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ABSTRACT 

Peptide therapeutics normally require parenteral administration, which can cause fear, pain, 

potential tissue damage and an increased risk of infection. Therefore, extensive research has 

been conducted into developing strategies which overcome the barriers faced in the oral delivery 

of peptide therapeutics. These barriers include the susceptibility of peptide structures to 

denature or aggregate in the gastrointestinal tract as well as their proteolytic degradation via the 

multiple peptidases present. Traditional cell and animal screening tests are slow and expensive, 

driving the needs for alternative screening approaches to be evaluated. 

Self-interaction chromatography (SIC) represents an automated, high-throughput alternative 

technique of determining peptide propensity to aggregate through the chromatographic 

determination of the osmotic second virial coefficient. This thesis describes how SIC has been 

adapted for studying the stability and aggregation potential of peptide therapeutics under human 

intestinal conditions, and this data was compared to conventional dynamic light scattering and 

size exclusion chromatography measurements. The results of investigations with semaglutide 

and liraglutide showed that the second virial coefficient measurements were able to recognise 

transitions in glucagon-like-peptide-1 (GLP-1) therapeutics physical behaviour, but required 

prior understanding of the peptide oligomeric state behaviour in solution. When applied to 

insulin, it was found that the technique required more adaptations, as insulin is a peptide which 

readily formed stable oligomers.  

This thesis also outlines the development and implementation of a covalently immobilised 

pepsin reactor. A study using peptide hydrophobicity standards found that these immobilised 

enzymes maintained their selectivity relative to solution reaction-based assays. However, a 

greater than 50-fold decrease in activity and 5-fold reduction in substrate affinity was observed, 

which was compensated for by a 500-fold increase in concentration. Additionally, the 
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immobilised pepsin showed good stability over a 12-week period with an average reduction in 

activity and substrate-affinity of 5.9% and 4.8%, respectively, between weeks 2 and 8.  
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CHAPTER 1 

1. INTRODUCTION 

1.1. Peptide Therapeutics 

1.1.1. Peptides versus large molecule biologics versus small molecules 

Peptides are a naturally occurring class of organic molecules with a structure consisting of 

chains of amino acids, typically 10-50, linked together by amide bonds [1]. Endogenous peptides 

act as signalling molecules for various physiological functions within the body, ranging from 

hormones to neurotransmitters such as glucagon-like peptide-1 (GLP-1) [2] and substance P [3], 

respectively. Therefore, due to the intrinsic and specific receptor-binding action of their 

structures, they represent an attractive starting point for the development of novel therapeutics 

with a safe toxicological profile and high efficacy. The resultant peptide therapeutics may be 

categorised into three groups, according to their structure. First, native peptides, identical to the 

endogenous species such as insulin for the treatment of Type 1 Diabetes Mellitus [4]. Second, 

analogue peptides, modified variants of native peptides such as semaglutide to treat Type 2 

Diabetes Mellitus and Obesity [5]. And third, heterologous peptides, novel sequences not found 

in nature such as Bivalirudin [6]. Native peptides are often not ideal for pharmacological use due 

to possessing either poor stability or short half-lives within the body, hence leading to the 

requirement to research and develop novel compounds [7]. 

Within pharmacology, typically therapeutics are categorised into two major classes, namely 

small molecule drugs and biologic therapeutics. The former of these refer to chemical 

compounds with a molecular weight of typically <700 Da [8], which may act to regulate biological 

processes by binding with receptors or forming complexes with target sites [9]. By contrast 

biological therapeutics are compounds containing active molecules produced by living 
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organisms and are typically large complex species (with molecular weights >5000 Da [10]) 

ranging from hormones to monoclonal antibodies and even vaccines. Small molecule 

therapeutics, due to their less complex structure, typically have a simpler manufacture 

procedure, which may be more easily modified if required [11], and so benefit from lower costs 

of production. However, biologics exhibit significantly lower stability and so require more 

sensitive handling during their manufacturing [12]. Since small molecules have lower molecular 

weights and more hydrophobic structures relative to biologic therapeutics, they possess higher 

membrane permeability and as such, in accordance with Lipinski’s rule of 5, higher oral 

bioavailabilities [13]. Therefore, they may be mass produced in tablet or pill form, thereby 

increasing their commercial viability and reducing the cost to consumers relative to biologics, 

which require parenteral, and often direct, administration [14]. Despite their routes of 

administration, biologics typically achieve peak therapeutic concentrations more slowly than 

small molecules, although this is often accompanied by longer half-lives, which may overall 

make dosing control more challenging [12]. Due to their small size and thus surface area, small 

molecule drugs typically target only the active site or receptor and are not able to inhibit large 

surface interactions such as protein-protein interactions [15]. As such, they have significantly 

lower specificity relative to biologics and may have unforeseen, adverse side effects, such as 

distorting structures or off-target binding, which contribute to their often-poor toxicological 

profile [12]. Conversely, biologics have much higher specificity for their target sites due to their 

chemical structure and size allowing for more ergonomic interactions and so much stronger 

affinity. Furthermore, unlike small molecule drugs, their metabolism and excretion pathways are 

often relatively predictable, as they are much more akin to endogenous species, being broken 

down enzymatically and excreted via urine or faeces. This may explain in part why biologics were 

found to require an approximately 2.5-year shorter development time than small molecule drugs 

[16]. However, biologics still pose other risks such as immunogenic reactions or encephalopathy 

due to their hinderance of specific physiological processes [12]. 
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Table 1.1: Comparison of the properties of peptide therapeutics relative to small molecule and 

biologic drugs 

 

 
Small Molecules 

 
Peptides 

Large Molecule 
Biologics 

Molecular Weight < 700 Da ~1000 – 5000 Da >5000 Da 

Manufacturing 
Cost 

Cheap 

(Chemical Synthesis) 
Moderate – High 

(Solid-Phase Synthesis) 
Very High 

(Biological production) 

Storage 
Stable at Room 

Temperature 
May require refrigeration Cold chain required 

Delivery Route All 

Subcutaneous 

Intravenous 

Intramuscular 
(some Oral) 

Subcutaneous 

Intravenous 

Intramuscular 

Membrane 
Permeability 

High Limited Sparingly 

Immunogenicity Low Moderate High 

Toxicity 
Common off-target 

effects 
Low Very Low (Generally) 

Specificity Moderate High Very High 

Peptide therapeutics are a subclass of biologics distinct from large molecule biologics  on 

account of their shorter amino acid sequences, resulting in their reduced ability to form 

stabilising tertiary and quaternary folding structures. Therefore, their biochemical and thus 

pharmacological properties differ, meaning that strategies that improve the therapeutic action 

of either small molecules or large molecule biologics, such as monoclonal antibodies, may not 

necessarily have the same desired effect for peptides. They are known to exhibit some properties 

more comparable to small molecules than larger molecule biologics, with some associated 

benefits and disadvantages (see Table 1.1). As they have the same chemical composition as 

other biologics, peptides have similar modes of action and so exhibit similarly high specificity 
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and efficacy, but with significantly lower immunogenicity [17]. Furthermore, since they are 

smaller with less complex structures, they a more cell penetrating [18], though relative to small 

molecule drugs they still have poor membrane permeability and are generally unable to cross the 

blood-brain barrier [19]. However, whilst still being more expensive than small molecule drugs, 

peptides <50 amino acids in size are significantly cheaper than large molecule biologics, such as 

monoclonal antibodies, to manufacture, not generally requiring recombinant techniques but 

utilising solid-phase synthesis methods pioneered by Merrifield [20]. Finally, due to peptides 

lacking a stabilising quaternary structure like larger protein biologic therapeutics, they are highly 

susceptible to proteolytic degradation and so rapidly cleared from circulation [21]. Therefore, 

without modifications peptides generally exhibit poor in-vivo stability relative to small molecule 

and larger biologic therapeutics.  

1.1.2. Peptide Therapeutics Today 

The research and clinical use of peptides as therapeutic agents began over a century ago with 

the first isolation and medical application of insulin to treat diabetes mellitus [22]. The clinical 

use of synthetic peptides became feasible in the 1960s with the development of the solid phase 

peptide synthesis method by Merrifield et al. [20]. However, due to the short half-lives of native 

peptide structures in the human body, their application for medical treatment purposes was 

hindered until the development of analogue species with improved pharmacokinetics. As of the 

beginning of 2025, from abalaparotide to zilucoplan there have been over 100 peptide 

therapeutics approved by the US Food and Drug Administration (FDA) [23] and European 

Medicines Agency (EMA) [24]. However, as of the third quarter of 2024, small molecule drugs are 

estimated to still constitute approximately 58% of the approximately $1.477 trillion 

pharmaceuticals market [25], whilst the peptide therapeutic market size is estimated to be 

significantly less at just under $50 billion [26]. Some estimates are as high as $117 billion when 

factoring in the rapidly growing market of GLP-1 obesity treatments [27]. It can be safely 

concluded that peptide therapeutics are considered to be a rapidly developing new drug 
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modality, with predicted compound annual growth rate of >12% [26, 27]. The small molecules 

and the pharmaceutical industry as a whole are observing only 7% and 9% growth, respectively 

[25]. 

1.2. Oral Peptide Delivery 

Peptide drugs, due to their large size and typically hydrophilic structure, typically have poor oral 

bioavailability. Therefore, for the peptide therapeutics currently clinically available, parenteral 

delivery is estimated to comprise over 80% of the market in terms of the route of administration 

[26, 27], with only 12 (or 13 if odevixibat is included as a dipeptide structure) being commercially 

available for oral delivery. The total oral peptide drug market size is estimated to be about 

$4 billion, primarily due to the release of an oral semaglutide formulation, Rybelsus, in 2019 [28]. 

However, the oral delivery sector of the peptide therapeutic market is expected to experience 

rapid growth (>20% compound annual growth rate) due to the investment the sector is 

experiencing, primarily on account of the large incentive for oral delivery, which will be discussed 

subsequently. 

1.2.1. Drivers for oral peptide delivery 

There are three primary drivers to oral delivery over the conventional parenteral routes of peptide 

therapeutic administration: increased patient compliance, reduced healthcare costs and 

potentially improved pharmacodynamic properties. Patients may have an aversion to needles 

and generally prefer an oral dosing schedule [29] as continuous, repeated injections are reported 

to result in injection site reactions in 0.5-40% cases for all FDA-approved, injectable, biological 

agents thereby presenting a barrier to this delivery route [30]. Moreover, a survey of 1250 

physicians found that 33.2% of their patients had reported not adhering to their insulin injection 

dosing schedule for at least one day over the previous month, with an average of 3.3 days [31]. 

