, it was not 

clear from these earlier studies whether the pore blockages observed were representative of 

what would happen in a normal column or were occurring as a result of the modified protein. 

Here we were able to analyse non-labelled, native protein and confirm that the drop in SBC of 

the protein A resin is due to build-up of contaminants in the resin pores that both reduces 

overall binding and limits where mAb binds under non-saturating concentrations of mAb. Pore 

diffusion is the main transport mechanism by which mAbs bind to protein A resin [140]. Unused 

MabSelect Sure exhibited the highest binding capacity and a homogeneous binding profile 

regardless of mAb concentration loaded, indicating that all SPA binding sites are accessible 

within unused resin beads. In contrast, the used resins exhibit heterogeneous protein binding 

when loaded with mAbs at concentrations below saturation (Figure 4.8B). It is probable that 

as the resin has only been used for 25 cycles the level of contaminants makes some of the 
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locations of the resin beads less accessible but does not block them entirely. Subsequent 

loading of sub-saturating concentrations of mAb results in the individual mAb molecules 

preferentially binding to those SPA sites that are most easily accessible. This is supported by 

a study by Zhang et al [58], which showed that MabSelect SuRe resin beads exhibit decreased 

pore size and porosity after use. However, once a higher concentration mAb solution is applied, 

pore diffusion is able to overcome resistance caused by reduced pore size and therefore a 

homogeneous profile is observed in all resins once saturated with mAb (Figure 4.8 A). This 

hypothesis is supported by the homogeneous diffusion model observed in polishing steps at 

saturation by Xiao et al [115] as well a study by Perez-Almondovar [140] showing that large 

pore size reduces diffusional hinderance.  

The Raman spectra, and in particular the presence of the Phe bands, indicated that irreversibly 

bound Phe containing proteins are the main foulant in used protein A resins. Mass 

spectrometry analysis confirmed the presence of irreversibly bound mAbs as well as large 

amounts of peroxidases (categorised as HCP [139]) in the used resins. Peroxidases have 

been previously shown to interact more strongly with mAbs when compared to other HCPs 

and to co-elute with mAbs during protein A purification [139]. It was previously suggested that 

mAb based contaminants act as a nucleation point for further HCP accumulation and this 

increases with repeated resin use [59].These findings further support this theory with a variety 

of HCPs being detectable in substantial abundance after just 25 cycles of purification. Further 

resin use up to 75 cycles shows no further mAb accumulation but a substantial further increase 

in HCP detection compared to the 25 cycle industrially fouled samples, suggesting that there 

is a defined process of contaminant build up with initial irreversible mAb binding leading to 

HCP accumulation. 

The combination of Raman spectroscopy and mass spectrometry provides a unique insight 

into the identity of irreversibly bound contaminants and how the presence of these molecules 

on the resin does not just affect overall SBC within a column but also binding of the mAb within 

individual resin beads. With the current set up it is not possible to use a macroscopic optical 

path that would allow measurement of a large number of beads simultaneously. Whilst it is 

theoretically possible to perform such an analysis the increased amount of back scatter 

obtained from the spherical and non-uniform sized beads would introduce a markedly higher 

amount of background in resultant spectra.  

These findings suggest that new CIP procedures need to be designed to allow effective 

removal of the mAb foulant. Such procedures have the potential to extend the protein A resin 

lifetime and make mAb production more economical. Furthermore, this study shows that 

confocal Raman spectroscopy is a very powerful tool for monitoring and managing changes 
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in resin binding capacity. These findings have the potential to inform new ways of working for 

large scale therapeutic antibody production. 

 

 

 

 

 

 

 

 



  103 | P a g e  
 

Chapter 5- Prediction of protein A dynamic binding 

capacity by confocal Raman spectroscopy 
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5.1 Background 

The application and number of BT’s is steadily increasing as discussed in section 1.1. As new 

BTs are identified, there is a need for both reliable and fast process development to decrease 

time and cost to produce BT’s for patients whilst maintaining strict regulations for product 

conformity and product quality attributes (PQA’s) [141]. BT is used in this work to collectively 

refer to antibody-based molecules such as Bispecifics, scFvs and mAbs . As each BT and the 

cell lines used to produce them are unique, the isolation protocol needs to be optimised in 

each case. In addition, in order to meet legal requirements there is a need to remove a wide 

range of contaminants from the feed stream containing the expressed and BTs [30]. Changes 

in PQAs including glycation, formulation, HCP profile and BT titre have the potential to reduce 

BT efficacy and in the worst cases cause an undesirable immune response in patents [142, 

143]. PQA’s can be determined by individual methods that require individual BT calibration, 

for example titre measurements utilise High performance liquid chromatography (HPLC) and 

requires calibration curves for each BT in order to accurately quantify titre [144] .  

Most PQAs are determined with small scale models which have been shown to scale up to 

industrial scale [141, 145]. The reason for using scalable unit operations for model generation 

is due to it being impractical to perform at industrial scale due to unit operations such as 

chromatography being very costly with a protein A resin costing up to $14000 per litre [55]. 

The individual BT calibration of each method for determining PQAs increases development 

time and cost exponentially due to the simultaneous development of multiple BTs . Platform 

based approaches are however preferred as they allow for single calibration towards particular 

class of BT thus less time required to characterise multiple BTs for clinical trials and markets 

[145]. During drug discovery phase of developing BT’s, lead and hit molecules will be all 

characterised towards a single disease target simultaneously. The development of bespoke 

isolation protocols for each lead and hit version of BTs increases cost and time to development 

that will. The requirement for expensive affinity resins further contributes substantially to the 

cost of BTs. 

The most commonly used step in BT downstream processing is PrAc. PrAc removes the bulk 

of contaminants from upstream generated clarified unprocessed bulk (CUB) [29]. In order to 

reduce operational costs for PrAc the DBC analysis is used. DBC determines how much BT 

binds to a column when a set percentage of product is lost as breakthrough [65]. Breakthrough 

refers to the analyte ( in this case BT) that flows through the column without binding, this 

solution will also contain contaminants and media components that do not bind to column.   In 

this study the DBC at 10% breakthrough during loading of BT was measured, 10% 

breakthrough is commonly assessed in literature [60, 61] and industry [52, 62-64] The main 
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parameters assessed during these assays are the residence time of BT in the column, which 

is controlled by the flow rate. Due to the fact that BT binding is driven by mass transport 

phenomena [65], a longer contact time means a higher chance of the BT binding to the SPA 

ligand. There is however a trade-off between unit operation time and overall BT binding to 

column. There typically will be a residence time beyond which only minimal gains in DBC will 

be achieved.  

To ensure legal requirements for PQAs are met new technologies and methodologies are 

being developed to ensure patient safety as complex unit operations are required to generate 

BTs. Currently DBC is measured by offline by HPLC [63, 146] and in-line by Fast liquid protein 

chromatography (FPLC) [59, 66], with both utilising 280nm flow cells. Other BT attributes are 

assessed by size exclusion chromatography [147, 148], HPLC [32, 149] and liquid 

chromatography mass spectrometry [150]. In order to make the process of monitoring DBC 

and other BT attributes as effective and efficient as possible and reduce the cost of the BTs, 

it is important alternative methods are explored. Raman spectroscopy as described by section 

1.3 can be used to detect functional groups by the vibrational modes observed in a spectrum 

[100]. The vibrational modes provide information on the chemical makeup and protein 

secondary structure of a given sample. Raman spectroscopy has shown promise in its ability 

to determine and quantify multiple PQAs of a given BT such as formulation pH, formulation 

stability and glycosylation [117, 151]. Raman spectroscopy has successfully been used in pilot 

scale bioreactors for both monitoring glycosylation of the expressed protein and glucose 

concentration of the media [152, 153]. Recently Raman spectroscopy via a fibre optic ball 

probe was successfully used to quantify the titre of mAb during loading of a protein A column 

[118]. 

This chapter describes the development of two new Raman methodologies for use in 

downstream processing of BTs. The first is a high throughput offline Raman approach to 

establishing BT titre and DBC on a Protein A affinity column. This approach achieved BT 

quantification comparable to industry standard methods such as from FPLC (280 nm UV 

chromatogram) and Protein A HPLC with the added advantage of multivariate data which 

could be further developed to quantify multiple PQAs simultaneously. The second method 

utilised a novel inline breakthrough device to determine DBC of PrAc column and BT titre 

under flow. The inline breakthrough approach served as proof of concept for utilisation of 

Raman spectroscopy in inline DBC calculations. 

 



  106 | P a g e  
 

5.2 Materials and methods 

5.2.1 Determination of offset volume for HiScreen columns  

Line clean/pump wash was performed on an ÄKTA ADVANT 25 FPLC system (Cytivia,UK) by 

flushing the system (lines and sample/buffer pumps) via the built-in pump wash function of the 

Unicorn 8 software (Cytivia,UK). Filtered MilliQ water was flushed through the system followed 

by a NaOH (0.5 M) wash with a 15-minute hold time. The system was then flushed with MilliQ 

water prior to equilibration. 

 

Figure 5.1 Schematic for the ÄKTA ADVANT 25 purification system incorporating HiScreen MabSelect SuRe and 

HiScreen MabSelect Prism A BT isolation to generate breakthrough curves. The yellow pathway indicates the 

volume between the sample pump and detector (System hold up volume). The red and dark orange pathways 

indicate the tubing and void volume of the HiScreen MabSelect SuRe and HiScreen MabSelect Prism A 

respectively. The void volume is the total volume in the column i.e., between resin beads and within the pores of 

the resin. The offset volume is the yellow line plus the red/dark orange lines of either column. 

HiScreen MabSelect SuRe and HiScreen MabSelect PrismA columns, both with a bed volume 

of 4.567 ml, were attached to the V9-C valve of the ÄKTA at positions 2 and 4 respectively. 

Columns were individually washed with MilliQ water followed by 5 CVs of equilibration buffer 

(55 mM Tris-Base, 45 mM acetic acid, pH 7.5) followed by a 1 ml injection of spike solution 

(55 mM Tris-Base,45 mM acetic acid,1M NaCl) delivered via the sample pump. The columns 

were washed with water then loaded with 20% ethanol solution for storage. Chromatograms 

were exported to Excel using UNICORN 7 (Cytiva) software and processed using MATLAB 

R2019B (MathWorks). The offset volume between the sample pump and detector for each 

column (yellow plus the red/orange flow path in Figure 5.1) were calculated from the volume 

required for the spike solution to reach the ÄKTA conductivity detector. 
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5.2.2 Biotherapeutic preparation  

Unprocessed bulk (UB) solution from pilot scale bioreactors for BT’s A, B and C were provided 

by GSK. Each BT is part of an active medicine development program at GSK and contains an 

Fc region required for PrAc. Each UB sample was defrosted at room temperature as required 

then passed through a 0.2 µm bottle top filter (Merck, UK) to remove particulate matter and 

produce CUB solution. This clarification process was performed in a sterile laminar airflow 

hood to prevent unwanted microbial growth. CUB samples were aliquoted into a mix of 1 and 

5 L containers. The 1 L CUB aliquots were stored at 4 °C for up to 5 days while 5 L CUB 

aliquots were frozen at -80 °C until further use. 

5.2.3 Biotherapeutic isolation to generate breakthrough curves 

The ÄKTA was line cleaned between runs as described in section 5.2.1. The HiScreen 

MabSelect SuRe and HiScreen MabSelect PrismA columns were attached to the valves and 

tubing as described in section 5.2.1, in order to ensure that the offset delay volume for DBC 

capacity calculations remained the same through all experiments. Both HiScreen MabSelect 

columns were equilibrated with 3 CV’s of equilibration buffer and then loaded with CUB to at 

least twice the column DBC stated by the manufacturer (35 mg ml-1 for MabSelect SuRe [64] 

and 65 mg ml-1 for MabSelect PrismA [52]). In other words, the column was oversaturated as 

calculated using Equation 5.1 

 𝐶𝑆 =
𝑉𝐼 ∗ 𝐶0

𝑉𝑐
 6.1 

Where 𝐶𝑆= oversaturation concentration 𝑉𝐼=injection volume 𝐶0= BT Titre and 𝑉𝐶=Column bed volume 

During each protein loading step, 2 ml fractions were collected in a 96 deep well plate 

maintained at 4 °C. The flow rate was varied between runs, allowing for control of the 

residence time of BT during each run as shown in Table 5.1. 

Table 5.1 Conversion of flow rate to residence time for HiScreen protein A columns used. 