Stress and public embarrassment were reported as two of the most common reasons for poor 

adherence, both of which may be reduced by the more convenient and simple oral 
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administration route. With respect to the second primary driver, a systematic review of drug 

administration costs by Tetteh and Morris found oral administration to be the lowest for biologic 

medicines [32]. This is primarily due to the lack of clinical professional time or equipment 

required in its administration since it can be self-administered in a pain-free manner without 

sterile precautions or medical supplies such as syringes and needles being required. 

Furthermore, a cost-effectiveness analysis comparing the oral and subcutaneous delivery of 

semaglutide found that the quality-adjusted life years gained through oral administration 

compensated for the increase in cost incurred due to the reduced bioavailability and so 

increased amount of active pharmaceutical ingredient [33]. Finally, oral delivery of specific 

species, depending on their target, may also offer pharmacological advantages. For example, 

oral insulin and GLP-1 analogues better mimic the physiological release pathway of their 

endogenous counterparts, which are both secreted into the hepatic portal vein from the 

pancreas and intestinal L-cells respectively [34, 35]. This reduces any effects of localised 

concentrations of the peptides and in the case of insulin, the possibility of hyperinsulinemia and 

so hypoglycaemia. 

1.2.2. Barriers to oral peptide delivery 

The structure of peptide therapeutics may vary significantly from small dipeptide species such 

as lisinopril to large lipidated GLP-1 analogues such as semaglutide or to cyclic species such as 

oxytocin. Therefore, the barriers for oral delivery are not the same for two peptides, nor is there a 

one-size-fits all strategy to circumvent these barriers. Furthermore, the dietary habits of every 

individual patient, and consequently the conditions within their gastrointestinal tract (GIT) vary, 

especially those with GIT-related diseases such as inflammatory bowel disease, bowel cancer 

or Crohn’s disease, resulting in highly individualised drug absorption profiles [36]. Nevertheless, 

there are five primary barriers to the oral delivery of peptides: the variance in pH through the GIT, 

the presence of proteolytic enzymes within the GIT, the gastrointestinal (GI) mucus layer, the 

epithelial membrane and first-pass metabolism.  
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The pH varies significantly throughout the GI tract, which is challenging for the maintenance of 

peptide stability. At extreme pH values peptide secondary structures may be disrupted causing 

a potential loss in functionality, whilst at pHs close to their isoelectric point, the peptide may 

become susceptible to aggregation or a significant reduction in solubility. Therefore, a 

continuously changing pH profile is not ideal for ensuring a consistent structural profile. 

Beginning in the mouth, saliva ensures the maintenance of a relatively neutral pH within the range 

pH 6.7-7.3 [37]. However, upon reaching the stomach the pH drops significantly to pH 1.7-4.7, 

before being neutralised by carbonates and bile juices in the duodenum to reach pH 5.9-6.3 [38]. 

In the jejunum and the ileum, the conditions are slightly basic, measured in the pH 7.4-7.8 range, 

whilst the colon shows significant variance ranging from mildly acidic to slightly basic (pH 5-8). 

Measurements of the physical properties, constituents concentrations and pH of the GI fluid 

within the various sections of the GIT have been collated and reviewed thoroughly by Mudie et al. 

[39].  

The primary function of the GIT is to digest and absorb nutrients and minerals whilst serving as a 

barrier to prevent the invasion of pathogenic species. Therefore, within the GIT there are several 

proteolytic enzyme species such as pepsin in the stomach and trypsin in the small intestine, the 

function of which is to degrade proteins into amino acids and di- and tripeptides for absorption. 

The proteolytic enzymes present in the GIT have been thoroughly reviewed by Pereira de Sousa 

et al. [40]. Since peptide therapeutics aim to mimic endogenous peptide species, they are 

comprised of the same amino acid structure as nutritional proteins and as such are susceptible 

to proteolytic degradation, thereby impacting their potential bioavailability. For example, in a 

study determining the proteolytic stability of seventeen peptide therapeutics in GI tract fluids, 

only three (cyclosporine, desmopressin, and octreotide) exhibited resistance to enzymatic 

degradation, all three of which have cyclic structures and are commercially available as oral 

formulations [41].  
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The epithelial cells within the GI tract are exposed to the external environment and as such have 

a continuous mucus layer which acts as a selectively permeable barrier for their protection [42]. 

The primary component of the mucus gel are the goblet-cell secreted mucin glycoproteins, which 

have a brush-like structure, with negatively charged glycosylated groups extending as bristles 

intermittently separated by hydrophobic cysteine-rich domains. These form a size-excluding gel 

matrix and due to their structure, impede the permeation of hydrophobic and positively charged 

peptides, thereby increasing their exposure to brush border enzymes [42]. As such, the mucus 

layer further reduces oral peptide bioavailability, especially for microparticle delivery strategies. 

The epithelial membrane varies throughout the GIT, but the intestines is traditionally the target 

drug absorption site, composed predominantly of four cell types: enterocytes (>80%), mucin-

secreting goblet cells, enzyme-secreting Paneth cells and microfold cells (<1%) [43]. These cells, 

bound together via transmembrane proteins forming tight-junctions, form a continuous 

monolayer between the lamina propria and the intestinal lumen, which serves as a semi-

permeable barrier [44]. Peptide therapeutics are generally, but not always, too large to 

paracellularly permeate through the tight junctions, which typically have a pore size of between 

8 and 10 Å, thereby inhibiting species with a molecular weight of more than 600 Da [45]. 

Moreover, peptides due to their high molecular weight and hydrophobicity generally have poor 

passive transmembrane permeability. The epithelial barrier remains the most significant barrier 

to oral peptide delivery. 

Orally administered therapeutics, upon absorption through the GI membrane, enter the hepatic 

portal system, which delivers the absorbed species to the liver. The liver contains a number of 

proteolytic enzyme species which may metabolise the orally delivered peptide and so reduce the 

fraction of drug which reaches systemic circulation [46]. This behaviour is referred to as the first-

pass effect and adds an additional barrier to the bioavailability of orally delivered therapeutics. 

However, of the five barriers discussed previously, the primary focus of the work outlined in this 
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thesis will relate to the first two, namely the variation in pH and conditions within the GI tract and 

how that impacts peptide physical stability of peptides and the susceptibility of peptides to 

proteolytic degradation. 

1.2.3. Oral peptide delivery strategies 

Oral delivery strategies typically aim to improve the bioavailability of the active pharmaceutical 

ingredient (API) by one of two methods or both. Firstly, they may either stabilise or shield the 

species against physical denaturation or degradation within the GI tract environment. Secondly, 

they may act to increase the permeability of the API across the GI epithelium. The specifics of the 

various techniques are outside the scope of the work performed in this thesis, but a brief, non-

exhaustive summary shall be provided here for context. In this summary, the various oral peptide 

delivery strategies shall be divided into two subcategories, namely encapsulating and non-

encapsulating methods. Within a given formulation, multiple approaches may be used in 

tandem. Alternative oral delivery technologies such as luminal unfolding microneedle injectors 

[47], self-orientating millimetre-scale applicators [48] and RaniPills [49] will not be discussed as 

they are in essence parenteral delivery methods administered orally. 

Encapsulation strategies within oral delivery formulations involve loading the API into a 

nanostructure which primarily aims to shield the API from the GI environment but also may be 

functionalised to improve permeability. These methods include the use of enteric coatings as 

protective layers encasing an oral pill, which are commonly used in small molecule oral delivery 

to target intestinal release. Enteric coatings are composed of copolymer materials, which in the 

low pH of the gastric environment maintain their structure, but disintegrate as the pH increases 

in the intestines and their carboxylic acid groups are deprotonated, and so release the API [50]. 

Alternative encapsulation methods include the use of nanoparticles, which may be divided into 

polymeric and inorganic nanoparticles, the most common of which are chitosan and silica, 

respectively [51]. Polymeric nanoparticles are beneficial due to their versatility, as the polymer 
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and surface functionalisation may be easily modified to maximise their effectiveness. For 

example chitosan is beneficial as it interacts with epithelial serine residues, modulating tight 

junction opening [52] whilst its size distribution may be easily controlled [53].  Conversely, 

inorganic nanoparticles are not degraded within the human body and so accumulate [54], 

however their porosity is readily tuned, whilst silica has also been found to induce tight junction 

opening by binding to integrins on the epithelial surface [55]. An alternative encapsulation 

strategy are solid lipid nanoparticles, which are comprised of solid-lipid core loaded with API 

encased in a surfactant shell [56]. These have been found to interact strongly with epithelial cells 

[57] and to initiate a clathrin-dependent endocytosis pathway [58]. Self-(nano)emulsifying drug 

delivery systems (SEDDS) have been found to target a similar endocytosis mechanism [59]. 

SEDDS are formulations of lipids, cosurfactants and cosolvents that emulsify upon exposure to 

aqueous media to entrap a lipophilic API into oil droplets [60]. They have previously been applied 

successfully in the oral formulation of Cyclosporine A, Neoral [61]. 

Non-encapsulating oral delivery strategies, in this brief review, shall be divided into three 

subcategories: species that alter the GI tract environment, solubilising agents and permeation 

enhancers. The former of these includes species such as enzyme inhibitors and mucolytics. 

Enzyme inhibitors shall be discussed in more detail in Section 3.2.3. Mucolytics are species 

which act to break down mucus barriers for example via catalysing the breakdown of disulfide 

bonds within the mucin glycoprotein structure [62]. For example, formulation with N-

acetylcysteine has previously been shown to improve intestinal permeability [63]. Examples of 

solubilising agents include ionic liquids and hydrophobic ion pairs. Ionic liquids are salts in liquid 

state under ambient conditions, and are often comprised of organic cations conjugated to 

anionic, with the most commonly studied example being choline and geranate [64]. They are 

suggested to stabilise the API and improve its solubility by forming a shell around it via 

electrostatic interactions [65]. Conversely, hydrophobic ion pairs are hydrophobic counter ions 

applied to improve the solubilisation of hydrophilic APIs within a lipid-based drug delivery system 
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[66]. Finally, permeation enhancers are species which act to increase the epithelial permeability 

of the API. They may be divided in accordance with their mechanism into transcellular and 

paracellular permeation enhancers. Transcellular permeation enhancers may be further divided 

into two groups: first, surfactants which disrupt the epithelial bilayer integrity, and second, 

species which form complexes with the API so as to increase its hydrophobicity and as such its 

passive transcellular permeability [67]. The most prevalent example of these is sodium N-[8-(2-

hydroxybenzoyl)amino]-caprylate (SNAC), which is applied in the oral formulation of semaglutide 

[68]. Paracellular permeation enhancers disrupt paracellular tight junctions by altering 

intracellular signalling pathways (1st generation) or interfering with their intercellular interactions 

(2nd generation) [67]. The most notable paracellular permeation enhancer is sodium caprate, 

which acts via a 1st generation mechanism and has been used in the oral formulation of 

octreotide, Mycapssa [69]. 