Flow rate (ml min-1) Residence time (minutes) 

0.466 2 

0.776 4 

0.931 5 

1.164 6 

2.328 10 
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The columns were subsequently washed with 3 CVs of equilibration buffer to remove unbound 

contaminants and the bound BT eluted with elution buffer (1.8 mM sodium acetate, 28.2 mM 

acetic acid, pH 3.6). The columns were washed with 3 CVs of MilliQ water followed by 3 CVs 

CIP buffer (0.1M NaOH) with a 15-minute CIP buffer hold on the column. Once runs were 

completed the columns were stored in 20% ethanol solution at 4 °C. The volumes for each 

step described above were expressed as an ÄKTA method file and implemented with scouting 

runs to change flow rate, V9-C valve position and sample load volume.  

5.2.2 Protein A High-pressure liquid chromatography 

To calculate the titre of BT in the breakthrough a 1260 infinity II (Agilent) HPLC system fitted 

with a 20 µm POROS (Thermo Scientific, UK) protein A column was used. A bind elute mode 

was used. HPLC buffer A (50mM Sodium Phosphate, 0.5 M NaCl, pH 7.0) was used for 

equilibration and HPLC buffer B (50 mM Sodium Phosphate, 0.5 M NaCl, pH 2.0) was used 

for elution. A flow rate of 2 ml/min and the column/sample compartments were kept at 5 °C. A 

detection wavelength of 280 nm was used. The area under the elution peak for each isolated 

BT was measured and compared to a BT standard curve. 

The standard curve was generated by diluting BT standard solutions ~1 mg ml-1 (Appendix 

Table 8.2-Table 8.5). The standard solution concentration for each BT was verified by OD280 

nm measurements on the Lunatic plate reader (Lunatic, UK) using ε for BT (BT A= 1.440, BT 

B=1.460 and BT C= 1.515) as shown in Figure 5.7 and Appendix Table 8.2-Table 8.5. The 1 

mg ml-1 BT standard was placed into the multi-sampler of the 1260 infinity II (Agilent) HPLC 

system. The POROS column was equilibrated with Mobile phase A then loaded with BT 

protein standard solution at a range of set volumes (5, 7, 10, 15, 20, 25, 30 µl). Once an 

individual BT was bound to the column, HPLC buffer B was used to elute the BT from the 

column. Elution of BT was confirmed by the 280nm detector within the 1260 infinity II HPLC 

system.  
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Figure 5.2 Example of DBC sample selection for protein A HPLC analysis. Samples taken from 2 ml fractions 

collected in 96-deep well plate for Cycle 6 of MabSelect SuRe purification are highlighted in blue with the sample 

number above. Sample 1 was taken from a 2 ml fraction collected from 36.578 ml prior to any breakthrough 

occurring. Samples 2, 3, 4, 5 and 7 were collected at 48.578, 52.579, 56.579, 60.580 and 68.580 ml respectively 

and illustrate various breakthrough amounts. Sample 8 was collected at 104.582 ml and illustrated 100% BT 

breakthrough. 

Breakthrough samples, samples, in aliquots of 100 µl, were collected in a 96 well plate and 

loaded into the multi-sampler of a 1260 infinity II (Agilent) HPLC system. Eight breakthrough 

samples were chosen based on the 280 nm readings obtained from the ÄKTA chromatograms. 

Sample 1 was from before BT breakthrough, samples 2-7 were chosen to cover before and 

after the 10% breakthrough at 4 ml intervals, sample 8 was chosen as the Amax sample, 

demonstrating 100 % of BT breakthrough. The sample injection volume for each fraction was 

varied (Table 5.2) to prevent peak area and BT mass on the column exceeding the standard 

curve values as breakthrough concentrations were much higher (>10x) than standards. 

Reducing injection volume on HPLC with higher concentration samples allowed for controlled 

mass loading on the HPLC POROS column. 

Table 5.2 Breakthrough fraction injection volume for HPLC. 

Fraction Injection volume (µl) 

1 50 

2 50 
3 30 

4 30 
5 20 

6 20 
7 10 

8 5 
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5.2.3 Design of Experiment for Raman instrument parameter optimisation 

The Design of Experiment (DOE) feature within the JMP 16 pro software was used to build 

each experimental design. BT B was used as the model analyte for DOE for both the offline 

well plate and in-line breakthrough setup. The 785 nm laser was utilised on the Renishaw 

InVia Raman spectrometer (Renishaw, UK). Resultant spectra were not pre-processed for the 

DOE experiment responses as the aim was to ensure instrument settings (exposure time , 

laser power, accumulations) could observe spectral changes when BT titre increases at the 

expected ranges (0 - 3.60 mg ml-1). Pre-processing would later be used to improve ability of 

models to Quantify BTs. Spectrometer responses such as Signal to Noise Ratio, Amide I 

integrated intensity, phenylalanine intensity as well as measurement time were chosen as 

metrics for DOE performance. The response surface model (RSM) determined specific 

parameters to be used (offline and inline).  

In the offline well plate setup, 200 µl of sample  was placed into quartz 96 well plates. Samples 

were made up of 3.60mg ml-1 BT B CUB and  0.26 mg ml-1 BT B from breakthrough. were 

replaced every 4.5 hours of measurements. Laser powers of 500, 250, 50 and 5 mW were 

tested for the 785 nm laser. Accumulations (range = 2 - 32) and exposure time (range = 2-40 

s) parameters were treated as continuous variables by the JMP19 pro software. To check 

method performance across typical protein concentrations, samples at low (0.26 mg ml-1) and 

high (3.60 mg ml-1) concentrations were used.  

For the breakthrough device, laser power at two discreet values, 250 mW and 500 mW, was 

used for the in-line setup. Accumulations and exposure time (seconds) were set at a 

continuous range of 1-10 in JMP pro-16. The lower accumulation and exposure time range 

were at a reduced range compared to the well plate set up due to the small volume of samples 

(<1 ml) measured at a flowrate of 0.931 ml min-1. Sample consisted of BT B CUB (3.60 mg ml-

1) for inline DOE measurements. 

5.2.4 High throughput 96-wellplate Raman microscopy 

The InVia confocal Raman system stage was optically focused using a pen mark on the bottom 

of the transparent quartz 96-well plate. Once the mark was in focus the stage was set 5000 

µm from the objective in the z direction. A quartz 96-well plate, containing 200 µl aliquots of 

individual breakthrough samples as described in Section 5.2.3, was used for Raman 

microscopy. A plate mapping add-on was used to map the 96-well plate ensuring that all 

sample wells were analysed. A 10X objective was used with the pinhole in the out position. 

The 785 nm laser set to 500 mW power, 20 accumulations and an exposure time of 24 

seconds was used in combination with the built-in cosmic ray removal setting. Samples were 
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allowed to be in the well plate for a maximum of 4.5 hours in order to minimise sample 

evaporation (Figure 5.14). The generated spectra were exported to MATLAB 2019B with PLS 

toolbox 9 (Eigenvector, USA), for further analysis. 

5.2.5 Simulated in-line Raman microscopy of breakthrough curves using custom 

breakthrough device  

A master chip (Figure 5.3 a) was designed in SOLIDWORKS 2020 software (Solidworks, USA) 

and 3d printed using a Form 3 3d printer (Formlabs, USA). The master chip was used to cast 

Sylgard a 184 PDMS device by soft lithography. The PDMS channel and the inlet and outlet 

tubing were 0.5 mm2 to match ÄKTA tubing dimensions and thus minimise changes in 

pressure within the device when under flow. A 0.5 mm thick sapphire window was bonded to 

the channel of the PDMS device. Both the PDMS and sapphire were treated with O2 plasma 

in a Harrick plasma cleaner (Harrick, USA) and the two materials pressed together to ensure 

bonding occurred. The sapphire window was further sealed with a Silicon sealant to prevent 

and leakage and displacement of the window (Figure 5.3). Sapphire was chosen as a window 

due to it only having peaks below 700 cm-1 and otherwise being transparent where bands from 

proteins occur on a spectrum. 

 

Figure 5.3 Breakthrough device A) Master chip design with 0.5mm2 surface area channel. B) Breakthrough device 

external casing. C) Final Breakthrough device sealed with a sapphire window. Blue food colouring was flowed 

though at 1 ml min -1 to visually check for leaks. 

A custom breakthrough device with a 0.5 mm2 channel was placed onto the InVia confocal 

stage and attached to 0.5 mm2 ÄKTA PTFE tubing. The inlet was fed through the closed 

compartment door of the InVia stage compartment. The laser was focused on the 

breakthrough device channel using a 50X objective and a 1 M urea solution. Breakthrough 

samples were extracted from the deep well plate (prepared as described in section 5.2.3) and 

placed into individual syringes. The syringes were then individually attached to the tubing inlet 

and 100 µl of sample loaded into the inlet tubing using a 11 elite syringe pump (Harvard 

apparatus, UK) at a flow rate of 0.931 ml min -1. Each sample was then measured under flow 

through the sapphire window of the breakthrough device at 0.931 ml min-1. The 785 nm laser 

set to 500 mW power, 1 accumulation and 10 second exposure was used in combination with 

the built-in cosmic ray removal setting. This process was repeated for each breakthrough 
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sample. A cleaning step consisting of 400 µl 0.5 M NaOH followed by 400 µl MilliQ water was 

performed between samples. 
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5.3 Results 

5.3.1 Calculating sample properties for Dynamic binding capacity 

measurements using industry standard methods. 
When calculating the DBC10% according to Equation 5.2, it was important to know the total 

delay volume between the sample pump and the detector on the system. The offset volume 

(V0) was calculated from the system dead volume and the column void volume (Figure 5.1). 

This value was used in the DBC10% calculations (Equation 5.2) for both columns. The offset 

volumes for both MabSelect SuRe and MabSelect PrismA are shown in in Figure 5.4 a and 

b/c respectively and were calculated with 0.5 M NaCl equilibration buffer as described in 

section 5.2.1.  

Where DBC10%= Dynamic binding capacity at 10% breakthrough V10%= volume at 10% breakthrough V0=offset 

volume Vc=column bed volume C0= BT titre 

 

Figure 5.4 Chromatogram of 0.5M NaCl spike test for HiScreen columns A) MabSelect SuRe for 1-29 cycles, B) 

MabSelect PrismA tubing for cycles 1- 3, C) MabSelect Prism A for cycles 4-29. V0 is the determined offset volume 

for the ÄKTA pure 25 system, tubing and column used. 

The HiScreen PrismA column experienced a leak in tubing after 3 cycles and thus the tubing 

to outlet and inlet was changed and a new offset volume for cycles 4-29 was measured as 

shown in Figure 5.4 C. There was no leaking observed during cycles 1-2 for prism A column. 

Prism A column cycle 3 conditions (5-minute residence time,0.931 ml min-1 ) were repeated in 

cycle 9 (Table 5.3). 

A typical Protein A DBC experiment chromatogram for one purification cycle is shown in Figure 

5.5 A. To reduce noise in the absorbance, each UV measurement was averaged over 15 

(0.077 ml) measurement points, from the detector. During loading (Figure 5.5A; red shading) 

there are two plateaus in absorbance observed due to 1) flowthrough of HCPs and other 

𝐷𝐵𝐶10% =
(𝑉10% − 𝑉0) ∗ 𝐶0

𝑉𝑐
  5.2 
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components in the CUB solution which don’t bind to the protein A column and 2) breakthrough 

of BT as the SPA ligand binding sites all become occupied. This second plateau is higher than 

the first plateau as it contains the breakthrough BT in addition to the HCP and media 

components. The second peak (peach-shading) is the elution of bound BT using the acidic 

(pH 3.3) elution buffer and finally the third peak (blue shading) contains bound proteins 

removed by the CIP step (Figure 5.5 A)  

 

Figure 5.5 Chromatogram obtained for purification cycle 5 of BT B using MabSelect SuRe shown from the loading 

step. The residence time was 5 minutes. A) Overall chromatogram for the purification cycle. Red, green, peach 

and blue shading indicate loading, wash, elution, and CIP steps respectively. B) Zoomed in view of the load step 

showing the two plateaus, the maximal absorbance (Amax) obtained for the second plateau, and the absorbance 

offset (Aoffset) from HCP and media components. C) The difference in Amax obtained for the loading step after 

subtracting Aoffset to determine the 10% BT breakthrough volume (V10% ).  

The 280 nm UV chromatogram (Figure 5.6) was used to obtain the 100% breakthrough 

absorbance (Amax), required for calculation of the DBC. When 100% breakthrough is reached 

during loading, the breakthrough BT titre is equal to the CUB BT titre as BT can no longer bind 

to the column so all the BT flows through. In order to obtain 10% of the BT titre or 10% BT 

breakthrough, 10% of maximum absorbance (A10%) for each BT the chromatogram was offset 
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by the HCP and media component breakthrough plateau (Figure 5.5 C). The breakthrough 

volume at A10% (V10%) was then used in Equation 5.2 to calculate the DBC 

The 280 nm UV detector detected an absorbance signal of conjugated double bonds as the 

CUB is heterogeneous mixture of proteins and unknown media components. This 

heterogenous mixture means the molar absorptivity of both CUB and column flowthrough is 

different from pure BT. Since, during loading the HCP/media component of the total 

flowthrough (contaminants + breakthrough BT) is consistent, the chromatogram UV 

absorbance obtained by BT B breakthrough can be determined from the difference between 

Amax for contaminant flowthrough and the Amax obtained from BT breakthrough (Figure 5.5 C). 