1.3. Drug discovery phase of peptide therapeutic development 

There are an estimated 5000-10000 drug candidates per approved therapeutic identified during 

the drug discovery process, with only approximately 250 compounds reaching the pre-clinical 

phase and 5 entering phase I clinical trials [70]. The cost of developing a novel therapeutic has 

been estimated to be on average approximately $2.83 billion (USD 2022) by Proudman et al. with 

pre-clinical research accounting for $692 million (USD 2022) [71]. The full procedure from target 

identity to therapeutic approval is outside the scope of the work in this thesis, but a brief 

summary of the drug discovery phase of drug development are required to understand the 

context of the work carried out. 

Upon identifying and validating a target receptor, the drug discovery phase of the development 

of a therapeutic peptide begins. The drug discovery phase consists of three primary stages: hit 

identification, hit-to-lead selection and lead optimisation. The methods studied within this thesis 

aim to improve on those within the hit-to-lead selection stage, and so that stage will be analysed 
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most thoroughly. The other two stages shall be summarised briefly for context. Hit identification 

consists of screening massive libraries of peptide sequences within a specific combination 

space, perhaps based on natural peptides or rational design [72]. This is generally performed 

using display library technology [72], perhaps accompanied by deep-learning approaches [73], 

to rapidly identify sequences which have affinity for the target receptor. After hit-to-lead 

selection, lead optimisation primarily involves four objectives. One involves the modification of 

the lead structure and formulation to improve its absorption, distribution, metabolism and 

excretion kinetic pathways, such as for example the lipidation of GLP-1 analogues to enhance 

their albumin binding and reduce proteolytic degradation by dipeptidyl peptidase IV [74]. A 

second is initial scouting of the scalability of the manufacturing [75] and purification process of 

the peptide through consideration of its yield and impurity profile [76]. Thirdly, initial off-target 

safety pharmacology screening may also be initiated during this phase of drug development to 

minimise later candidate attrition [77]. However, the most important are the more detailed 

pharmacodynamic and pharmacokinetic studies, including initial, non-good laboratory practice, 

exploratory in-vivo trials to assess toxicology [78]. 

During the hit-to-lead stage, properties of the “hit” peptides are measured and their structures 

refined to “lead” candidates with improved potency, selectivity, stability and developability. The 

primary studies carried out during this phase of peptide therapeutic development include 

structure activity studies, which are performed by measuring target receptor binding of the are 

studied via several potential methods including surface plasmon resonance, radioligand 

binding, Förster resonance energy transfer or functional cell assays. Understanding of which 

residues are key for target binding is studied and optimised via d-amino acid scans, alanine 

scans or N- and C-terminal truncation [79]. In addition, solubility, conformational stability and 

aggregation propensity of the candidate peptides are studied during this phase of candidate 

development [80] with several of the experimental techniques outlined in Section 2.4. Since 

peptide solubility may limit formulation feasibility and dosage strength, formulation selection 
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also begins during this phase of development. The stability of the peptide structure to chemical 

degradation such as oxidation, deamidation, hydrolysis or thermal stress are also studied via 

mass spectrometry methods to identify weakness within the structure and potential degradation 

pathways [81]. Similarly, experiments incubating the candidate peptide in serum with specific 

proteases, representative of the targeted delivery route, to measure its proteolytic stability are 

also conducted to identify protease susceptible residue sites. These techniques are outlined in 

more detail in Section 3.3. Additionally, permeability assays, such as parallel artificial membrane 

permeability assays or cell line experiments (e.g. Caco-2 or MDCK cells) are carried out to ensure 

the target absorption and distribution pathways are feasible [82]. 

Given the high costs associated with developing a novel drug, even in the preclinical phases, and 

the “shotgun” approach applied during drug discovery, improving the candidate filtration 

process will likely result in significant reduced overall costs. Accurate experimental techniques 

with higher throughput during the hit-to-lead phase of drug discovery would allow for more rapid 

data collection of different structures and formulations, and so potentially a greater number of 

candidates screened. Therefore, this may allow for a reduction in the number of expensive in-

vivo test required later during the pre-clinical phase of drug development and potentially reduce 

the number of failed candidate peptide therapeutics. Therefore, the work in this thesis aims to 

develop self-interaction chromatography and immobilised enzyme reactors as tools for studying 

peptide aggregation propensity and proteolytic stability, respectively, under GI conditions with a 

view to their potential application in oral peptide formulation development. 

1.4. Thesis Outline 

Chapter 2 discusses the structure of peptide therapeutics, their various modifications from 

native peptides and how these impact their propensity to aggregate. It further outlines the 

different aggregate structures and discusses the mechanisms through which they form. It finally 

reviews the different methods through which peptide aggregation may be measured, with a focus 
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on dynamic light scattering, size exclusion chromatography and self-interaction 

chromatography. 

Chapter 3 reviews the structure of and solution conditions within the gastrointestinal tract before 

focussing on the GIT proteolytic enzymes and factors affecting their activity. Additionally, the 

techniques for measuring the proteolytic degradation of peptides are briefly discussed prior to 

reviewing the various types of immobilised enzyme reactors and methods of measuring their 

effectiveness. The subsequent Chapter concludes the literature review section of the thesis with 

a summary of the gap in the previous research and an outline of the thesis objectives. 

Chapter 5 discusses the materials used throughout the experimental work, discussing the 

background to the sample peptides, with a brief explanation for their selection. In particular it 

discusses the selectivity and proteolytic mechanism of the enzymes used. It also describes the 

various equipment and experimental procedures followed throughout the course of 

experimental work described throughout the rest of the thesis. 

Chapter 6 outlines the development of the self-interaction chromatography method with respect 

to its application for studying peptide analytes. It discusses the selection of the resin, end-

capping procedure and optimisation of the chromatographic method, including parameters such 

as the flowrate.  

Chapter 7 investigates the application of Self-Interaction Chromatography (SIC) for studying the 

aggregational propensity of a model peptide, semaglutide, under various simulated intestinal 

conditions. The results are compared with size distribution data gathered using dynamic light 

scattering data to establish whether the technique captures the correct trends. Chapter 8 

expands the SIC study to two additional peptides, liraglutide and insulin. The results are then 

compared to size distribution data collected via dynamic light scattering and size exclusion 

chromatography. 
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Chapter 9 focuses on the development of an immobilised pepsin reactor and standard operating 

procedure. It establishes the immobilisation of pepsin before establishing the changes in 

selectivity and Michaelis-Menten parameters through comparison with solution data, before 

expanding the study to a library of peptides. 

The thesis concludes with Chapter 10, which provides a summary of the results and 

recommendations for any potential future work. 
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CHAPTER 2 

2. PEPTIDE AGGREGATION: A REVIEW 

2.1. Peptide Structure 

Peptides are oligomers or polymers of amino acids (known as residues) bound together by amide 

(peptide) linkages, which are partial double bonds between the carboxy group of one amino acid 

to the amino group of the subsequent amino acid [1]. The amino acids, which form the basic 

structural unit of the peptide chain, consist of an α-carbon covalently bound to a hydrogen, an 

amino group, a carboxyl group and a side chain commonly referred to as the R-group. There are 

21 proteinogenic amino acids in eukaryotes with differing R-groups, however, often generally only 

the 20 canonical ones are listed as selenocysteine is rare and is not generally encoded within the 

human genome [83]. The difference in physicochemical properties of the various amino acids is 

due to the different chemical nature of the R groups, which vary in charge, hydrophobicity and 

size [84]. Within peptides and proteins, the amino acid sequence is commonly notated beginning 

from the N-terminal (free α-amino group) amino acid to the C-terminal (free α-carboxyl group) 

amino acid. Traditionally peptides with fewer than 10 residues are referred to as oligopeptides, 

whilst the term polypeptide is used to define those with 10-100 residues and proteins, those with 

more than 100 residues [1]. However, more recently, peptides with greater than 50 residues are 

often referred to as proteins and those with 10-50 residues as peptides. Protein and peptide 

structure may be classified into three to four tiers [85]. The amino acid sequence constitutes the 

primary structure of the peptide. The local structure of segments of the backbone of amino acids 

may form into periodic spatial arrangements referred to as the secondary structure. Under 

suitable conditions via intermolecular interactions the most commonly formed structures are α-

helices and β-pleated sheets. These secondary structures will interact with one another through 
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intramolecular forces between the various amino acid side chains, causing the structures to fold 

further into a compact three-dimensional form, providing the overall shape of the individual 

peptide chain known as the tertiary structure. Proteins containing more than one polypeptide 

chain, differ from peptides in that they may also form quaternary structures, which refer to the 

spatial arrangement of multiple tertiary structures of individual polypeptide chains [84]. These 

complexes may be homogeneous or heterogeneous consisting of the same or different 

polypeptide chains, respectively. 

2.2. Fibrillation and Aggregation Mechanism 

2.2.1. Peptide Aggregate forms 

The term aggregate, with respect to peptides, can refer to a whole range of multimolecular 

peptide species, ranging from the smallest dimers and oligomers to macromolecular fibrils and 

amorphous structures [86]. The final aggregate formed is dependent on a number of factors 

including the environmental conditions and the peptide sequence and its structural motifs. For 

peptide therapeutics these aggregate structures generally fall into four categories: oligomers, 

micellular structures, amyloid fibrils and amorphous aggregates. The general pathway of 

aggregation is outlined in Figure 2.1 with the formation of micellular structures absent as their 

formation is highly reliant on peptide structure. 

 

Figure 2.1: Schematic representation of general pathways of aggregation and fibrillation 
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2.2.2. Oligomers 

Peptide oligomers are a poorly defined class of aggregates, but are generally classified as those 

that do not readily sediment in solution and are comprised of a limited number of monomers 

such that it has a relatively small size [86]. Oligomers may be categorised as either on-pathway 

or off-pathway. The former of these are essential intermediates and direct precursors to larger 

fibrillar species during peptide aggregation [87]. By contrast, off-pathway oligomers are distinct, 

metastable species with sufficient structural differences that there is an energy barrier to their 

being converted or incorporated into larger aggregates [88]. Certain peptides, under stable 

solution conditions but at sufficiently high concentrations, begin to associate to form stable 

oligomers. This occurs either via intermolecular interactions or via interactions with a specific 

excipient, with the individual peptides either maintaining their native structure or adopting a 

relatively similar conformation within the oligomer [89]. This process is generally reversible and 

provides stability to the peptide against degradation. An example of such a structure would be 

the hexamer of insulin, the structure of which is detailed in Section 5.1.1, or amyloid β (1-40) in 

the presence of Zn2+ ions [90].  

2.2.3. Micellular Structures 

Peptide amphiphiles consist of hydrophilic and hydrophobic chains of amino acids or more 

typically, a hydrophilic peptide bound to one or more lipid chains, the latter being a lipopeptide 

[91]. These peptides, under aqueous conditions and above a critical aggregation concentration, 

agglomerate to form spherical micelles due to the hydrophobic interactions of the hydrophobic 

regions and electrostatic repulsions of the hydrophilic regions [92].  At sufficiently high 

concentrations these species then cluster and merge via hydrophobic interactions to form 

wormlike micelles, which themselves coalesce into twisted ribbons and larger nanofibers [93]. 

An example of a therapeutic peptide exhibiting spherical micelle formation is daptomycin [94]. 

Typically, this type of self-assembly behaviour is intrinsic to the structure of the peptide 

therapeutic and as such would likely be a known property, prior to investigation [95]. However, 
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with lipidation being a common technique used in improving the half-life of peptide therapeutics, 

degradation processes may result in this behaviour being exhibited. 

2.2.4. Amyloid Fibrils 

Amyloid fibrils are aggregates composed of peptide monomers intermolecularly stacked to form 

cross-β sheet conformations, which arrange into protofibril structures, and in turn to fibrils, 

characterised by their linear structure [96]. They are typically the most thermodynamically stable 

conformation a given peptide agglomeration can exhibit; hence they readily form above a critical 

solution concentration [86]. Their formation typically begins with a peptide, which has a 

sufficient proportion of its sequence having a random unfolded secondary structure in its native 

state or for which the native structure is disrupted via solvent or excipient interactions or via 

chemical reaction resulting in a partially-folded state with an exposed peptide backbone [97-99]. 

The exposed peptide backbones then reversibly self-assemble into small oligomer structures 

until reaching a critical size, known as the nucleus of aggregation, for which the rate of 

aggregation becomes faster than dissociation (primary nucleation) [86] (see Figure 2.2). These 

oligomers then readily aggregate via β-sheet like interactions to form larger oligomers, 

protofibrils and fibrils [86, 87, 89]. The surface of these fibrils may then interact with unstable 

monomers to catalyse the formation of new nuclei (secondary nucleation) or the fibrils 

themselves may fragment to form nuclei  [86, 100]. Therefore, the formation rate of peptide fibrils 

is characterised by a lag phase, followed by a growth phase and a plateau, with either primary or 

secondary nucleation being responsible for the growth phase [101, 102]. More detailed analysis 

of the mechanism and kinetics of fibril formation has been extensively reviewed [86, 89, 100, 102, 

103] but is beyond the scope of the work carried out in this thesis. 
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Figure 2.2: Diagram representing the key stages of peptide fibrillation 

2.2.5. Amorphous Aggregates 

The term amorphous aggregate generally corresponds to large assemblies of peptides with an 

irregular structure [86]. However, various non-fibrillar aggregates have been shown to have 

significant degree of structure to their conformations [96, 104, 105], showing similar β-structures 

to amyloid fibrils [105], exemplified by their ability in some cases to act as precursors to fibrils 

[96]. Therefore, in terms of peptide aggregation, it is perhaps more accurate to describe non-

linear, amorphous aggregates as non-fibrillar. They differ from oligomeric structures in that 

amorphous aggregates are typically orders of magnitude larger than the monomeric peptide with 

potential to form deposits [86]. Their formation generally proceeds similarly to that of amyloid 

fibrils, beginning with a peptide monomer with irregular, random-coil-like structures either due 

to instability or that being the peptide’s native state [89]. These monomers agglomerate via 

hydrophobic interactions or backbone hydrogen-bonding to form disordered oligomers which 

may reorganise and compact to form β-sheet structures, characteristic of fibril precursor 

structures [97-99] or which further associate into the larger amorphous structures discussed 

[89].  
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2.3. Factors affecting aggregation 

2.3.1. Peptide Sequence 

Peptides due to their smaller size relative to proteins and lack of quaternary structure in their 

monomer state, have a reduced number of electrostatic interactions, hydrogen-bonds and van 

der Waals forces maintaining their conformation and secondary structures. Therefore, they 

additionally have relatively less shielding of their hydrophobic groups from the aqueous 

environment, increasing the probability of and enabling stronger interactions between 

monomers when in solution. Therefore, individual alterations to a peptide sequence may not just 

perturb its folding conformation, but also its aggregation propensity by changing the strength of 

hydrophobic, van der Waals and electrostatic intermolecular interactions [106-108]. It has been 

shown that specific segments of the amino acid chain may drive the initiation of the aggregation 

process [109, 110]. These sequence segments are known as aggregation-prone regions (APRs). 

They are generally 5 to 15 residues long and are comprised of hydrophobic rich, low net charge 

amino acids that have a high native tendency to form β-sheet structures and may even induce 

aggregation upon insertion into a peptide chain [111-114]. However, the presence of an APR itself 

does not necessarily imply peptide aggregation, as the sequence may be shielded by structural 

folding [115]. Nevertheless, APRs do initiate aggregation upon sufficient peptide unfolding and 

interaction with the solvent medium [116].  The amyloid aggregation propensity of individual 

amino acids has been tabulated by Pawar et al. with the aromatic residues (other than Histidine) 

and cysteine showing the highest proclivity and the charged residues the lowest [117]. Despite 

this, aggregation has been shown not to be solely dependent on hydrophobicity or even the β-

sheet propensity of the sequence [118]. Typically, therapeutic peptides are designed without 

contiguous stretches of hydrophobic residues or APRs. However, another method of aggregation 

prevention is through the placement of gatekeeper residues which have charged side chains (e.g. 

Arg, Lys, Glu, Asp), which act to counteract aggregation through charge repulsion or through 
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steric hinderance [119-121].  Additionally, Pro and Gly may also act to counteract aggregation via 

their incompatibility with the β-structure [114, 120].  

2.3.2. Peptide Modifications 

As outlined in the previous subsection, the physical stability of peptides is highly dependent on 

their structure. However, in the design of therapeutic peptides, several strategies have been 

developed to increase the bioavailability, potency or half-life of the active pharmaceutical 

ingredient (API) via modification of its structure. These range from major structural additions 

such as lipidation or glycosylation or conformational changes via stapling, cyclisation or disulfide 

bonds, to minor changes such as amino acid modification. Glycosylation [122], conjugation with 

polyethylene glycol (PEG) otherwise known as PEGylation [123], phosphorylation [124, 125], 

acetylation [126], cyclisation [127] and (non-disulfide bond) peptide stapling [128] are not 

structural facets of any of the peptides investigated in this study and so are outside the scope of 

this review, but have been reviewed previously. Therefore, this subsection will primarily focus on 

the effects of lipidation, amino acid modification and disulfide bonds on peptide conformation 

and physical stability. 

2.3.2.1. Lipidation 

Lipidation is a common strategy in peptide therapeutic development with several benefits 

including enhancing the peptide’s stability to thermal or pH variations, improving peptide cell 

membrane interaction strength and increasing the half-life of the drug within the body [93, 129, 

130]. The functionalisation process is typically performed via an amide bond at the N-terminus 

or a Lys amine side chain [129, 131], often via a linker species such as L-γGlu, which has been 

found to be important in ensuring a prolonged half-life when lipidating Peptide YY3-36 [132] . 

However, lipidation may also be performed irreversibly via O-esterification or reversibly via S-

esterification at Ser [133] or via a thiol-ester group to Cys [134, 135]. The functionalisation 

methods have been reviewed in more detail by Kowalczyk et al. [131] and Zhang et al. [129]. This 
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strategy may drastically alter the physical stability of the peptide and mechanism through which 

it aggregates. In the case of uncharged mildly hydrophobic peptides, lipidation increases their 

hydrophobicity without any secondary structure folding mechanisms and thereby increases the 

peptide’s propensity to aggregate in aqueous solutions[129, 136]. In the case of charged 

peptides, lipidation leads to the formation of an amphiphilic structure [93, 137], which when 

above its critical micelle concentration, will associate into micelle structures, comprised of a 

hydrophobic core of the lipid chains bound by hydrophobic interactions and a hydrophilic 

peptide outer shell interacting with the solvent environment. They may themselves form a fibrillar 

network possibly leading to hydrogelation after sufficient time in the environment [93, 136, 138]. 

The lipidation site itself is important as it has the capacity to impact the aggregation propensity 

of the peptide with studies on a GLP-1 analogue showing that both the length of the lipid chain 

attached and its placement within the sequence effect the peptide’s aggregation propensity 

[139]. Likewise, Peptide YY, when lipidated at different residues, showed differing propensities 

to form micelles and hydrogels under various solution conditions [130]. 

2.3.2.2. Non-proteinogenic amino acid substitution 

Substitution of non-proteinogenic amino acids into the primary structure of the template peptide 

is a well-practised molecular design strategy used to improve the stability of therapeutic 

peptides. An example of this practice would be the substitution of Ala-8 from native GLP-1 for 

amino-isobutyric acid (Aib). Aib is a non-natural amino acid analogous to alanine with an 

additional methylation at the α-Carbon, which functions in semaglutide to protect against 

proteolytic degradation by dipeptidyl peptidase IV [140]. However, this strategy also impacts the 

peptide conformation and so the aggregation pathway. For example, Aib is known to improve the 

stability of α-helix conformations and disrupt the formation of β-sheet thereby inhibiting several 

fibrillation pathways [141]. Additionally, it was observed to improve the physical stability of 

glucagon when substituted with Ser-16 [142]. A similar strategy to disrupt the secondary 

structure of the template peptide is effected through the substitution of D-amino acids into the 
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sequence, which similarly act to inhibit the formation of secondary structures [143]. However, 

their effectiveness at inhibiting peptide self-assembly is dependent on the site of substitution 

[144]. Furthermore, it is not necessarily directly correlated to the number of D-amino acid 

substitutions but the disruption of the secondary structure formation, with alternating chiralities 

of peptide EAK16 showing much poorer propensity to self-assemble than either D- or L-EAK16 

[145]. 