Furthermore, given that absorbance is proportional to concentration, 10% of the Amax signal is 

equivalent to 10% of the BT from the CUB in the breakthrough. The Amax for BT a and BT B 

was calculated by flowing CUB though the system but bypassing the column in order to ensure 

no BT is lost to the column (Figure 5.6). BT C was only available in limited amounts so the 

Amax was derived from purification cycle 21 (Table 3) for MabSelect SuRe with a residence 

time of 10 minutes. The large residence time and lower capacity resin ensured the column is 

truly saturated and therefore the Amax reading was stable across the second plateau as the 

length of time where the inlet is equal to the outlet concentration was the longest for all BT C 

experiments. 

 

Figure 5.6 280nm Amax readings for all BTs. A) BT A Amax calculated from flowing BT A CUB bypassing column at 

0.931 ml min-1. B) BT B Amax calculated from flowing BT B CUB bypassing column at 0.931 ml min -1. C) BT C Amax 

calculated from flowing BT C though HiScreen MabSelect SuRe column at a flow rate of 0.466 ml min-1 (10-minute 

residence time). 

Calculating the concentration of each BT in their respective CUB requires pure BT samples 

obtained by Protein A HPLC. The Beer-Lambert law (Equation 5.3) was used to calculate 

concentration of BT standards and ensure injection concentration was at ~1 mg ml-1 for 

controlled mass loading on the Protein A HPLC. 
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𝐶 =
𝐴

ε ∗ 𝑙
 5.3 

Where A=Absorbance, ε=molar absorptivity, C=concentration and 𝑙=pathlength 

Protein A HPLC isolates very small volumes of BT, the volume loaded on to columns is varied 

allowing for controlled mass loading on the column. The BT titre of each CUB solution was 

obtained using standard curves (Figure 5.7), Equation 5.4 and Equation 5.5. 

𝐶𝑀 =
𝑆𝐴 − 𝑏

𝑚
  5.4 

Where CM = mass on column, SA = peak area, m = standard curve gradient and b = standard curve y intercept 

𝐶0 =
𝐶𝑀

𝐼𝑉
= 5.5 

Where IV = injection volume, C0=BT titre of CUB solution 

 
Figure 5.7 Protein A HPLC standard curves for each BT. A) BT B standard curve obtained on HPLC machine 1, 

used up to cycle 21 for both HiScreen columns, B) BT C standard curve on HPLC machine 1 with CUB BT A Titre 

shown (n=3) C) BT B standard curve on HPLC machine 2 used for cycles 22 onwards. CUB BT B Titre shown 

(n=3) D) BT A standard curve on HPLC machine 2. BT A titre shown (n=3).Appendix Table 8.2-Table 8.5 contains 

peak area and mass. Peak area was measured from Retention time of 2.5 and 2.8 to observe BT monomer. 
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The individual CUBs had titres of 2.51, 2.45 and 3.60 mg ml-1 of BT A, B and C respectively. 

The C0 values obtained for the BT using Protein A HPLC in Figure 5.7 was used in the 

Equation (5.2) to calculate DBC using ÄKTA UV 280nm absorbance readings for HiScreen 

columns. 

 

Figure 5.8 Protein A HPLC titre measurements for each selected breakthrough fraction from cycle 6 of MabSelect 

SuRe. Residence time of 4 minutes with BT B. 

Using Protein A HPLC to calculate DBC using Equation 5.2 requires C0 (Figure 5.7 and 

Equation 5.5) and the volume of elution for analysed fractions determined by Chromatogram 

readouts (Figure 5.2). Each collected fraction for HPLC analysis was made up of 2 ml volume, 

the UV detector sampled a much smaller volume of sample with each measurement point 

being 0.005 ml thus HPLC fractions were the combination of changing titre over 2ml of 

breakthrough . The offset volume was also previously calculated as shown in Figure 5.4. In 

order to calculate the V10%, the titre of each collected fraction was measured (Figure 5.8) and 

compared to the known C0 of CUB for relevant BT. 

5.3.2 Dynamic binding capacity measurements of relevant industrial Protein A 

resins by industry standard methods 

DBC measurements were carried out using the two different Protein A columns and both BT 

B and C with 5 different residence times ( Table 5.3) in order to compare the effects of 

residence times and generate training data for the Raman based quantification models. BT A 

was used with residence times of only 2 and 5 minutes, as typically used by industry. The aim 

was to test the subsequent Raman model produced from this BT B and C DBC data to predict 

the DBC performance for BT A, thus demonstrating that the Raman approach could be applied 

to multiple BT’s. 
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Table 5.3 MabSelect SuRe and MabSelect PrismA DBC parameters and purification cycle number.  

HiScreen resin type Cycle number Biotherapeutic Molecule Residence time (minutes) 

MabSelect SuRe 1 B 10 

MabSelect SuRe 2 B 10 

MabSelect SuRe 3 B 10 

MabSelect SuRe 4 B 6 

MabSelect SuRe 5 B 5 

MabSelect SuRe 6 B 4 

MabSelect SuRe 7 B 6 

MabSelect SuRe 8 B 5 

MabSelect SuRe 9 B 4 

MabSelect SuRe 10 B 2 

MabSelect SuRe 11 B 2 

MabSelect SuRe 12 C 2 

MabSelect SuRe 13 C 4 

MabSelect SuRe 14 C 2 

MabSelect SuRe 15 C 4 

MabSelect SuRe 16 C 5 

MabSelect SuRe 17 C 6 

MabSelect SuRe 18 C 10 

MabSelect SuRe 19 C 5 

MabSelect SuRe 20 C 6 

MabSelect SuRe 21 C 10 

MabSelect SuRe 22 A 5 

MabSelect SuRe 23 A 2 

MabSelect SuRe 24 A 5 

MabSelect SuRe 25 A 2 

MabSelect PrismA 1 B 10 

MabSelect PrismA 2 B 6 

MabSelect PrismA 3 B 5 

MabSelect PrismA 4 B 4 

MabSelect PrismA 5 B 2 

MabSelect PrismA 6 B 5 

MabSelect PrismA 7 B 2 

MabSelect PrismA 8 B 4 

MabSelect PrismA 9 B 5 

MabSelect PrismA 10 B 6 

MabSelect PrismA 11 B 10 

MabSelect PrismA 12 C 2 

MabSelect PrismA 13 C 4 

MabSelect PrismA 14 C 2 



  119 | P a g e  
 

MabSelect PrismA 15 C 4 

MabSelect PrismA 16 C 5 

MabSelect PrismA 17 C 6 

MabSelect PrismA 18 C 10 

MabSelect PrismA 19 C 5 

MabSelect PrismA 20 C 6 

MabSelect PrismA 21 C 10 

MabSelect PrismA 22 A 2 

MabSelect PrismA 23 A 5 

MabSelect PrismA 24 A 2 

MabSelect PrismA 25 A 5 

 

 

 

Figure 5.9 DBC of HiScreen columns with BT B and C residence times from 2 – 10 minutes as well as BT A 

residence times of 2 and 5 minutes calculated form UV 280nm chromatograms. A) DBC results for HiScreen 

MabSelect SuRe B) DBC results for HiScreen MabSelect PrismA. Blue = BT A Red BT B yellow BT C. Error bars 

represent standard deviation in calculated DBC during repeated DBC experiments. (N=2).  

At 10% breakthrough, a large difference is observed between the HiScreen columns, with 

MabSelect PrismA exhibiting increased DBC at each residence time for all BTs compared to 

MabSelect SuRe (Figure 5.9 and Table 5.4). Both columns show an upward trend in DBC as 

residence time is increased from 2 to 10 minutes, although this was markedly higher in the 

case of PrismA (Table 5.4). MabSelect SuRe has a relatively narrow DBC range for residence 

times from 2 to 10 minutes, the DBC increased by 16.18 and 6.67 mg ml-1 for BT B and C 

respectively. Changing residence time from 2 to 10 minutes corresponds to a % increase of 

DBC by 56% and 26% for BT B and BT C. For PrismA DBC range was observed at 35.48 and 

19.64 mg ml -1 for BT B and C when increasing Residence time from 2 to 10 minutes. This 

correlates to a % increase in DBC by 99% and 51% for BT B and BT C, demonstrating that 
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residence time plays a greater role in BT binding to PrismA resin than SuRe resin for both 

BTs .  

BT A performed similar to BT B with DBC at residence time of 5 minutes with a DBC of 37.09 

and 36.70 mg ml-1 respectively for on MabSelect PrismA and 61.72 and 63.76 mg ml-1 

respectively on MabSelect SuRe. Overall higher DBC shows MabSelect Prism A’s enhanced 

performance over MabSelect SuRe even across different BT’s.  

Both HiScreen columns exhibited lower DBCs for BT C than the other BTs. It is unlikely that 

this is due to the initial concentration of BT C in the load since the concentrations of BT C and 

BT A were similar (Figure 5.7). Equilibration buffer is the same pH across all experiments, as 

each BT is unique there will be slightly different effects to binding. The binding interaction 

between BT and SPA is known to be facilitated by hydrophobic interactions and salt bridges 

[45]. As each BT could be of different class or have changes in FC region responsible for 

binding to SPA, different salt concentrations can enhance or reducing binding affinity by 

affecting the hydrophobic interactions facilitating the interaction. It is also possible that 

variations in the structure of BT C affecting their isoelectric point in equilibration buffer. Change 

in charge of histidine residues at low pH is what allows for BT to become unbound from SPA 

during elution [47]. As each BT has different overall charge the BT’s affinity for SPA will be 

changed. Exact structural information is unavailable due to BT structure being propriety 

information. This was one way to calculate DBC, more commonly HPLC is used in industry to 

measure the DBC of new BTs. 

 

Figure 5.10 HPLC calculated DBC of HiScreen columns with residence times from 2 – 10 minutes. A) DBC results 

for HiScreen MabSelect SuRe B) DBC results for HiScreen MabSelect PrismA. Blue = BT A Red BT B yellow BT 

C. Error bars represent standard deviation in calculated DBC during repeated experiments. (N=2). 
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The HPLC calculated DBC results (Figure 5.10 and Table 5.4) confirm that PrismA has a 

higher DBC than MabSelect SuRe at all residence times tested for every BT. MabSelect SuRe 

again has the smallest DBC range when increasing residence time from 2 to 10 minutes, the 

DBC increased by 14.37 and 8.39 mg ml-1 for BT B and C respectively . This corresponded to 

a % increase in DBC of 47% and 31% for BT B and BT C. As shown for the UV calculated 

DBCs, MabSelect PrismA has the largest HPLC calculated DBC range, the DBC increased by 

41.96 and 19.99 mg ml-1 for BT B and C respectively when residence time increased from 2 

to 10 mins (Figure 5.10B). This corresponded to an increase of DBC by 118% and 51% for 

BT B and BT C. 

BT A and BT B have residence time 5 minutes giving DBC of 61.71 and 63.75 mg ml-1 

respectively. Protein A HPLC shows a general trend upwards in DBC as residence time is 

increased although 6 minutes residence time exhibits a decrease in binding capacity. The 

same decrease in DBC is shown in the UV predicted DBC (Figure 5.9) although this appears 

to be increased in HPLC. PrismA shows a decrease in DBC at 6 minutes, this is conflicting 

with UV results. The decrease appears to be a sampling issue for HPLC with both samples 

for BT B with 6-minute residence on prism A (Appendix Figure 8.5). 

Table 5.4 HPLC and ÄKTA Chromatogram calculated DBC for each HI screen column, BT, and residence time 

over purification cycles 1-25.  

HiScreen resin type Cycle BT 
Residence time 

(min) 
HPLC DBC  
(mg ml-1) 

Chromatogram 
(mg ml-1) 

MabSelect SuRe 1 B 10 46.70 46.32 

MabSelect SuRe 2 B 10 43.42 43.64 

MabSelect SuRe 3 B 10 44.84 45.67 

MabSelect SuRe 4 B 6 33.90 37.88 

MabSelect SuRe 5 B 5 33.87 37.54 

MabSelect SuRe 6 B 4 43.25 39.23 

MabSelect SuRe 7 B 6 41.74 40.63 

MabSelect SuRe 8 B 5 43.25 39.86 

MabSelect SuRe 9 B 4 40.11 39.23 

MabSelect SuRe 10 B 2 27.49 30.08 

MabSelect SuRe 11 B 2 33.76 27.98 

MabSelect SuRe 12 C 2 26.68 26.26 

MabSelect SuRe 13 C 4 30.86 28.13 

MabSelect SuRe 14 C 2 26.68 24.85 

MabSelect SuRe 15 C 4 32.98 29.87 

MabSelect SuRe 16 C 5 32.97 30.45 

MabSelect SuRe 17 C 6 35.07 30.92 

MabSelect SuRe 18 C 10 35.07 31.67 

MabSelect SuRe 19 C 5 32.97 29.95 

MabSelect SuRe 20 C 6 32.97 30.56 

MabSelect SuRe 21 C 10 35.07 32.81 
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MabSelect SuRe 22 A 5 38.94 37.13 

MabSelect SuRe 23 A 2 27.91 29.89 

MabSelect SuRe 24 A 5 38.93 37.06 

MabSelect SuRe 25 A 2 27.97 26.51 

MabSelect PrismA 1 B 10 79.76 71.70 

MabSelect PrismA 2 B 6 51.33 62.79 

MabSelect PrismA 3 B 5 N/A N/A 

MabSelect PrismA 4 B 4 52.73 54.67 

MabSelect PrismA 5 B 2 36.92 34.37 

MabSelect PrismA 6 B 5 62.18 58.98 

MabSelect PrismA 7 B 2 33.79 36.78 

MabSelect PrismA 8 B 4 59.03 58.26 

MabSelect PrismA 9 B 5 65.34 57.20 

MabSelect PrismA 10 B 6 55.95 63.52 

MabSelect PrismA 11 B 10 74.86 70.40 

MabSelect PrismA 12 C 2 39.38 38.08 

MabSelect PrismA 13 C 4 52.04 50.95 

MabSelect PrismA 14 C 2 39.40 37.47 

MabSelect PrismA 15 C 4 52.02 51.17 

MabSelect PrismA 16 C 5 54.12 51.22 

MabSelect PrismA 17 C 6 54.12 54.19 

MabSelect PrismA 18 C 10 60.44 57.36 

MabSelect PrismA 19 C 5 54.13 52.02 

MabSelect PrismA 20 C 6 56.23 53.71 

MabSelect PrismA 21 C 10 58.33 57.46 

MabSelect PrismA 22 A 2 45.35 46.58 

MabSelect PrismA 23 A 5 61.62 62.36 

MabSelect PrismA 24 A 2 40.98 42.67 

MabSelect PrismA 25 A 5 61.81 61.62 

Cycle 3 of Prism A exhibited leak in tubing to column and thus amount of mAb loaded was not accurate; Cycle 3 

DBC was not calculated by Chromatogram or by HPLC. 
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Generating breakthrough samples from DBC experiments took considerable time (2 months) 

for the number of samples generated. Samples were covered with a foil lid to prevent mixing 

between wells of a 96 deep well block and frozen at -80 C, to prevent unwanted microbial 

growth prior to further processing. To ensure samples exhibited no change after 1 freeze thaw 

cycle Protein A HPLC was performed on the same 8 samples selected for HPLC pre freezing.  

 

Figure 5.11 HPLC titre measurements of fractions after storing 96-well plates at -80 °C. A) HPLC titre of 

breakthrough fractions from cycle 6 of MabSelect SuRe after freezing. B) HPLC titre of breakthrough fractions from 

cycle 7 of MabSelect SuRe after freezing for long term storage. 

Due to freezing issues, it was not possible to continue with the DBC generated samples as 

described above. The result of this section confirms PrismA’s superior performance to SuRe 

resin as well as indicating showing 4 minutes residence time as the point where marginal 

increases in DBC occur when residence time is increased. For example, with SuRe with both 

HPLC and chromatogram methods for BT C only increased by ~7% when doubling residence 

time from 5 to 10 minutes compared to 10% when doubling residence time from 2 to 4 minutes. 

For the same BT C and residence times on PrismA an increase of 11% is seen when doubling 

residence time from 5 to 10 minutes compared to 25% when doubling residence time from 2 

to 4 minutes. This chapter would have generated a substantial data set for use in training and 

testing Raman PLS models if issues with storage had not occurred. Data generated for DBC 

experiments from MabSelect SuRe cycles 5, 8 and PrismA 6 and 9 was subsequently used in 

section 5.3.3 to compare reproducibility both industry standard methods for DBC analysis. 
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5.3.3 Reduced Dynamic binding capacity study for generation of BT 

breakthrough from relevant industrial Protein A resins by industry standard 

methods  

A smaller number of DBC samples compared to section 5.3.2 were generated using BT A and 

BT B. Samples DBC was calculated using HPLC and chromatogram methods with these 

samples being subsequently used for Raman analysis as detailed in Table 5.5. 

Table 5.5 HPLC and Chromatogram calculated DBC for each HI screen column, BT, and residence time over 

purification cycles 26-29. Samples were divided into training and test samples for subsequent Raman analysis. BT  

HiScreen 
resin type 

Cycle BT 
Residence 
time (min) 

HPLC DBC 
(mg ml-1) 

Chromatogram 
(mg ml-1) 

Sample 
designation 

MabSelect 
SuRe 

26 A 5 38.94 37.69 BT A Train 

MabSelect 
SuRe 

27 A 2 27.64 29.49 BT A Train 

MabSelect 
SuRe 

28 A 4 
36.97 

 
39.23 

 
BT A Test 

MabSelect 
SuRe 

29 B 5 37.45 36.54 BT B Test 

MabSelect 
PrismA 

26 A 5 61.27 63.91 BT A Train 

MabSelect 
PrismA 

27 A 2 41.37 44.26 BT A Train 

MabSelect 
PrismA 

28 A 4 58.63 61.98 BT A Test 

MabSelect 
PrismA 

29 B 5 59.21 56.62 BT B Test 

 

Samples were designated as “Train” or “Test” for subsequent PLS analysis (Table 5). Train 

refers to samples used in the generation of PLS Raman models whereas test samples were 

used to test the model for predictive ability for the same BT at different residence times or for 

different BT. Training data samples were generated from BT A at residence times of 2 and 5 

minutes. Test data were generated for BT A and BT B at residence times of 4 and 5 minutes, 

respectively (Table 5.5; Figure 5.12). 
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Figure 5.12 HPLC and UV chromatogram calculated DBCs of HiScreen columns over cycles 26-29. DBC results 

for breakthrough samples used in subsequent Raman analysis. A) UV calculated DBC results for MabSelect SuRe, 

B) UV calculated DBC for MabSelect PrismA, C) HPLC calculated DBC for MabSelect SuRe and D) HPLC 

calculated DBC for MabSelect PrismA. Blue X represents BT B at residence times of 2 and 5 min (BT B train). Red 

circle represents BT B at a residence time of 4 minutes (BT B test). Yellow circle represents BT A at a residence 

time of 5 minutes 

Both the UV chromatogram (Figure 5.12A and B) and HPLC based DBC (Figure 5.12C and 

D) results show MabSelect PrismA has an increased DBC at every residence time for each 

BT compared to MabSelect Sure. BT A at 5-minute residence time exhibited a DBC of 38.94 

mg ml-1 (HPLC) and 37.69 mg ml-1 (chromatogram) very similar to BT B which exhibited a 

DBC of 37.45 mg ml-1 (HPLC) and 36.54 mg ml-1 (chromatogram). On average there is a DBC 

decrease of 4% for MabSelect SuRe between BT A and BT B , with MabSelect PrismA 

decrease in DBC for changing from BT A to BT B is a 8% , therefore the BT’s performed 

similarly with BT A having a slightly higher DBC for the columns. Overall column performance 

decreased as cycle number increased, due to irreversible binding of HCP contaminants [154]. 

An example of this column degradation is seen for BT B between cycle 5 (Table 5.4 HPLC 

and ÄKTA Chromatogram calculated DBC for each HI screen column, BT, and residence time 

over purification cycles 1-25.Table 5.4) and cycle 29 (Table 5.5) where a ~5 and ~6% 

decrease in DBC is observed for the UV chromatogram and HPLC methods respectively. 
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In order to compare both industrial methods the HPLC and UV chromatogram DBC prediction 

results were compared in terms of coefficient of variation for 5-minute residence time BT B 

DBC experiments for both HiScreen column types. For MabSelect SuRe DBC predictions from 

cycles 5,8 and 29 were used. For MabSelect PrismA DBC predictions from cycles 6, 9 and 29 

were used. The average %CV between both columns was then calculated for both HPLC and 

UV chromatogram techniques using Equation 5.6. 

%𝐶𝑉(𝑆𝐷)
𝑆𝐷

𝑦̅
∗ 100 5.6 

%CV = the coefficient of variation, 𝑦̅ =the average actual measurement and SD=standard deviation 

The UV chromatogram approach achieved a lower %CV of 2.7% compared to HPLC with 

a %CV of 7.1%. Subsequent DBC values derived from Raman spectroscopic analysis as 

described below (Section 5.3.5) were compared to UV chromatogram DBC measurements. 

However, individual BT titres were compared to HPLC since both the Raman spectroscopic 

analysis and the HPLC analysis were performed on the same 2 ml fractions containing BT 

breakthrough from DBC experiments (section 5.3.3) such as the example in Figure 5.2. 

5.3.4 Raman microscopy optimisation well plate 

DOE was used in order to optimise experimental parameters for the Raman spectroscopic 

analysis. Given the large degrees of freedom for each parameter it is useful if certain 

parameters that have simple binary choices, such as laser wavelength, pinhole position and 

laser diffraction grating setting, can be pre-determined prior to DOE. This reduces the overall 

measurements required for the DOE. 
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Figure 5.13 Raman spectra of BT B CUB to assess optimal laser, pinhole position and diffraction grating. A) Raman 

spectra of BT B CUB utilising 532 nm laser. Orange = 5 mW laser power, Yellow =50 mW laser power. B) Raman 

spectra of BT B CUB utilising the 785 nm laser at a 250 mW laser power setting. Raman instrumentation settings 

for both laser powers were 4 accumulations,10 s exposure time, pinhole out and 1800 grooves mm -1 grating. C) 

Raman spectra of BT B CUB using the 785 nm laser with different pinhole positions. Spectral acquisition setting 

were 250 mW, 4 accumulations, 10 s exposure time, 1200 grooves mm -1. Light blue = pinhole in, dark blue = 

pinhole out. D) Raman spectra of BT B CUB using the 785 nm laser with different diffraction gratings. Spectral 

acquisition settings were 250 mW, 4 accumulations, 10 s exposure time, pinhole out. Dark blue = 1800 grooves 

mm-1 grating and red = 1200 grooves mm -1 grating. For C and D spectra was Standard normal variate normalised 

to make spectra comparable as the pinhole in position reduced overall signal intensity by 11.6 times 

The 532 nm laser induced high levels of fluorescence in BT B cub which masked Raman 

spectral peaks (Figure 5.13 A). The 785nm laser has a lower power density which requires a 

higher power to ensure sufficient Raman scattering and therefore observable peaks in the 

spectrum. The 785nm laser yielded observable peaks (Figure 5.13B) and thus was used for 

all subsequent Raman measurements. 

The pinhole can be used to focus the laser to a smaller spot size. A smaller spot size reduces 

the number of scattered photons that will reach the detector, and therefore the intensity of 

peaks in a given spectrum. The data was vector normalised to compare spectral noise with or 
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without the pinhole. In the case of BT B CUB, the pinhole increased spectral noise (Figure 

5.13 C, dark blue) and therefore pinhole out position was used for all subsequent Raman 

measurements. 

For laser diffraction grating, there was a choice of 1200 or 1800 grooves mm-1 on the 

Renishaw InVia system. 1200 grooves mm-1 grating was chosen as spectral noise was 

reduced making peaks easier to distinguish from noise, one such peak at 1419 cm-1 was only 

clearly distinguishable from peak at 1451 cm-1 with the 1200 grooves mm-1 (Figure 5.13 D). 

In order to assess how long a 200 µl sample could be left on the microscope stage before 

evaporation resulted in the laser no longer being focused on the sample was measured using 

a model aqueous solution of 1 M urea (Figure 5.14). 

 

Figure 5.14 Depth profile Raman measurement time course as a function of stage position in the z direction of a 

200 µl 1M Urea solution in a 96 well plate. The measurement parameters were the 785nm laser set to the 50 mW 

setting, 6 s exposure time, 2 accumulations and a grating of 1200 grooves mm-1. All spectra were pre-processed 

using a Savitzky-Golay filter (window=9 polynomial=1 derivative=0) to reduce noise in the non-optimised 

spectrometer parameters. CN vs mode of Urea was integrated from the baseline at (932-1075 cm-1). Green= Depth 

profile at 0 hours. Purple= Depth profile at 1.5 hours. Yellow = depth profile at 3 hours. Red= Depth profile at 4.5 

hours. Blue at 6 hours 

Over time the water-based urea sample began to evaporate and reduce in volume. 