2.3.2.3. Disulfide Bonds 

Disulfide bridges are covalent bonds formed between two Cysteine side-chain β-thiol groups, 

either within the same peptide chain to form a loop or with a neighbouring peptide chain [146]. 

These bonds are a common post-translational modification during peptide and protein folding 

that stabilise the conformational and monomer structures. Disulfide linkages in aggregation-

prone regions of the sequence have been found to inhibit the formation of conformations leading 

to aggregation [147-149], but may also instigate protein oligomerisation in other cases [150-152]. 

The effect disulfide linkages may have on the rate and path of aggregation of the individual chains 

may be significant. For example, insulin has been found to exhibit a pH-dependent lag phase of 

fibrillation, whilst the rate of fibrillation of chain A appeared to be independent of pH [153]. 

Additionally, chain B has been found to display a concentration-dependent aggregation pathway 

under acidic conditions. 

2.3.3. Peptide concentration 

Peptide solution concentration typically has a significant influence on the rate of aggregation 

which is not unexpected as it is in accordance with most rate laws. However, the relationship is 

highly dependent on the mechanism of aggregation. For example, the rate of formation of 

amorphous aggregates of Titin I27, was observed to be a function of the aggregate surface area 

[154]. Conversely, as briefly described in Section 2.2.4, fibrillation, in the majority of instances, 

follows nucleation-polymerisation kinetics, meaning that the primary nucleation event is the rate 
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determining step [155]. For these kinetics, the rate of fibrillation increases and lag-time 

decreases with increasing peptide concentration, as exemplified by insulin [156]. In the event 

that secondary nucleation is the rate limiting step of fibrillation, then the relationship between 

concentration and rate of aggregation is still clearly observed despite requiring a more complex 

kinetic model [157]. Nevertheless, a negative relationship between increasing peptide 

concentration and rate of aggregation may be observed, as in the example case of GLP-1 at pH 

7.5, although not at pH ≥7.7 [158]. This relationship is suggested to be caused by the increase in 

formation of off-pathway oligomers, stable under the more acidic conditions and which do not 

convert to on-pathway oligomers or for which the kinetics of conversion are extremely slow. 

Thus, their breakdown or conversion becomes a rate-limiting step of fibrillation at the sufficiently 

high concentrations for which they are observed. 

2.3.4. pH  

Peptide conformations are most stable against denaturation near or at their isoelectric points 

due to the reduced electrostatic interactions which can otherwise disrupt their structures [84]. 

However, due to the lower strength of electrostatic repulsion forces under these solution 

conditions, attractive intermolecular van der Waals forces, hydrogen bonds and hydrophobic 

interactions have their greatest effect and generally lead to an increased rate of agglomeration 

and aggregation of the native species. At pHs further from the isoelectric point, higher net 

charges result in opposing electrostatic forces that must be overcome to self-associate, leading 

to a slower rate of aggregation [159-161]. The pH of the peptide environment not only has an 

effect on the rate of aggregation but perhaps also the conformation the aggregate takes. For 

example, with more monodisperse and amorphous aggregates of β-lactoglobulin being observed 

at pHs close to or at the peptide’s isoelectric point, whilst amyloid or spherulite fibrils were 

observed at more extreme pH values where the native monomer folding conformation is 

disrupted [162]. The kinetics of the formation of these aggregates and fibrils can differ 

substantially, resulting in a less clear relationship between pH and aggregation rate, particularly 
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at pHs where both species form in competition [155]. An example of a peptide with such kinetics 

is GLP-1, which is highlighted more in Section 5.1.2. 

2.3.5. Temperature 

Aggregation may occur via a number of various pathways. The four major pathways transpire via 

an intermediate/partially unfolded/denatured state, via self-association of the native state 

peptides, via chemical reactions between monomer peptides leading to chemically bound 

aggregates and via chemical degradation of the peptide to an intermediate with a higher 

propensity to aggregate [163]. Depending on the aggregation pathway most prevalent under the 

particular solution conditions, the rate-limiting step may display multiple different kinetic orders 

[163]. The primary role temperature has in peptide aggregation is its direct effect on diffusion and 

overcoming the activation barriers involved in either the formation of covalent bonds between 

monomers, chemically degrading the peptide or unfolding the peptide structure. An increase in 

temperature results in increased stability of the less structured monomer conformations, more 

prone to aggregation, since electrostatic interactions, van der Waals forces and hydrogen bonds 

are all exothermic in nature and so are destabilised increasing the rate of peptide unfolding, 

whilst hydrophobic interactions are endothermic stabilising the aggregate structure [84]. The 

effects of temperature are not so linear however, as the aggregation pathway with the lowest 

energy barrier and so conformation of the aggregation nucleus, may change with temperature, 

causing drastic changes in the rate of aggregation, especially, when both aggregate forms are 

viable and in competition [164]. Due to aggregation being a multi-step process, requiring 

reaction, aggregation or peptide denaturation and unfolding, the activation energy observed is 

the sum of those for rate-limiting steps and the enthalpy change for other aggregation steps that 

progress at a sufficient rate [163]. Therefore, if there is sufficient variation in the enthalpy change 

or activation energy of a particular step with temperature, then the process will not display 

Arrhenius behaviour over a wide temperature range [163]. However, Arrhenius behaviour of 

aggregation is exhibited for several peptides with a monomeric unfolded structure, for example 
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β-Amyloid peptide [165-167], or at specific conditions for which the native structure has 

degenerated, for example insulin at pH 1 [168] or pH 1.6 [169]. 

2.3.6. Excipients 

2.3.6.1. Salts 

There are three possible mechanisms through which salts may affect a peptide’s propensity to 

aggregate, either via one predominantly or via a combination of them simultaneously depending 

on the salt in consideration, the solution conditions and the peptide. The first of these is Debye-

Huckel screening, during which the salt ions coalesce non-specifically around residues within 

the peptide chain of opposing charge, thereby increasing the local ionic strength of the solvent 

and shielding, and thus reducing, peptide inter- and intramolecular electrostatic interactions 

[170, 171]. The second mechanism through which ions may affect peptide aggregation is via ion 

pairing, during which it is theorised that salt ions bind with specific polar or oppositely charged 

groups on the peptide chain and so alter the isoelectric point of the peptide [172]. The third 

mechanism is not through direct interaction with peptide itself, but how the ions affect water-

water interactions and so the efficiency with which water solvates apolar residues and forms a 

hydration shell around it [173]. The ability of ions to impact peptide aggregation via this 

mechanism follows the Hofmeister series [174], an example of which is the aggregation 

behaviour of α-synuclein [175]. Anions and cations act separately as their charges shield 

different species, but their effects are cumulative [171]. Anions typically have a greater effect 

than cations as they are more strongly hydrated and so have a greater polarising effect [170, 176]. 

The mechanism through which salts impact peptide aggregation may also be dependent on the 

concentration of the ions. An example of this behaviour is islet amyloid polypeptide (IAPP), for 

which at pH 8 and low salt concentrations the rate of fibril formation depends strongly on the salt 

anion and scales with the electroselectivity series, suggesting the ionic binding mechanism 

[176]. However, this anion dependence is reduced at higher salt concentrations and follows a 
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Hofmeister series, whilst at pH 5.5, the ionic mechanism is maintained at higher salt 

concentrations, likely due to the charge of the peptide being higher at the lower pH [176]. This 

emphasises how the salt effects on aggregation are both pH and peptide dependent. 

Independent of the mechanism, the screening of intra- and intermolecular electrostatic 

interactions and weakening of hydrogen bonding due to increasing salt concentrations results in 

hydrophobic interaction becoming the more dominant forces and so the rate of aggregation 

increasing. Therefore, at sufficiently high salt concentrations, the structure of the monomer may 

be affected and so the conformation of the aggregate. For example, β2-microglobulin forms 

amyloid fibrils at moderate anion concentrations, whilst at high concentrations amorphous 

aggregates are formed due to the clustering of exposed hydrophobic surfaces [160]. Conversely, 

amyloid β peptide (Aβ40) unfolds in increasing salt concentrations to form a more mature 

amyloid fibril conformation [177]. 

2.3.6.2. Surfactants 

Surfactants act to stabilise peptide and protein structures in aqueous solutions from aggregation 

via two mechanisms: firstly by occupying hydrophobic interfaces, thus preventing protein 

adsorption or increased localised concentration at such sites or secondly, by interacting with 

hydrophobic sites of the peptide, inhibiting further interaction between peptide monomers [155, 

178, 179]. Both mechanisms aid in protecting the peptide structure against interfacial stresses 

and the related degradation and aggregation processes that may follow. However, the role of 

surfactants is not entirely stabilising. Ionic surfactants may also disrupt peptide conformations 

making them more susceptible to aggregation by binding to the peptide surface [180]. At higher 

concentrations the surfactants themselves conglomerate to form micelles which in turn may 

aggregate to form micelle-peptide agglomerations [180]. Conversely, non-ionic micelles are 

suggested to stabilise peptide/protein structures against denaturation by occupying temporarily 

hydrophobic regions, enabling them to restructure back to their native state before interaction 

with another species leading to aggregation [178]. However, even non-ionic surfactants still 
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present drawbacks, for example polysorbates. They are hydrolysed or oxidised in solution [181], 

leading to the potential oxidation of the peptide structure itself or the formation of peroxide 

species which may act to chemically degrade the peptide [182].  

2.3.6.3. Osmolytes 

Osmolytes are organic molecules that fall into three primary classes: polyols including sugars, 

amino acids and smaller methyl ammonium species [183]. The mechanism through which 

osmolytes stabilise the protein and peptide folding is still not fully understood. However, the 

leading theory is that they are preferentially excluded from the peptide-water interface due to the 

peptide backbone being “osmophobic” [184]. Therefore, the unfolded state is destabilised to a 

greater extent than more folded or compact structures promoting folding to minimise the number 

of sites and surface area available for osmolyte-peptide interactions. Additionally, due to the 

weak/repulsive interactions between the peptide structure and the osmolyte, there is less 

competition for peptide-peptide interactions and so the probability of peptide intramolecular 

interactions resulting in folding is increased [185]. However, in the case of some smaller peptides 

and proteins with less organised secondary and tertiary structures, the promotion of a more 

compact structure, may promote aggregation to minimise peptide-osmolyte interactions [175]. 