Evaporation will cause the sample to increase in concentration, and thus intensity of urea 

bands would increase. It can be seen that the overall intensity of Urea at 4.5 hours does not 

go beyond that of the urea signal at 4.5 hours, this indicates the concentration change is not 

observed by the spectrometer. The effect of no change in maximal intensity can clearly be 

shown when using less noisy 532nm laser (Appendix Figure 8.6). 
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The sample surface moved from stage position 3400 µm to 2900 µm over 4.5 hours. Overtime 

the sample surface moved away from objective, requiring that the stage to be closer to the 

objective for the laser to remain focused on the sample surface. The surface of the liquid 

sample is defined as the point of maximal intensity. 4.5 hours leads to a movement of 500 µm 

in the direction for aqueous samples at room temperature. 

The laser was aligned to ensure 785nm laser would always reach the sample and be focused 

in the z direction. The pre-defined measuring position for the well plate removes the need to 

align the laser for every single well position measured, saving time spent before measuring 

samples.  

 

Figure 5.15 Alignment of the 785 nm laser for the quartz well plate in the z direction. A) The wells measured are 

colour coded to match part B. B) Depth profile of the quartz 96 well plate wells containing 1M urea showing the 

integration of the CNvs signal (932-1075cm-1) from urea overlayed on the SiOVS signal (475-514cm-1) obtained from 

the quartz. Dark blue = depth profile of CNvs vibrational mode in well plate location A3, light blue = depth profile of 

SiOvs vibrational mode in well plate location A3, dark red = depth profile of CNvs vibrational mode in well plate 

location A10, light red= depth profile of SiOvs vibrational mode in well plate location A10, dark green = depth profile 

of CNvs vibrational mode in well plate location H3, light green = depth profile of SiOvs vibrational mode in well plate 

location H3. 

The stage position was set to 0 after focusing optically on a permanent pen mark on the far 

side of well A1 of the 96-well plate. The quartz material that makes up the 96 well plate can 

be observed between stage positions 1500 - 3500 µm (Figure 5.15 B). The 1 M urea solution 

in the wells can be observed between positions 3000 - 6750 µm. The observed urea intensity 

is maximal at 6500-6750 µm (Figure 5.15B). The range of stage positions used is the result of 

the Stage being not completely level with a ~300 µm movement in z direction when moving 

across any 7 wells in an x or y direction (Figure 5.15 A and B). As a result, the chosen 

measurement depth needs to be at least 800 µm below the surface of sample to prevent signal 

as a result of evaporation over time. A nominal depth of 5000 µm below the surface meets this 

criterion and has minimal change in intensity across the wells observed (Figure 5.15 B).  
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With the laser type, grating type, pinhole position and laser aligned the DOE was focused on 

identifying the optimal laser power, exposure time and accumulation number for sample 

analysis (Table 5.6). Sample evaporation was taken into consideration ensuring BT B CUB 

and BT B breakthrough sample at 0.26 mg ml-1 titre (cycle 1 MabSelect SuRe, Table 5.3) was 

replaced every 4.5 hours as described in section 5.2.4. The resultant spectra of BT B CUB 

(BT titre = 3.60 mg ml-1) and BT B flowthrough (BT titre = 0.26 mg ml-1) using the DOE 

conditions in Table 5.6 are shown in Figure 5.16.  

Table 5.6 Design of experiment parameters for each measurement for well plate Raman samples of BT B CUB 

(3.60 mg ml-1) and BT B flowthrough (0.26 mg ml-1).  

Measurement 
Titre 

 (mg ml-1 ) 
Accumulations 

Exposure 
(s) 

Power 
(500mw laser) 

1 0.26 2 2 1.00% 

2 0.26 2 2 100.00% 

3 0.26 2 40 10.00% 

4 0.26 2 40 100.00% 

5 0.26 17 21 50.00% 

6 0.26 17 21 50.00% 

7 0.26 17 21 50.00% 

8 0.26 17 21 50.00% 

9 0.26 32 2 10.00% 

10 0.26 32 2 100.00% 

11 0.26 32 40 10.00% 

12 0.26 32 40 100.00% 

13 3.60 2 2 50.00% 

14 3.60 2 21 10.00% 

15 3.60 2 21 100.00% 

16 3.60 2 40 50.00% 

17 3.60 17 2 10.00% 

18 3.60 17 2 100.00% 

19 3.60 17 21 50.00% 

20 3.60 17 40 1.00% 

21 3.60 17 40 100.00% 

22 3.60 32 2 50.00% 

23 3.60 32 21 1.00% 

24 3.60 32 21 100.00% 

25 3.60 32 40 50.00% 
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Figure 5.16 Raman spectra using defined parameters in DOE parameter Table 5.6. Spectra was rubber band 

baseline corrected between 400- 2000 cm-1. 

A wide range in spectral intensity is observed due to the wide range of parameters used for 

the Raman DOE experiments. Another parameter which will affect the overall intensity is the 

concentration of BT in the CUB measured, due to an increase in detection of protein specific 

vibrational modes. The log amide I intensity, log of phenylalanine intensity, signal to noise ratio 

and estimated spectral acquisition time (scans* acquisitions) were chosen as factors for 

assessing optimal conditions in the DOE Root surface analysis. Using the log of intensity 

reduced the variability of intensity as the CUB and flowthrough have a large difference in 

concentration. The difference in BT concentration in the samples used causes changes in 

instrument intensity responses. However, the aim of this study is to look at instrumental 

parameter induced changes, creating a log of intensity reduces the effect of concentration 

induced changes. The range of BT concentration was chosen to confirm two points, i) that 

saturation of the Raman CCD detector does not occur at high concentration samples and ii) 

that 10% breakthrough concentrations ~0.26 mg ml-1 could be observed using the parameter 

range in DOE. For the outcome factor desirability maximising intensity and SNR was set. In 

the case of overall spectral measurement time was set to be minimised in desirability as 

shorter measurement times would result in higher thoughput of samples with the 4.5 hour 

window for samples.  
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Figure 5.17 Raman DOE prediction profiler for well plate methodology. A) Prediction profiler for low concentration 

BT B flowthrough sample at 0.26 mg ml-1 B) Prediction profiler for high concentration BT B CUB sample at 3.60 

mg ml-1. 95% confidence interval can be seen as bars on the individual points. Time is in seconds. ACC us 

accumulations. Power is in percent of 500 mW. Titre is in mg ml-1 

The SNR stayed within 95 % confidence intervals when changing either accumulations or 

exposure indication little to no effect on SNR by these parameters. Increasing Laser Power 

did cause SNR to decrease but only by a small amount overall. Even at high power spectral 

peaks are still distinguishable as shown in Figure 5.16. The log of both amide I and Phe 

intensity did increase with all instrumental parameters (power, exposure and accumulations). 

Beyond 20 accumulations and 24 seconds scans the increase in peak intensity stayed within 

95% confidence intervals, indicating an increase in either accumulations or exposure would 

not have any beneficial increase in signal. So, 24 s exposure with 20 accumulations were 

chosen as instrumental measurement parameters for well based Raman measurements. 

However, with sample evaporation in mind the overall increase in measurement time would 

not make the gain in signal intensity worthwhile for a high throughput method of using 96-

well plate. There was an increase in signal intensity with increase in laser power from 50 to 

100%. Importantly this increase in laser power did not have an effect on total measurement 

time thus could be increase without decreasing desirability of selected parameters. However, 

one factor to consider when increasing laser power is sample damage. Laser power was 

then assessed to see if higher power would cause sample degradation over time. 
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Figure 5.18 Repeated measurements of BT B CUB using DOE derived instrumental parameters of 20 

accumulations 24 s exposure and 500mW 785nm laser. A) N1 measurement series of BT B CUB B) N2 

measurement Series of BT B CUB. Spectra was rubber band baseline corrected, SNV normalised and Savitzky–

Golay filtered (window=33 derivative=2 polynomial=2). Samples were repeat measured 10 times with each 

measurement taking 19 minutes to acquire. 

BT B CUB was subjected to repeated measurements under DOE derived conditions with a 

500 mW 785nm laser to assess if BT began to change as a result of the Raman measurements 

using these parameters. A three-peak analysis of the Amide I band was used to assess 

changes in protein structure; peak one (1657-1688 cm-1) representing β sheet structures, 

peak two (1630-1656 cm-1) representing α structures and peak three (1598-1630 cm-1) 

representing phenylalanine and other aromatic residues in the protein tertiary structure. The 

ratio of each peak in terms of overall amide I intensity was used for subsequent one-way 

ANOVA. The β, α and aromatic residues did not significantly change (p<0.05 ) over the 10 

repeated measurements with p values of 0.12 ,0.64 and 0.55 respectively. There was no trend 

in specific amide I intensity repeated measurements indicating the sample was stable under 

500mW laser and thus a 500mW (100%) laser power was used for well plate measurements 

of samples (Figure 5.19). 



  134 | P a g e  
 

 

Figure 5.19 ANOVA box plots of Amide I peak percentage from Raman stability measurements of BT B CUB. 

Three amide I peaks representing β sheet structure (1667-1668 cm-1) α helical (1630-1656cm-1) and aromatic 

residues (1598-1630cm-1) were analysed. N=2. 

5.3.5 Quantification of BT in breakthrough curve using a high throughput well 

plate Raman microscopy methodology 

Once the parameters for well plate-based measurements were established, quantification 

experiments could begin. Selected 2 ml fractions measured by HPLC analysis in section 5.3.3 

to assess DBC of columns were submitted to confocal Raman microscopy using the 

instrument parameters described in section 5.2.4. The resultant spectra from BT A “Train” 

flowthrough samples (Table 5.5) were used to train the Simple Partial Least Squares (SIMPLS) 

algorithm. The ideal number of PLS components was chosen using Root mean squared error 

(RMSE) values (Equation 5.7).  

𝑅𝑀𝑆𝐸 =  √
∑ (𝑦𝑖 − 𝑦̂𝑖)2𝑛

𝑖=1

𝑛
 5.7 

Where RMSE= Root mean square error, n=number of observations, 𝑦𝑖= Ith iteration of actual observation , 𝑦̂𝑖= ith 

iteration of predicted observation 

The RMSE values for individual models were determined based on actual values obtained 

from the HPLC derived titre measurements and predicted Raman PLS derived BT titres. This 

was possible as both HPLC and Raman used the same 2 ml fractions obtained from the DBC 

experiments.  
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Figure 5.20 Statistical analysis Raman PLS training model and leave one out cross validation of models for well 

plate measurements of BT A train data sets. Raman data was not pre-processed A) RMSE analysis of PLS 

models with increasing components. RMSEC is obtained from applying the model against the training model 

data. RMSECV is obtained from applying the model to leave one out (LOOCV) cross validation of the training 

data. B) R2 vs Q2 plot. R2 was calculated from the training data set. Q2 was calculated from LOOCV. Green = 

Data obtaining from applying model to the training data. Blue = Data obtained from applying model to LOOCV 

data. 

In order to identify the ideal number of PLS components required to prevent over fitting, a 

model was generated by selecting the number of PLS components where no further gain in 

RMSE of cross validated data (RMSECV) is observed. When RMSECV increase becomes 

incremental, the Q2, known as the goodness of prediction can be used where 1= perfect 

prediction and 0= no predictive ability. Q2 was derived from cross validating the data using 

LOOCV. For the Raman PLS model, 8 components were chosen, as with larger numbers of 

components, beyond 8 components the RMSCV and Q2 no longer improved with values of 

0.13 mg ml-1 and 0.97 respectively (Figure 5.20). The model was applied to the BT A and BT 

B test datasets. 
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Figure 5.21 Statistical analysis of Raman PLS test models for well plate measurements of BT A and BT B. 

Raman data was not pre-processed. A) RMSE analysis of PLS model with increasing components. Root mean 

square error prediction (RMSEP) BT A is the root mean squared error when the model is applied to the BT A and 

BT B test data. B) Goodness of prediction Q2 plot was calculated from applying the PLS model to the BT A (red) 

and BT B (black) test data sets.  

When applied to the “Test” data (Table 5.5) the PLS model trained on non pre-processed 

Raman spectra performed poorly, with the RMSE being up to 11x higher than Cross validation 

(Figure 5.21). The RMSE was much higher than the expected 10% breakthrough titre 

concentration range of ~0.20 -0.40 mg ml-1. The model was optimised by pre-processing the 

spectral data. Three PLS models arose utilising 0th derivative, 1st derivative and 2nd derivative 

spectra (Figure 5.22). The PLS component number was optimised in the same way as show 

for the unprocessed spectra. 
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Figure 5.22 Statistical analysis of the Raman PLS model using spectral pre-processing for 0th, 1st 2nd derivative 

spectra. A) RMSE plot for training data and LOOCV for 0th derivative Raman PLS model. B) Goodness of fit R2) 

and goodness of prediction (Q2) plot for training data and LOOCV for 0th derivative Raman PLS model. C) RMSE 

plot on Training data and LOOCV for 1st derivative Raman PLS model D) Goodness of fit and Goodness of 

prediction plot for training data and LOOCV for 1st derivative Raman PLS model E) RMSE plot on Training data 

and LOOCV for 2nd derivative Raman PLS model F) Goodness of fit and Goodness of prediction plot for training 

data and LOOCV for 2nd derivative Raman PLS model. and Green=Data from applying model to training data 

(RMSEC and R2). Blue= Data from applying model to LOOCV data (RMSE and Q2). 0th derivative spectra with 

SNV processing. 1st derivative Raman PLS model with SNV and Savitzky Golay filter (Window= 15 Derivative=1 

Polynomial=1) pre-processing. 2nd derivative Raman PLS model with SNV and Savitzky Golay filter (Window= 25 

Derivative=2 Polynomial=2) pre-processing 
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The 0th order model with SNV (standard normal variate) normalisation at 8 components had 

an RMSE of 0.12 mg ml-1 and Q2 of 0.98 (Figure 5.22 A & B), whereas the 8-component 2nd 

derivative SNV normalised model had an RMSE of 0.16 mg ml-1 and a Q2 of 0.96. The SNV 

and Savitzky Golay filter (Window = 25, Derivative = 2, Polynomial = 2) pre-processed model 

was chosen to be a 8-component model (Figure 5.22 E& F). The SNV and Savitzky Golay 

filter (Window = 15, Derivative = 1, Polynomial = 1) model performed best in cross validation 

with an RMSE and Q2 of 0.11 mg ml-1 and 0.98 respectively for a 6-component system (Figure 

5.22 C& D) . Of the three optimised Raman PLS models for quantification of BT, the lower 

RMSE and higher Q2 showed the 1st derivative model to be best for quantification of BT in 

flowthrough samples. The model’s predictive ability was assessed by Root mean square error 

of prediction (RMSEP).RMSEP is when the RMSE for the model when applied to “Test” data 

sets, in this case BTA test and BT B test data defined in Table 5.5. 

Table 5.7 Root Mean Squared Error for prediction (RMSEP) for each Raman PLS model when applied to BT A and 

BT B. 

PLS Model BT A test RMSEP (mg ml-1) BT B test RMSEP (mg ml-1) 

No pre processing 0.15 1.54 

SNV,0th derivative 0.14 1.68 

SNV,1st order derivative 0.15 0.15 

SNV, 2nd order derivative 0.18 0.63 

 

SNV 1st derivative pre-processing yielded the second lowest RMSEP for BT A based models, 

however, was the only model to achieve RMSEP below 0.2 mg ml-1 when applied to a different 

BT such as BT B. As DBC at 10% breakthough is being assessed RMSE below 10% titre 

concentrations (0.2-0.4 mg ml-1) was needed. The 1st derivative pls model is optimal for a 

platform approach not requiring individual BT calibration when BT changes. The quantification 

of BT titre in individual BT flowthrough fractions and CUB by Raman spectroscopy meant the 

DBC for each test DBC experiment could be derived according to Equation 5.2.  

 

Table 5.8 PLS Well plate Raman calculated DBC for each HiScreen column, BT, and residence time over 

purification cycles 28-29. Samples were BT A and BT B test samples. 

HiScreen 
resin type 

Cycle  BT 
Residence 
time (min) 

Well plate Raman 
DBC mg ml -1 

Sample 
designation 

MabSelect 
SuRe 

28 A 4 38.48 ± 1.09 BT A Test 

MabSelect 
SuRe 

29 B 5 37.91 ± 0.00 BT B Test 

MabSelect 
PrismA 

28 A 4 60.42 ± 1.09 BT A Test 

MabSelect 
PrismA 

29 B 5 59.93 ± 0.00 BT B Test 
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5.3.6 Raman optimisation of breakthrough device 

The DOE approach was also utilised to optimise parameters for Raman spectroscopic analysis 

using the in-line breakthrough device described in section 5.2.3 (Figure 5.3). Measurements 

were performed under a flow rate of 0.981 ml min-1 and the laser was focused through the 

sapphire window into the channel of the PDMS device. The DOE was performed with BT B 

CUB solution and using the instrument parameters described in Table 5.9. A flowthrough 

sample generated by DBC experiments was not used as was the case in Well plate DOE 

(section 5.3.4). Each flowthrough sample was only 2 ml in volume and thus not enough as 

available for DOE experiment measurements, as each measurement would be performed 

under flow and required >0.6 ml for each measurement. 

Table 5.9 Design of experiment parameters for each simulated inline breakthrough Raman measurement of BT B 

CUB (3.60 mg ml-1).  

Parameter/legend 
reference 

Run 
Order 

Accumulations 
Exposure 

(s) 

1 1 10 5.0 

2 2 1 1.0 

3 3 5 10 

4 4 5 4.6 

5 5 5 10.0 

6 6 10 5.1 

7 7 5 10.0 

8 8 1 7.3 

9 9 5 4.6 

10 10 7 1.0 

11 11 1 1.0 

12 12 10 5.1 

13 13 5 4.6 

14 14 1 10.0 

15 15 10 1.0 

 

The resultant spectra from measuring BT B CUB using the parameters described in Table 5.9 

are shown in Figure 5.23 . 
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Figure 5.23 Raman spectra using defined parameters in DOE experiments. Table 5.9. Spectra was rubber band 

baseline corrected between 715-1800 cm-1. 

A wide range in spectral intensity is observed even with the reduced parameter ranges used 

for DOE of the breakthrough device. As the concentration is the same for all experimental 

measurements in the DOE, the only variables responsible for changes in spectral peak 

intensities are the instrument parameters. The SNR, Phe intensity and Amide I intensity were 

chosen as factors for assessing parameter performance. Measurement time was limited due 

to limited volume, the high flowrate and small volume of the device. As a result of the limited 

time ranges for sample measurement under flow the cosmic ray filter setting was not used, as 

this function relies on performing 2 extra scans and averaging out cosmic ray spikes. For the 

outcome factor of desirability maximising intensity and SNR was set. In the case of overall 

spectral measurement time was set to be minimised in desirability.  
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Figure 5.24 Breakthrough device Raman DOE prediction profiler of chosen factors within instrumental 

measurement ranges. Prediction profiler for BT B CUB titre at 3.60 mg ml-1. 95% confidence interval can be seen 

as bars on the individual points. Exposure and time are in seconds. ACC is accumulations. Power is in percent of 

500 mW.  

Exposure had the strongest effect on SNR, although the changes were within the 95% 

confidence intervals (Figure 5.24). Accumulations had little to no effect on SNR with only an 

increase of 0.1. However, accumulations did have a greater effect on amide and Phe peak 

intensity, increasing accumulations produced spectra with increased noise and meant 

resolving peaks was more difficult. Exposure did increase overall intensity for the amide I and 

Phe peaks. Increasing laser power to 100% had a detrimental effect on SNR but within 

confidence intervals and increased spectral intensity. As shown by Figure 5.18, the 500 mW 

(100%) laser setting did not cause changes in the sample and as this measurement was 

performed at a lower accumulation and exposure time, 100% laser power was chosen. As the 

Raman system has to go through different diffraction grating positions to achieve the range of 

Raman shifts (cm-1) in the spectrum, the true measurement time is greater than just exposure 

x accumulations and resulted in ≈3x estimated measurement time. An exposure time of 10 

seconds, 1 accumulation and 100% laser power were selected.  
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5.3.7 Quantification of BT in breakthrough curve using Simulated in-line Raman 

microscopy 

Using the parameters determined by DOE fractions selected from the HPLC analysis in 

section 5.3.3 were measured by Raman spectroscopy in the breakthrough device described 

in section 5.2.5 under flow simulating in-line measurements at a flow rate of 0.981 ml min-1. 

The resultant spectra from BT A train flowthrough samples (Table 5.5) were used to train the 

SIM PLS algorithm. The ideal number of PLS components was chosen using Root mean 

squared error (RMSE) values in the same manner as described in section 5.3.5. Spectra 

shown in Appendix Figure 8.7 were removed from data sets as they contained no observable 

Raman spectrum.  

 

Figure 5.25 Statistical analysis of non-pre-processed Raman PLS training and cross validation of models for 

breakthrough device measurements of BT A “Train” data sets. A) RMSE analysis of PLS model with increasing 

components. RMSEC is from applying model against training model. RMSECV is applying model to leave one out 

(LOOCV) cross validation of training data. B) R2 vs Q2 plot. R2 was calculated from the training data set. Q2 was 

calculated from LOOCV. Green=Data from applying model to training data. Blue= Data from applying model to 

LOOCV data. 

The model was optimised by pre-processing spectral data. Three PLS models arose utilising 

0th derivative, 1st derivative, 2nd derivative spectra to improve the prediction for both BT A and 

BT B titres.  
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Figure 5.26 Statistical analysis of breakthrough device Raman PLS model using spectral pre-processing for 0th, 

1st 2nd derivative spectra. A) RMSE plot on Training data and LOOCV for 0th derivative PLS model B) Goodness 

of fit (R2) and Goodness of prediction (Q2) plot for training data and LOOCV for 0th derivative spectra PLS model 

C) RMSE plot on Training data and LOOCV for 1st derivative Raman PLS model D) Goodness of fit and 

Goodness of prediction plot for training data and LOOCV for 1st derivative Raman PLS model E) RMSE plot on 

Training data and LOOCV for 2nd derivative PLS model F) Goodness of fit and Goodness of prediction plot for 

training data and LOOCV for 2nd derivative Raman PLS model) pre-processing. Green=Data from applying model 

to training data. Blue= Data from applying model to LOOCV data. 0th derivative spectra with SNV processing. 1st 

derivative Raman PLS model with SNV and Savitzky Golay filter (Window= 45, Derivative=1, Polynomial=1) pre-

processing. 2nd derivative Raman PLS model with SNV and Savitzky Golay filter (Window= 55, Derivative=2, 

Polynomial=2) pre-processing 
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The 0th derivative model with SNV normalisation at 5 components had an RMSE of 0.43 mg 

ml-1 and Q2 of 0.74 (Figure 5.26 A & B). A 5-component model was used for SNV pre-

processed model. The 1st order model using Savitzky Golay filter (Window= 45 Derivative=1 

Polynomial=1) with 2 components had a RMSE of 0.11 mg ml-1 and Q2 of 0.98 (Figure 5.26 

C& D). 2 components were used for 1st order model. The 2nd order model with 3 components 

using Savitzky Golay filter (Window = 55, Derivative = 2, Polynomial = 2) pre-processing had 

an RMSE of 0.74 mg ml-1 and Q2 of 0.22. 2nd order model was chosen to be a 3-component 

model (Figure 5.26 E& F).  

Table 5.10 Breakthrough Raman device root mean squared error of prediction (RMESP) when applying model 

against test data sets.  

PLS Model BT A test RMSEP (mg ml-1) BT B test RMSEP (mg ml-1) 

No pre processing 0.51 1.06 

SNV,0th derivative 0.45 0.43 

1st derivative 0.50 0.69 

2nd derivative 0.70 0.83 

 

Of the three optimised Raman PLS models for quantification of BT the lower RMSE and higher 

Q2 values indicated that the 0th SNV pre-processed model was best for quantification of BT in 

flowthrough samples. The models were also compared for the test samples for the 

quantification of flowthrough samples. In agreement with Cross validation results the SNV pre-

processed 0th derivative PLS model performed best at predicting BT titre (Table 5.10). Overall 

prediction RMSEP was similar across both BTs indicating that the breakthrough device as a 

means of predicting BT titre could be incorporated into a platform approach to monitor multiple 

BT’s and would not need to be calibrated for each new BT that is purified. From the BT titre 

the DBC could then be calculated according to Equation 5.2. 

Table 5.11 DBC calculated using Raman spectroscopy with inline breakthrough device. 

HiScreen 
resin type 

Cycle  BT 
Residence 
time (min) 

Breakthrough Raman 
DBC (mg ml-1) 

Sample 
designation 

MabSelect 
SuRe 

28 A 4 28.70 BT A Test 

MabSelect 
SuRe 

29 B 5 22.36 BT B Test 

MabSelect 
PrismA 

28 A 4 57.24 BT A Test 

MabSelect 
PrismA 

29 B 5 27.98 BT B Test 
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5.4 Discussion 

Novel Raman spectroscopy methods were successfully used to quantify BTs in CUB solutions 

with no extra preparative steps. Methods developed consisted of both high-throughput well 

based methodology and a simulated in-line breakthrough device set up. 