In this case though, the osmolyte may inhibit fibrillation and promote the formation of smaller 

oligomer or amorphous aggregates [184]. Conversely, some amino acids and methylamines may 

bind strongly to peptide surfaces promoting peptide-peptide interactions resulting in aggregate 

formation, although of a potentially different nature to that in the absence of the osmolyte [184, 

186]. Urea, for example acts to disrupt the hydrogen bonds within the peptide backbone 

promoting reversible peptide unfolding, but simultaneously inhibiting irreversible aggregation 

[187]. An additional theory, proposed by Politi and Harries, is that the osmolyte acts by altering 

the solvation environment to reduce the enthalpy loss of folding [188]. They found that this was 

in relation to the size of the osmolyte and not its structure, suggesting that osmolyte-peptide 

interactions were uncommon and not the cause [188]. 
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2.4. Peptide Stability Measurement Techniques 

Current techniques used to investigate peptide aggregation have been reviewed previously [189-

191]. This Section aims to briefly discuss the most prevalent techniques before focussing on 

those most pertinent to this study. Each of the methods discussed henceforth characterise 

peptide aggregation in solution through measurement of the size of the species or analysis of its 

structure. Static (SLS), Dynamic (DLS) and Multi-Angle (MALS) light scattering methods are in the 

former of these categories. DLS is discussed in more detail in Section 2.4.1. SLS and MALS both 

function to estimate the size of polymeric species through measurements of the intensity of 

scattered light at one fixed angle and multiple angles, respectively. Both techniques have 

previously been applied to determine the size distribution and molecular weights of oligomers of 

GLP-1 analogue species in solution [192-194]. MALS is often used in combination with size 

exclusion chromatography (SEC), another macromolecule size analysis technique, which is 

discussed in greater detail in Section 2.4.2. Small angle X-ray scattering (SAXS), relative to other 

scattering techniques, is able to provide structural analysis of the macromolecular species being 

analysed. For example, SAXS has been applied to characterise semaglutide oligomers 

determining their radius of gyration and internal structures [195]. The primary drawback to each 

of these methods is that they are not predicative and rely on allowing the peptide to aggregate, 

thereby increasing their time-cost.  

Circular Dichroism (CD) spectroscopy functions by measuring the relative difference in 

absorption of left- and right-circularly polarised light by a species. Therefore, in peptide 

aggregation analysis, it is applied to determine or observe any changes in the secondary 

structure of peptide. For example, GLP-1 was observed via CD to lose its α-helicity during a 9-day 

incubation period, with low-molecular weight oligomers formed being characterised by 

disordered structures and amyloid fibrils by increased β-sheet content [196]. Fourier Transform 

Infrared (FTIR) and Raman spectroscopy among other vibrational spectroscopy techniques are 

also used to investigate changes in the secondary structure of peptides which are indicative of 
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aggregation. For example, both techniques have been used to observe shifts in the amide I band 

during insulin aggregation from approximately 1650 cm-1 indicative of α-helical conformations to 

1670 cm-1 representing β-sheet formation [99, 197]. Nuclear magnetic resonance (NMR) 

spectroscopy is another spectroscopic technique that may also be utilised in peptide 

aggregation studies to detect oligomeric intermediates and characterise fibril structures in 

solution [198]. Increases in hydrophobic residue exposure or β-sheet structural conformations 

during peptide fibrillation may also be detected via fluorescence assays. These either detect 

increases in the intrinsic fluorescence of the more exposed aromatic residues or employ a dye, 

the fluorescence of which is dependent on its interactions with β-sheet peptide structures. For 

example, fluorescence assays using Thioflavin T as the dye on liraglutide showed that the peptide 

fibrillated at more acidic pHs [193]. The drawback with the use of dyes in this strategy though is 

that their presence in solution may impact the rate of aggregation. 

The methods selected for use within this work were chosen in part due to their accessibility within 

the Surfaces and Particle Engineering Laboratory (SPEL) at Imperial College London. 

Additionally, DLS has a short measurement duration, allowing for higher throughput for a wide 

array of conditions relative to other techniques, whilst SEC, being a high-performance liquid 

chromatography (HPLC) method, allows for automated data collection of samples after their 

initial preparation. Self-interaction chromatography (SIC) is a method that has not commonly 

been applied with respect to the study of peptide physical stability and as such is the primary 

technique of interest within this part of the thesis work. The rest of this Section will focus on the 

methods that were employed in this study. 

2.4.1. Dynamic Light Scattering (DLS)  

Dynamic light scattering (DLS) is a technique used to measure the diffusion coefficient and size 

distributions of particulate species in solution [199]. It operates based on the theory of Rayleigh 

Scattering, wherein monochromatic light is scattered by particles of a diameter smaller than the 
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wavelength of the incidental light, with smaller species creating more scattering. Unlike SLS, 

which measures the average intensity of scattered light over a period of time, DLS measures the 

short term fluctuations in the intensity of this light to provide a velocity distribution of these 

species [200]. Macromolecules in solution demonstrate Brownian motion, with smaller species 

moving faster than larger ones, and so creating more rapid fluctuations in intensity. Therefore, 

this intensity profile may be correlated to the diffusion coefficients of the species and so an 

estimation of their hydrodynamic radii. As a result, DLS has been commonly applied when 

studying protein and peptide aggregation to measure the change in size of the species. For 

example, the method was able to detect the formation of large aggregates of an aged liraglutide 

analogue at only micromolar concentrations [196]. 

 

Figure 2.3: Schematic of Dynamic Light Scattering Experimental Setup 

A measurement is taken by irradiating a pre-filtered, sample, measured at a specified 

temperature with visible monochromatic light, typically 633 nm [199]. The time-dependent 

variations in intensity measured by the detector may then be correlated numerically to the 

diffusion coefficient via the an autocorrelation function [201]:  

 𝐺(𝜏)  =  1 +  𝑏𝑒−2𝐷𝑡𝑞2𝜏 Equation 2.1 
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Where b is a setup dependent constant, τ the characteristic decay time and q the scattering 

vector given by the equation below [201]:  

 |𝑞|  =  
4𝜋𝑛0

𝜆0𝑠𝑖𝑛(𝜃
2⁄ )

  Equation 2.2 

where n0 is the refractive index of the solvent, λ0 the wavelength of monochromatic light (typically 

633 nm) and θ the scattering angle. As the peptides are dimensionally over an order of magnitude 

smaller than λ0, there is not expected to be an angular dependence of the scattered intensity, so 

measurements at a single angle should suffice [199]. Finally, the diffusion coefficient is 

correlated to the hydrodynamic radius, Rh, by assuming the species is a hard sphere and using 

the Stokes-Einstein relationship [202]:  

 𝐷𝑡  =  
𝑘𝐵𝑇

6𝜋𝜂𝑅ℎ
   Equation 2.3 

where kB is Boltzmann’s constant, T is the temperature and η the dynamic viscosity of the solvent. 

The primary drawbacks of DLS measurements include the inability to resolve the spectra of 

particles differing in size by a factor less than five [203]; the susceptibility of the size 

determinations to be impacted by the presence of large contaminant dust particles, thereby 

requiring extra care during sample preparation; the assumption of spherical particles, and its 

poor accuracy for species of sizes <1 nm in diameter, the size range of some smaller peptide 

monomers [204]. 

The primary benefit of DLS is that it is non-invasive technique, allowing for the sample to be 

recovered for further experimentation, which does not require an expert user. Additionally, since 

large aggregates cause significant scattering, it is able to detect their presence even at low 

protein concentrations and estimate their size with an uncertainty less than 10% for 

monodisperse samples [205]. It is also poor at resolving two similarly sized species (requiring a 

minimum difference in species size of approximately a factor of five) [203].  
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2.4.2. Size Exclusion Chromatography (SEC)  

Size-exclusion chromatography functions by separating biomolecules according to their 

hydrodynamic size. It employs a non-interacting chromatographic stationary phase of particles 

with a well-defined range of pore sizes and a suitable aqueous (non-denaturing) mobile phase.  

Smaller species in the sample analyte may access deeper into the porous volume and so have a 

longer mean path and so retention time through the column relative to larger, including 

aggregated, species [206] (see Figure 2.4). Therefore, SEC may provide good separation of 

different sized species requiring only minimum volume/amount of sample.  

 

Figure 2.4: Representative schematic of the process of separation in Size Exclusion 

Chromatography 

The separation process is therefore assumed to be entropically controlled based on the size 

differences of the species, and so follows a Gibbs equation [206]: 

 
ln 𝐾𝐷  =  − 

∆S0

𝑅
   Equation 2.4 

where KD is a thermodynamic retention factor, which represents the fraction of the pore volume 

accessible to the species. SEC columns are calibrated using species of known molecular weight 

to form a third order polynomial between log Mw and the retention volume with a linear region of 

highest resolution [207]. However, calibration curves can contain inaccuracies due to the non-

exact correlation between the molecular weight and the Stokes radius caused by the non-
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spherical nature of peptide conformations [206]. Additionally, whilst the resin is assumed to be 

non-interacting, weak adsorption of the peptide analyte results in longer retention times and so 

less accurate molecular weight estimations can be observed [208]. For high resolution 

determinations between oligomers and monomers, smaller particles with narrower pore 

distributions or longer columns are required [206]. However, this change will result in higher 

column pressures and increased shear forces which may damage sensitive peptide structures 

and conformations [209]. This creates a difficultly with fibrillating peptides where the aggregate 

size may be several orders of magnitude larger than the monomers and oligomers, and so either 

resolution is lost between the monomers and oligomers or there is risk of blocking the column 

[210]. Therefore, size-exclusion chromatography has been most commonly applied in the study 

of peptide oligomerisation rather than aggregation or fibrillation. For example, the method was 

applied in the study of the physical stability of a GLP-1 amide, accurately identifying low 

molecular weight oligomers and isolating them from its monomers [211]. Furthermore, size-

exclusion chromatography was also useful in the identification of a pH-induced switch in 

liraglutide oligomer formation, being able to separate and resolve the 13-mer adopted at pH <7 

and the 7-mer adopted at pH >7 [193]. 

2.4.3. Self-interaction Chromatography (SIC) 

Self-interaction chromatography (SIC) is an experimental chromatographic method utilising a 

stationary phase, with the investigated peptide being covalently immobilised onto its surface. 

The same peptide is injected as the analyte into a mobile phase of interest and eluted 

isocratically (see Figure 2.5). The measured retention volume, as detected by a UV-Vis detector, 

is a chromatographic measurement of the strength of the interaction between both the mobile 

phase and immobilised peptide species. Longer retention volumes indicate more attractive 

peptide-peptide interactions. Therefore, if it is assumed that the peptide has been immobilised 

with a random orientation or at least maintains a high level of flexibility to orientate itself on the 
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surface, the retention volumes are indicative of the overall average peptide-peptide interaction 

strength.  