Table 5.12 Comparison of DBC predictions for cycles 28 and 29 using HPLC, UV chromatogram, well plate Raman 

method and simulated inline Raman 

HiScreen 
resin type 

Cycle BT 
RT 

(min) 
HPLC DBC 
(mg ml -1) 

Chromatogram 
(mg ml-1) 

Well plate 
Raman DBC 

(mg ml-1) 

Breakthrough 
Raman DBC 

(mg ml-1) 

MabSelect 
SuRe 

28 A 4 36.97 39.23 38.48 28.71 

MabSelect 
SuRe 

29 B 5 37.45 36.54 37.90 22.36 

MabSelect 
PrismA 

28 A 4 58.63 61.98 60.42 57.24 

MabSelect 
PrismA 

29 B 5 59.21 56.62 59.93 27.98 

 

To compare Raman DBC predictions the methods were compared to chromatogram derived 

DBC results due to UV chromatograms having a lower %CV(SD) than HPLC. Equation 5.8 

was used to compare the HPLC and Raman calculated DBC to UV chromatogram calculated 

DBC. 

%𝐶𝑉(𝑅𝑀𝑆𝐸) =
𝑅𝑀𝑆𝐸

𝑦̅
∗ 100 5.8 

 %CV =coefficient of variation, 𝑦̅ =the average actual measurement and RMSE=Root mean square error 

The other industrial method of using HPLC had a %CV (RMSE) of only 1.25% showing both 

methods have been optimised for calculating DBC. Little difference is observed in predicted 

DBC between these methods. The high throughput well plate and inline breakthrough Raman 

derived DBC had a %CV of 1.99% and 16.98%. The well plate method observed a slight 

increase of 0.74% CV% compared to HPLC. This shows the well plate method for Raman 

performed comparably to the HPLC for predicting DBC. Not only was Raman shown to be just 

as good as current methods but has added advantages in that Raman was able to be used as 

a platform approach to quantify BT A and BT B flowthrough after only being trained on BT A 

data. This indicates Raman is able to quickly quantify multiple BTs without the need of 

additional calibration, whereas HPLC and UV chromatogram require calibration for each new 

BT they are used to quantify. This will save time in in the time intensive step of optimising flow 
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rates for purification of BT’s. The trend of Well plate also matches UV with Prism A exhibiting 

greater DBC than SuRe columns, and BT A at 4 minutes residence time having higher DBC 

than BT B at 5 minutes residence time. 

The Breakthrough device was able to quantify DBC’s of BT’s but was less accurate than the 

96 well plate with approach %CV of 17%. The model served as a proof of concept that Raman 

can be used inline but would greatly benefit from being actually in-line connected to the ÄKTA 

system where larger volumes could be analysed i.e. 2 ml sample volumes under flow. The use 

of a larger volume to measure would mean increased scan and accumulations which would 

allow for greatly increased signal and spectra with outputs more similar to the 96 well plate 

methodology. Stronger scattering signals would allow for improved titre differentiation and 

therefore better DBC quantification. Comparison of DOE sections 5.3.4 and 5.3.6 confirms an 

increase in scans and accumulations would increase signal dramatically and improve 

responses. Another way to improve the in-line model would be to use duplicate N=2 

measurements for all observed titres allowing for a larger data set similar to the well plates in 

size to be used in training the PLS model. 

Overall, Raman has been shown as a useful tool for calculating BT titre and DBC. These are 

just one PQA. Access to other meta data for samples such as Glycation and would allow for 

generation of a model for other quality attributes in collected fractions [151, 152]. Another PQA 

that could easily be assessed by Raman Is purity of sample if data on high and low molecular 

weight contaminants was available. The quantification of contaminants has already been 

shown recent literature [117, 155]. Leaving Raman methodologies with the ability to quantify 

multiple PQAs in one measurement would reduce the time needed for multiple assays on BT 

production. Another PQA that could easily be assessed by Raman Is purity of sample if data 

on high and low molecular weight contaminants was available. The quantification of 

contaminants has already been shown recent literature [117, 155].  

The utilisation on multivariate techniques like Raman would mean quicker and cheaper 

product characterisation due to time and labour saved costs. Overall improving identified 

bottlenecks in production will improve availability of new life saving drugs and cheaper 

production costs will mean BTs will be more accessible to patients. 
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Chapter 6- Final conclusions and future perspectives 
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6.1 Final conclusions 

BTs are becoming increasingly used to treat a wide range of diseases, due mainly to their very 

high specificity. However, these life changing and life-saving treatments are extremely 

expensive and this can limit accessibility to patients. Protein A chromatography (PrAc) is 

responsible for the majority of downstream processing costs due to the high resin cost, 

exacerbated by resin degradation, which is detectable as a reduction in binding capacity [54, 

55].  

In the research described in this thesis, vibrational spectroscopy was successfully used to a) 

establish static binding capacities of unused and used resin samples, b) demonstrate that 

binding capacity decay is not homogenous through columns and c) reveal the cause of the 

decrease in Protein A resin binding capacity. The spectroscopic approaches also d) allowed 

monitoring of resin performance in small scale unit industrial operations during the 

downstream processing of BT’s.  

6.1.1 Both ATR-FTIR and Raman spectroscopy can be used to assess Protein A 

binding capacity 

Protein A resin binding capacity was successfully calculated utilising both ATR-FTIR 

spectroscopy and Raman spectroscopy meeting industry standards. The used resin samples 

respective binding capacity could be calculated spatial location was shown by both methods 

to affect degradation of performance.  

The inlet showed marked binding capacity reduction when compared to the outlet of the 

column therefore column degradation Is heterogeneous in PrAc . With the high cost of columns, 

this finding shows that the outlet of a column degrades slower than the inlet and thus extended 

use of outlet region resin could be utilised to reduce waste and cost of Protein A resin. Both 

spectroscopic methods quantified mAb directly on the resin as opposed to indirectly by 

observing flowthrough in SBC calculation. Although quantification showed a marked reduction 

in binding capacity it did not explain why the reduction occurred, both ATR-FTIR and Raman 

spectroscopy provided chemical information on the conformation of proteins not normally 

attainable from SBC analysis alone. 

6.1.2 Causes of binding capacity decay 

In-situ ATR-FTIR spectroscopy allowed SPA ligand density to be quantified and confirmed 

showed that changes in ligand density did not correlate with the reduction in binding capacity 

of the used resin form each spatial location. It was hypothesised that the inlet of the column is 
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exposed to more contaminants than the outlet and thus it seemed plausible that irreversibly 

bound contaminants were the primary cause of capacity loss in the resin [59, 66]. 

The chemical information provided by spectroscopy was further utilised to observe the 

conformation of Protein A ligand on the resin which remained in its native state even after 25 

cycles of purification and repeated CIP steps. ATR-FTIR spectroscopy is limited to probing 

the surface of the resin beads which are up to 120 µm in diameter, thus confocal Raman 

spectroscopy was used to probe the beads and observe mAb binding within individual beads 

by depth profiling. 

Depth profiling of unused PrAc resin when loaded below saturation with mAb showed 

homogeneous binding across the beads occurred. Interestingly, in used samples there was 

heterogeneous binding. When combined with the previous findings that there was no change 

in the density or state of the Protein A it becomes clear that the ligand is less accessible in the 

used resins. This is supported by early studies showing a decrease in Protein A resin pore 

size after repeated use [58]. 

The effect of the contaminants was clear, however the nature of the contaminates could be 

explored by assessing the spectral data from each slice a used resin sample with no mAbs 

loaded. Results indicating the presence of Phenylalanine rich proteins suggested irreversibly 

bound mAb was contributing to the loss in binding capacity. Mass spec confirmed the 

presence of mAbs and revealed other HCP protein species bound to the used resins. The 

HCP species with the highest frequency of detection were species known to co-elute with 

mAbs during purification. This suggests a mechanism of fouling whereby mAbs become 

irreversible bound and then act as a nucleation point for HCPs. The gradual build up of the 

contaminants reduces the pore size in the resin and limits the ability of the mAb to access the 

Protein A. Confocal Raman and ATR-FTIR spectroscopy were essential for gaining insights 

into how column usage affects binding capacity both in terms of column location and for 

revealing the chemical basis of reduced binding capacity.  

6.1.3 Raman spectroscopy as an alternative to industry monitoring of changes 

in dynamic binding capacity. 

Monitoring of the dynamic binding capacity of Protein A during operations is essential for 

approval as column performance metrics is mandated by the FDA. Current industry standard 

methods, HPLC and UV chromatography are effective but provide no additional informational. 

Furthermore, these methods require calibration for each new BT, slowing down the 

development of protocols for each new BT. The high throughput well plate Raman method 

proved to be at least as effective at analysing DBC and quantifying BT as current industry 
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methods. However in combination with PLS analysis RAMAN is able to quantify a BT not used 

in training the PLS model potentially reducing the time and effort required for each new BT. 

Raman has an extra key advantage, since with further meta information on the BT’s, it is 

theoretically possible to assess other properties of the mAb simultaneously such as glycation 

and the presence of high molecular weight contaminants. Importantly the added chemical 

information can provide added insight into batch to batch quality and overall product conformity 

as mandated by the FDA. 

The in-line Raman methodology developed did underperform compared to the well plate and 

HPLC. The ability to quantify BT and thus the DBC decreased significantly when changing to 

a BT that was not used in training the PLS model. However, in-line Raman methodology was 

able to identify BT in cell supernatant which contains thousands of proteins + media 

components without the need for separation or chemical labels and served as a proof of 

concept that Raman can be used in-line in the quantification of BTs. Results could be improved 

by increasing the total measurement time of liquid under flow. Having a spectrometer 

connected directly to the purification system will remove the limitation of measurement time 

as larger volumes can be observed and thus the time to observe fractions can increase. 

Increased measurement time will mean increased signal and decreased noise in spectral 

results. Overall, this work showcases potential of Raman spectroscopy as an analytical 

method aiding development of purification protocols and facilitating quality control of BTs.  
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6.2 Future perspectives 

Based on the work presented in this thesis this section makes recommendations for future 

investigations. Examples of how PrAc would benefit from spectroscopic analysis are detailed. 

Since in situ ATR-FTIR spectroscopy can quantify mAbs present on protein A resin, further 

development of this method to allow on-column ATR-FTIR spectroscopy may be useful. This 

on column approach would need to ensure contact with the beads is sufficient and ATR-FTIR 

imaging would aid in this regard. The use of a custom 3d printed column for resin packing 

would be necessary. As resin are solid spheres, an external plunger to ensure adequate 

contact with IRE may be needed, it may be possible that packed column pressure is sufficient 

for contact. The addition of ATR-FTIR spectroscopic information to the continuous OD 280 nm 

readouts in a chromatogram would be useful and would allow for direct assessment of mAbs 

bound to Protein A resin; properties such as mAb stability, mAb concentration and ligand 

stability could all be assessed simultaneously. 

Raman spectroscopy could also be implemented on-column through the use of a Raman 

transparent window made of sapphire. Sapphire would be useful as it can withstand the 

pressure exerted on it by packed resin and the flow of buffers, typically around 0.3 MPa. 

Sapphire is a hard material rating 9 on the MOH scale (for reference diamond is 10). Raman 

spectroscopy could be used to observe single spots of the resin under flow. A step-by-step 

scan approach to generate chemical images of the resin beads against the sapphire window 

between purification cycles would allow for assessment of resin surface and binding profile . 

Another approach for Raman spectroscopy would be the use of a macro imaging alignment 

allowing for multiple beads to be measured simultaneously. The information gained from this 

type of analysis will give manufacturers added insight into how BTs are behaving during critical 

processes such as PrAc. It should be noted that this approach to be applied to any column 

used in downstream processing. 