 

Figure 2.5: Schematic of idealised self-interaction chromatography packed column setup 

Inserts: Top/Green and bottom/red images represent weak and strong monomer-monomer 

interactions respectively 

Figure 2.5 shows an illustration of an idealised SIC setup for which all sites of the immobilised 

species are available for interaction and the mobile phase species is in monomer form. For 

peptides, the immobilised species may be conjugated by multiple sites or by only one meaning 

that the number of possible interactions with mobile phase species may be limited. Furthermore, 

the mobile phase species may also be in an oligomer or aggregate form, limiting interactions with 

the immobilised species further. Tessier et al. developed a statistical model including the Van 

der Waals volume of exclusion, the phase ratio and the immobilised protein surface density to 
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correlate self-interaction chromatography retention volumes to the second osmotic virial 

coefficient of the analyte (B22) [212]. The full relationship and calculation procedure is outlined in 

Section 5.2.5.1.5. Tessier et al. also validated this method by correlating their SIC B22 values with 

those collected via SLS.  However, the method requires an accurate estimation of the resin 

surface area per unit volume. Therefore, whilst antibodies have been successfully immobilised 

onto various resins [213], to reduce the necessary repeated characterisation of the stationary 

phase resin, those previously characterised by DePhillips et al. are often used by researchers 

[214].   

The relationship between the 2nd virial coefficient of the van der Waals equation (B) for a non-ideal 

solution and protein solubility has already been well theorised, modelled and documented [215, 

216]. In McMillan-Meyer solution theory, the 2nd virial coefficient describes the net force from the 

sum of all interactions (hydrophobic, electrostatic and exclusion volumes) between two protein 

molecules in a dilute solution [217]. Therefore, it can provide a semi-quantitative measurement 

of the strength of the interactions between peptide molecules relative to the strength of 

interactions with solvent molecules, and so can be used as a measure of their stability in solution 

[217]. Highly negative values indicate strongly attractive forces leading to rapid aggregation or 

precipitation. Slightly negative values represent weak attraction forces and so mild instability. 

Finally, positive values signify net repulsion between peptides, thereby implying the monomeric 

conformation is stable in solution [217]. This relationship between B22 and aggregation was 

further established in the only self-interaction chromatography study of a therapeutic peptide to 

date on enfuvirtide, for which the osmotic second virial coefficient values measured correlated 

well with molecular weight, which in turn represents the level of association [218]. 

A drawback of SIC is the lack of clarity for negative B22 values close to 0, which suggest potentially 

slow aggregation. This uncertainty is due to the approximation made through immobilisation, as 

the calculation of B22 assumes that all peptide/protein orientations are available for analyte 



Page 64 
 

interactions, which is not the case for the covalently bound species, and is less likely in the case 

of peptides with fewer immobilisation sites [212]. Additionally, there is the risk that the column 

ceases to function as designed either through denaturation or degradation of the immobilised 

species or contamination of the stationary phase. Nevertheless, there are several benefits to SIC 

relative to other B22 measurement techniques. For example, since the immobilised protein 

columns may be used for several measurements over the course of an extended period of time, 

the consumption of the sample protein or peptide is significantly reduced relative to static light 

scattering measurements [219]. Furthermore, since the technique is a chromatographic 

method, it may be highly automated and so relatively high-throughput. Finally, it is also less 

sensitive to impurities relative to light-scattering techniques and so requires less stringent 

sample handling and preparation. 



Page 65 
 

CHAPTER 3 

3. GASTROINTESTINAL PROTEOLYSIS & 

CONDITIONS: A REVIEW 

3.1. Structure of the Gastrointestinal Tract 

The gastrointestinal tract (GIT) is a smooth muscle-lined, hollow tube extending from mouth to 

anus functioning to ingest, digest, absorb and excrete dietary nutrients and waste (as illustrated 

in Figure 3.1). Its structure is primarily divided into six sections: the mouth, for the mechanical 

initiation of food digestion; the oesophagus, for the transport of ingested material from the mouth 

to the stomach; the stomach, for the acid- and enzyme-catalysed degradation of nutrients; the 

small intestine (often referred to as the small bowel), for the further proteolytic and bile-assisted 

degradation of dietary material and the primary absorption site of nutrients; the large intestine 

(often referred to as the colon), for the absorption of water and electrolytes and the storage of 

faeces, and finally the anus, from which waste material is expelled. The oral administration of 

drugs targets their absorption into the systemic circulation via the gastrointestinal mucosal 

lining. For peptide drugs, the typical target absorption site for trialled oral formulations is the 

small intestinal epithelium, such as for example Cyclosporine A [220]. However, absorption via 

the gastric mucosa has been observed to be weakly effective for the oral delivery of semaglutide 

[221]. Therefore, design of the formulation strategy is dependent on avoiding or mitigating the 

effects of the harsh conditions of the target absorption site within the GIT. As such, for 

experimental techniques aiming to mimic GIT conditions, a detailed understanding of their 

components and the effects of the relative nutritional status (i.e. fasted and fed state) is required 

to develop simulated gastric (SGFs) or intestinal (SIFs) fluids. Highly detailed reviews discussing 

these factors have been carried out by Mudie et al. [39] and Fuchs and Dressman [222]. The 
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remainder of this subsection will outline briefly a review of the literature discussing the 

characteristics of the conditions in the stomach and the small intestine. Illnesses affecting GIT 

conditions such as gastric cancer [223], ulcerative colitis [224] and Crohn’s disease [225] are 

known but are not discussed here as they are outside the scope of the work in this thesis. 

 

Figure 3.1: Illustration of the human gastrointestinal tract with labelled relevant sections 

3.1.1. Gastric Conditions 

The stomach acts as the initial major site of retention within the GIT. It is not the primary delivery 

site for oral drug absorption partially on account of its harsh conditions but principally due to the 

thickness of the mucosa lining and the low surface area of approximately only 0.1 m2, resulting 

from the lack of any specialised absorption structures such as microvilli [226]. Under fasted 

conditions, it typically has a volume of less than 50 mL [227], but this may increase to over 

500 mL with the consumption of a large meal [228]. In fact, gastric conditions, which are known 

to be highly acidic, vary significantly depending on the relative nutritional status of the individual. 

For example, a quantitative meta-analysis performed by Abuhelwa et al. found that the average 
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gastric pH was 1.88 ± 0.16 (1.56-2.20, 95% CI) increasing to pH 4.98 ± 0.16 (4.66-5.31, 95% CI) 

under fed-state conditions [229]. Furthermore, the fed state also affects the gastric emptying 

time and so the available absorption time of any potential oral drugs targeting gastric absorption. 

As described in a different quantitative meta-analysis of 28 studies by Abuhelwa et al., the 

emptying time of the stomach is estimated to be 1.37 h ± 0.17 h when fasted, but this may range 

drastically depending on the level of food consumption from 1.68 h ± 0.17 h after the 

consumption of 100 cal to 5.94 h ± 0.32 h after the consumption of over 1000 cal [230]. 

Furthermore, these variations differ for different groups, for example the rate of gastric emptying 

of solids has been observed to be significantly longer in women than men [231]. Therefore, 

typically values for the concentrations of species in gastric juice are only reported for fasted state 

conditions due to the high variation with the diet of the individual. The most prominent of these 

being chloride and bile acids, being measured to be 176.3 mM ± 30.0 mM and in the range 0-

0.62 mM, respectively, at the fasted state but 35 minutes after drinking water [232]. Furthermore, 

a significant increase in buffer capacity and reduction in surface tension of human gastric fluid 

has been observed postprandially, whilst pepsin concentration doubled [233]. 

3.1.2. Intestinal Conditions 

The small intestine is comprised of three major subsections with different functions. The first of 

these subsections is the duodenum, approximately 30 cm in length [226], which has three 

primary functions: release of bicarbonate-rich pancreatic fluids into the GIT to neutralise the 

acidic chyme from the stomach; further digestion of lipids, carbohydrates and proteins aided by 

pancreatic enzymes and liver-secreted bile, and thirdly, the initialisation of nutrient absorption 

through its epithelial surface. However, due to its low absorption area of only approximately 

0.1 m2, it is evident that absorption is not its primary function [226]. The jejunum is the following 

section of the small intestine. It is approximately 3 m in length and has a large surface area of 

approximately 60 m2 for the absorption of nutrients, owing to the microvilli structure adopted by 

its epithelial surface, which is primarily comprised of densely-packed enterocytes [226]. The final 
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section of the small intestine is the ileum, the primary function of which, similar to the jejunum, 

is the absorption of nutrients, although primarily bile and vitamin B12 [234]. The ileum is 

characterised by a thinner mucosal wall than the jejunum, with a similar surface area of 

approximately 60 m2 but being slightly longer at roughly 4 m [226]. Together they have an overall 

transit time of approximately 3.49 h ± 0.17 h according to Abuhelwa et al. [230], although there is 

some degree of variance in the literature with Bennink et al. reporting roughly 5 h [231]. 

Through the use of pH-sensitive capsules, pH profiles of the GIT have previously been recorded, 

showing a general increase in pH along the small intestine [38, 235]. The duodenum, due to its 

proximity to the stomach and site of pancreatic ducts for the release of bile salts, has the lowest 

pH range from 5.5-6.5 under fasted conditions, which increases to pH 6.1-7.1 in the jejunum and 

to pH 7-8 in the ileum [226]. However, whilst the jejunum and ileum pH profiles remain relatively 

unchanged by the relative nutritional status of the individual, the pH of the duodenum drops to 

pH 4.9-6.0, due to the increased release of gastric juices [226]. Predominantly, the 

concentrations of species within the small intestines are not divided by subsection, therefore 

there is often relatively high variance in the data reported. However, chloride and sodium 

concentrations of approximately 120 mM and 100-150 mM are often reported and do not vary 

significantly with fasted and fed state [39, 232]. Conversely the lipid content of the small intestine 

has been found to correlate with the nutritional status of the individual being observed to be as 

low as approximately 0.66 mg/mL to as high as 10.96 mg/mL on average in fasted and fed states, 

respectively [236]. 