Vibrational spectroscopy is not limited to just on-column but can also be used in-line to observe 

all components eluting off the column. Both Raman and ATR-FTIR spectroscopy can provide 

details on the chemical nature and quantity of eluted components without the need for offline 

assays. In-line spectroscopy would suit current purification methodologies without the need 

for custom columns but would require a breakthrough device like the one described in chapter 

5. This would allow for quick adaptation to current workflows in downstream processing and 

help streamline development and production of BTs with added insight into BT behaviour 

during PrAc. 
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8.1 Supplementary material 

 

Figure 8.1 ATR-FTIR spectra excluded from the PLS training and test data. Test data was evaluated by comparing 

prediction to SBC observed binding capacities, if values were over 10 mg ml-1 different then raw spectra was 

assessed. MabSelect SuRe 45.67 mg ml-1 IgG4 (dark blue) was removed from the training data due to poor contact 

as shown by extremely weak glycosidic bending agarose band at 1067 cm-1, upon normalisation this would cause 

Amide bands to be overrepresented. The middle center 36.83 mg ml-1 IgG4 (green) also exhibited weak agarose 

band. Middle Center 36.83 mg ml -1 (green) exhibited overly weak Amide I band. The Amide I should be the same 

as or higher than the Amide II band due to extra contributions from the C=O stretch. This was due to over 

subtraction of Water bending mode which results in under predictions of resins samples. Middle outlet 37.60 mg 

ml-1 (orange) IgG4 exhibited strong subtraction of PDMS bands at 1256 cm-1, this is due to PDMS from the 

microwell device being replaced by the resin beads as more PDMS is present in background spectrum compared 

to single channel. Middle outlet 37.79 mg ml-1 (yellow), Middle center 38.27 mg ml-1 (purple) IgG4 and middle center 

36.83 mg ml -1 (green) IgG4 also exhibited PDMS being displaced by resin. This results in underrepresented bands 

after normalisation and weakened bands in the 1000-1500 cm-1 range. 
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Figure 8.2 Actual vs predicted plot concentrations of mAbs bound to the PrAc resin samples. A) Training data, B) 

leave one out cross validation and C) test data. Actual data is the Q value calculated from the SBC assays and 

predicted data was obtained from the PLS model. 
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8.2 Supplementary material 

 

 

Figure 8.3 Actual vs predicted plot concentrations of mAbs bound to protein A affinity resin samples; A) training 

data B) leave one out cross validation and C) test data. Actual is the Q value from SBC measurements and 

predicted was obtained from the Raman PLS regression model. 
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Figure 8.4 Raman spectra of resin samples plotted as a function of depth from the surface. A) MabSelect SuRe 

saturated with 65.68 mg ml-1 of mAb. B) MabSelect Sure partially saturated with concentration of 19.04 mg ml-1 

of mAb. C) Outlet resin bead partially saturated with concentration of 18.85 mg ml-1 of mAb D) inlet resin bead 

with no mAbs loaded. 
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Table 8.1 HCPs Detected by LC- MS/MS in inlet outlet and 75 cycle resin sample. X denotes presence of protein 

in sample 

 
Inlet 

(25 
cycles) 

Outlet 

(25 
cycles) 

75 cycle 
sample 

Endoplasmic reticulum chaperone BiP   X 

Rab GDP dissociation inhibitor   X 

Prolyl-tRNA synthetase (Fragment)   X 

60S ribosomal protein L13   X 

Importin-5   X 

Sushi repeat-containing protein SRPX   X 

Beta'-coat protein   X 

T-complex protein 1 subunit theta   X 

T-complex protein 1 subunit theta   X 

Trifunctional purine biosynthetic protein adenosine-3   X 

60S acidic ribosomal protein P0   X 

Transketolase   X 

ACTB X X X 

Ubiquitin X  X 

Arginine--tRNA ligase, cytoplasmic   X 

Solute carrier family 2, facilitated glucose transporter member 9   X 

Metavinculin   X 

3-hydroxyacyl-[acyl-carrier-protein]f dehydratase X  X 

Aspartate carbamoyltransferase   X 

Cullin-associated NEDD8-dissociated protein 1   X 

60S ribosomal protein L9   X 

RNA helicase   X 

Peroxiredoxin-1 X X X 

40S ribosomal protein S8   X 

Staphylococcal nuclease domain-containing protein   X 

Phosphoglycerate mutase 1   X 

Alpha-mannosidase   X 

40S ribosomal protein S18   X 

Coiled-coil domain-containing protein 80   X 

Ribosomal protein L15   X 

Alpha-actinin-1   X 

Tubulointerstitial nephritis antigen-like X X X 

Histone H3   X 

Septin-9   X 

Pyruvate kinase X X X 

HSPA2 X  X 

Importin subunit beta-1   X 

Hexokinase   X 
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Alpha-1,4 glucan phosphorylase   X 

Galectin   X 

CCT-epsilon X  X 

Coatomer subunit alpha   X 

Transforming protein RhoA   X 

Phospholipid transfer protein X  X 

ATP-binding cassette sub-family E member 1   X 

Cytoplasmic dynein 1 heavy chain 1 (Fragment)   X 

Heat shock protein HSP 90-alpha   X 

Peptidyl-prolyl cis-trans isomerase   X 

Nucleoside diphosphate kinase   X 

Peroxidase X X X 

Heat shock protein HSP 90-beta X X X 

Non-specific serine/threonine protein kinase X  X 

T-complex protein 1 subunit delta   X 

Histone H2A  X X 

60S acidic ribosomal protein P0   X 

Filamin-B   X 

Tyrosine-protein kinase receptor X   

T-complex protein 1 subunit gamma X  X 

Small nuclear ribonucleoprotein Sm D1   X 

L-lactate dehydrogenase A chain   X 

CCT-alpha X  X 

Laminin subunit alpha-5  X  

Elongation factor 1-alpha X X X 

Collagen alpha-1(XII) chain (Fragment)  X  

Elongation factor 1-alpha 1 X  X 

Thrombospondin-1 X  X 

Basement membrane-specific heparan sulfate proteoglycan core 
protein 

X X X 

Peptidyl-prolyl cis-trans isomerase   X 

Clathrin heavy chain   X 

Alpha-actinin-4 (Fragment)   X 

Alpha-actinin-4   X 

40S ribosomal protein S16   X 

Spectrin beta chain, brain 1   X 

Guanine nucleotide-binding protein subunit beta-2-like 1 X X X 

40S ribosomal protein S3a   X 

Junction plakoglobin X   

ATP citrate synthase   X 

Synaptic vesicle membrane protein VAT-1-like   X 

Glyceraldehyde-3-phosphate dehydrogenase X X X 

60S ribosomal protein L7   X 

60S ribosomal protein L11   X 

GPI ethanolamine phosphate transferase 3   X 

Clusterin X X X 

Phosphoglycerate kinase   X 

Phosphoglycerate kinase   X 
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Isoleucyl-tRNA synthetase   X 

D-3-phosphoglycerate dehydrogenase   X 

GTP-binding nuclear protein Ran   X 

Histone H4  X X 

Protein-synthesizing GTPase   X 

Endoplasmin   X 

Tubulin beta chain X  X 

40S ribosomal protein SA X  X 

Lipase X   

Protein arginine N-methyltransferase 5   X 

Matrix metalloproteinase-19   X 

Elongation factor 2 X X X 

Cytoplasmic FMR1-interacting protein   X 

Lysosomal alpha-glucosidase X   

F-actin-capping protein subunit beta   X 

Adenylosuccinate lyase  X X 

Phosphoglycerate kinase X  X 

T-complex protein 1 subunit eta X  X 

CCT-beta X  X 

Tenascin-X  X  

Tenascin-X  X  

Ribosomal protein   X 

40S ribosomal protein S4   X 

60S ribosomal protein L13a   X 

40S ribosomal protein S11   X 

Elongation factor 1-gamma X  X 

Glyceraldehyde-3-phosphate dehydrogenase  X X 

Fibronectin   X 

40S ribosomal protein S20   X 

T-complex protein 1 subunit zeta   X 

GST class-pi X X X 

Fructose-bisphosphate aldolase   X 

60S ribosomal protein L7a   X 

Tubulin alpha chain X  X 

Phospholipase B-like   X 

Importin-7   X 

Keratin, type I cytoskeletal 19 X  X 

Keratin, type I cytoskeletal 14 X X X 

Keratin, type I cytoskeletal 17 X  X 

Keratin, type I cytoskeletal 42 X   

Triosephosphate isomerase   X 

L-lactate dehydrogenase   X 

26S proteasome non-ATPase regulatory subunit 2   X 

40S ribosomal protein S9   X 

Procollagen C-endopeptidase enhancer 1   X 

AP-2 complex subunit alpha   X 

2-phospho-D-glycerate hydro-lyase X X X 

Glutaminyl-tRNA synthetase   X 
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Filamin-A   X 

Keratin, type II cytoskeletal 6A X X X 

Keratin, type II cytoskeletal 71 X X X 

Aldose reductase-related protein 2 X   

Elongation factor 1-gamma   X 

Ras GTPase-activating-like protein IQGAP1   X 

Heat shock cognate 71 kDa protein   X 

60S ribosomal protein L34   X 

GTP-binding nuclear protein Ran   X 

6-phosphogluconate dehydrogenase, decarboxylating X  X 

Keratin, type II cytoskeletal 5 X   

Glutathione transferase  X X 

40S ribosomal protein S15a   X 

Pigment epithelium-derived factor   X 

Glutathione S-transferase X X  

Uncharacterized protein   X 

UDP-glucose 6-dehydrogenase X X X 
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8.3 Supplementary material  

Table 8.2 Calibration curve for BT B on HPLC machine 1. Iv is injection volume. Concentration of diluted BT 

standard used was verified on lunatic n=3. 

BT B CM (μg) Peak Area  IV (μL) Concentration of standard (mg ml-1) 

4.70 389 5 0.94 ±0.01 

6.58 273 7 0.94 ±0.01 

9.40 392 10 0.94 ±0.01 

14.10 590 15 0.94 ±0.01 

18.80 786 20 0.94 ±0.01 

23.50 950 25 0.94 ±0.01 

28.20 1145 30 0.94 ±0.01 

 

 

Table 8.3 Calibration curve for BT c on HPLC machine 1. Iv is injection volume. Concentration of diluted BT 

standard used was verified on lunatic n=3. 

BT C CM (μg) Peak Area IV (μL) Concentration of standard (mg ml-1 ) 

4.57 211 5 0.91 ± 0.01 

6.39 143 7 0.91 ± 0.01 

9.13 251 10 0.91± 0.01 

13.70 479 15 0.91± 0.01 

18.27 667 20 0.91± 0.01 

22.83 852 25 0.91± 0.01 

27.40 1150 30 0.91± 0.01 
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Table 8.4 Calibration curve for BT C on HPLC machine 2. Iv is injection volume. Concentration of diluted BT 

standard used was verified on lunatic n=3. 

BT B CM (μg) Peak Area IV (μL) Concentration of standard (mg ml -1) 

4.78 211 5 0.96 ± 0.01 

6.70 286 7 0.96 ± 0.01 

9.57 405 10 0.96 ± 0.01 

14.35 606 15 0.96 ± 0.01 

19.13 808 20 0.96 ± 0.01 

23.92 1011 25 0.96 ± 0.01 

28.70 1206 30 0.96 ± 0.01 

 

 

Table 8.5 Calibration curve for BT A on HPLC machine 2. Iv is injection volume. Concentration of diluted BT 

standard used was verified on lunatic n=3. 

BT A CM (μg) Peak Area IV (μL) Concentration of standard (mg ml -1) 

5.00 221 5 1.00 ± 0.02 

7.00 306 7 1.00 ± 0.02 

10.00 438 10 1.00 ± 0.02 

15.00 658 15 1.00 ± 0.02 

20.00 877 20 1.00 ± 0.02 

25.00 1093 25 1.00 ± 0.02 

30.00 1302 30 1.00 ± 0.02 
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Figure 8.5 Comparison of HPLC titre from selected fractions and 280 nm absorbance from chromatogram for BT 

B flowthrough on flowthrough at 6 minute residence time. A) purification cycle 2 B)purification cycle 10e Blue line 

is UV absorbance from chromatogram. Black marked points are HPLC measured BT B titre of fractions. In both 

samples the titre does not follow trend of absorbance at start of increase in UV curve. This is due to human sampling 

error. 

 

 

Figure 8.6 Depth profile Raman measurement time course as a function of stage position in the z direction of a 200 

µl 1M Urea solution in a 96 well plate. The measurement parameters were the 532nm laser set to the 5 mW setting, 

2 s exposure time, 2 accumulations and a grating of 1800 grooves mm-1. All spectra were pre-processed using a 

Savitzky-Golay filter (window=9 polynomial=1 derivative=0) to reduce noise in the non-optimised spectrometer 

parameters. CN vs mode of Urea was integrated from the baseline at (932-1075 cm-1). Green= Depth profile at 0 
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Figure 8.7Raman spectra removed from inline breakthrough pls model training and test data sets. A) Training data 

removed from training model. Cycle 26 fraction C1, D1 and Cycle 2 fraction B5 had flow interrupted during 

measurement 6 .Cycle 27 fraction B11 and C3 observed no CUB signal due to misalignment B) Test data removed 

from predictions. SuRe cycle 28 fraction B5 and C7 observed no signal due to mis alignment with channel. Fraction 

D1 had flow interrupted during measurement so could not be used. C) Example of effect of flow on Raman 

spectrum. Flow caused changes in spectral intensity so any spectrum where flow was interrupted should not be 

used as would skew predictions. 

 

 