3.1.3. Simulated Gastrointestinal Fluids 

The direct measurement of human GI fluid is a cumbersome process and provides inconsistent 

solubility data, dependent on the aspiration protocol [237]. As an alternative, simulated 

gastrointestinal fluids (SGIFs) aim to mimic the gastrointestinal conditions during in-vitro 

experimentation. Therefore, it would be assumed that the more detailed and accurate the SGIF, 
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the better representation of the GI environment it would. However, a complex mixture may not 

be required to evaluate specific properties of the peptide, and in fact, a more simple SGIF may 

simplify and so clarify analysis. However, this will be sample- and property-dependent, for 

example, it has been demonstrated that the solubility of poorly soluble species in human 

intestinal fluid was well-predicted by in-vitro experiments using complex SIFs, whilst buffer 

solutions underestimated their solubility [238]. Surface tension was considered to be the most 

important parameter to match to GI conditions when designing a SGIF for dissolution studies 

[238]. Conversely, the solubility of cyclosporin A was found not to vary significantly between in 

water, at pH 1.2 and at pH 6.6, whilst being inversely correlated with temperature [239]. 

Markopoulos et al. recommend four tiers of increasing biorelevance (Level 0 – Level III) for 

application in formulation development [240]. Level 0 media control only for pH; Level I adjusts 

for buffering capacity and so allows for initial distinction between fasted and fed states; Level II 

additionally accounts for GI lipids, bile components and osmolytes; finally, Level III introduces 

more complexity to Level II, including dietary proteins and digestive enzymes [240]. Jantratid et 

al. outline the development process of detailed fasted and fed state simulated gastric and 

intestinal fluids, including early, middle and late-stage digestion in the proximal intestines, which 

were stable for 72 h under agitated conditions [241]. Fasted and fed state SIFs have been applied 

to study the effects of the concentration of various bile salts on octreotide and desmopressin, 

two orally-administered, cyclic peptide therapeutics across an artificial membrane [242]. The 

bile salts were found to reduce permeability but increase stability against pancreatin proteolytic 

degradation.  

3.2. Gastrointestinal Enzymes 

Within the gastrointestinal environment there are also a number of enzymes that catalyse and 

facilitate the digestion and absorption of dietary nutrients. Of these, the digestive hydrolases, 

which break down complex nutrients into simple molecules, may be divided into four categories: 



Page 70 
 

glycosidases, which digest carbohydrates into simple sugars; lipases, which digest fats into fatty 

acids and glycerol; nucleases, which digest nucleic acids into nucleotides, and finally proteases, 

which break down proteins and large peptides into amino acids and simple peptides [40]. For the 

oral delivery of peptide therapeutics, the primary enzymatic barrier in the GIT is unsurprisingly 

the proteolytic enzymes. Proteases may be further divided into two categories by their 

mechanism of action: endopeptidases, which act to cleave internal peptide bonds, and 

exopeptidases, which cleave amide bonds at either end of the primary sequence of the protein 

to release amino acids or dipeptides [243]. A list of the primary proteolytic enzymes present in 

the gastrointestinal tract and their specificities are outlined in Table 3.1, and have been reviewed 

thoroughly by Pereira de Sousa et al. [40] and Bernkop-Schnurch [244]. Whilst all these proteases 

are present within the GIT, their function is not necessarily for dietary protein digestion. For 

example, the primary function of enteropeptidase (otherwise known as enterokinase) is for the 

activation of trypsinogen to trypsin [245]. Nevertheless, the presence of these enzymes should 

be considered in the case of oral peptide therapeutics with primary sequences analogous to their 

substrate recognition sites. 
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Table 3.1: Gastrointestinal proteolytic enzymes and details of their secretion site and specificity 

[243, 246, 247] 

Secretion Site 
Peptidase 

Classification 
Enzyme Class Specificity Cleavage Site 

Gastric Chief Cells Endopeptidase Pepsin Phe, Tyr, Trp, Leu 
Carboxyl Side 

(Preferentially) 

Pancreas 

Endopeptidase 

Trypsin Arg, Lys Carboxyl Side 

Chymotrypsin Tyr, Phe Carboxyl Side 

Elastase Ala, Gly, Ile, Leu, Val Carboxyl Side 

C-terminal Amino Acid 
Exopeptidase 

Carboxypeptidase A Tyr, Phe, Ile, Thr, Glu, 
His, Ala 

Amino Side 

Carboxypeptidase B Arg, Lys Amino Side 

Brush-Border 
Membrane 

Endopeptidase 

Endopeptidase 24.11 
Hydrophobic Amino 

Acids 
Amino Side 

Endopeptidase 24.18 Aromatic Amino Acids Carboxyl Side 
(Preferentially) 

Enteropeptidase (Asp)₄-Lys Carboxyl Side 

C-terminal Amino Acid 
Exopeptidase 

Carboxypeptidase M Arg, Lys Amino Side 

Carboxypeptidase P Pro, Gly, Ala Amino Side 

γ-Glu Carboxypeptidase γ-Glu Amino Side 

N-terminal Amino Acid 
Exopeptidase 

Aminopeptidase A Asp, Glu Carboxyl Side 

Aminopeptidase G Ala, Leu, Met Carboxyl Side 

Aminopeptidase N Ala, Leu Carboxyl Side 

Aminopeptidase P Pro Carboxyl Side 

Aminopeptidase W Trp, Tyr, Phe Carboxyl Side 

C-terminal Dipeptide 
Exopeptidase 

Peptidyl-peptidase A His-Leu Amino Side 

N-terminal Dipeptide 
Exopeptidase 

Dipeptidyl Peptidase IV Pro, Ala Carboxyl Side 

3.2.1. Protease Mechanism of Action 

The irreversible proteolytic hydrolysis of the peptide bond of a single protein substrate has been 

observed to follow the Michaelis-Menten mechanism, in which the substrate binds to the enzyme 

reversibly before hydrolysis of the peptide bond occurs [248]: 

 

This leads to the realisation of the Michaelis-Menten kinetic rate law: 

 𝑑[𝑃]

𝑑𝑡
=  𝑘2[𝐸𝐴] =   

𝑉𝑚𝑎𝑥[𝐴]

𝐾𝑚 + [𝐴]
 

Equation 3.1 
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where Km is the Michaelis constant, which indicates the substrate affinity, and Vmax is the 

maximum turnover rate of the enzyme (i.e. when all enzyme species participate in the reaction). 

They are both calculated as follows: 

 
𝐾𝑚 =  

𝑘−1 + 𝑘2

𝑘1
 

Equation 3.2 

  

𝑉𝑚𝑎𝑥 =  𝑘2[𝐸]0 

 

Equation 3.3 

Therefore, the rate of hydrolysis with respect to substrate concentration shows two predominant 

relationships. The first is an apparent 0th order rate law when the substrate is in excess, and the 

rate of proteolysis is dictated by the concentration of the enzyme as the limiting reagent. As such, 

the rate law is approximately that of Vmax. The second is an apparent 1st order rate of reaction, 

when the concentration of the substrate is the limiting factor and as such Km becomes the 

dominant term of the denominator of the rate law. 

3.2.2. Condition Dependence of Enzyme Activity 

Since enzymes are proteins, their charge and conformation, and so their substrate affinity and 

activity, are highly dependent on the solution conditions they are exposed to. The most studied 

of these variables are pH and temperature, which will be outlined briefly here. For a 

comprehensive review of the environmental factors affecting enzyme activity the books 

published by Bisswanger and Buchholz et al. are recommended [249, 250].  

 The activity of most enzymes with relation to pH follows a bell-shaped relationship. Typically, 

this maximum activity corresponds to a physiological pH decreasing to zero at more extreme 

values [249]. However, there are notable exceptions such as pepsin, which exhibits peak activity 

under highly acidic conditions. This behaviour is caused by two simultaneously occurring effects 
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with changing pH. Firstly, variations in the relative acidity of the environment result in changes in 

the protonation state of the active site or specific ionic groups involved in the catalytic 

mechanism, as are common with acid-base catalytic enzymes [249]. The result of this effect is a 

change in k2, which may be mathematically related to the [H+] via the pKa of the active site [250]. 

For example, under more acidic conditions (pH <5.5) the imidazole group of trypsin His-57 will 

be predominantly charged and so will not stabilise the proton transfer from the Ser-195 group, 

which is the initial step in the cleavage of the amide bond by the serine-protease. The change in 

activity due to change in protonation state of the active site is typically reversible, since the 

overall conformation and substrate affinity is not greatly impacted [250]. The second effect of 

changing pH causing the Bell-shaped curve relationship with activity is the change in charge state 

of residues that stabilise the conformation of the enzyme [249]. By contrast, these changes may 

be irreversible as, beyond a certain charge, changes in secondary and tertiary structure result in 

permanent loss of substrate affinity and potentially lead to aggregation, as described in Section 

2.3.4. Therefore, with this loss in substrate binding, a significant decrease in k1 and so large 

increase in Km is observed and hence there is a decrease in rate of proteolysis [250]. 

The relationship between enzyme activity and temperature also follows a bell-shaped curve due 

to similar competing factors (as illustrated in Figure 3.2). Initial increases in temperatures result 

in higher enzyme activity with k2 increasing in accordance with Arrhenius kinetics [249]. However, 

this may also be accompanied by a decrease in selectivity of the site of proteolytic action [250]. 

Furthermore, the maximum of the bell-shaped curved indicates the temperature at which 

irreversible denaturation of the enzyme initiates which typically occurs in the 40-50 °C range 

[249]. Enzyme thermal denaturation is a complex multi-step process, however, loss of enzyme 

activity due to thermal inactivation has been observed to follow first order kinetics, indicating 

that a single step is responsible for activity loss [249]. However, since physiological 

temperatures have been observed to remain relatively consistent throughout the gastrointestinal 

tract (between 34 °C and 38 °C), this is not a relevant factor to in-vivo experimental work [38]. 
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Figure 3.2: Illustration of the relationship between Proteolytic activity and Temperature 

3.2.3. Enzyme Inhibitors 

In the field of oral protein or peptide therapeutic delivery, a strategy that has been attempted to 

circumvent proteolytic degradation within the GIT, is the use of enzyme inhibitors within the 

formulation. Enzyme inhibitors are compounds that directly or indirectly act to alter the structure 

of the enzyme or block the active site, thereby inhibiting the rate of reaction [250]. Those which 

reduce enzyme activity by binding directly to the enzyme structure may be classified as 

irreversible or reversible, based on whether they bind covalently or not. The latter of these groups 

may be further divided into three groups: competitive, which bind at the active site thereby 

blocking it; non-competitive (allosteric), which bind to an alternative site on the enzyme that 

causes a conformational change and reduces activity, and thirdly uncompetitive, which bind to 

the enzyme-substrate complex, thereby preventing the release of the product [251]. The effects 

of these species on enzyme activity and their associated rate laws have been thoroughly 

reviewed by Bisswanger [249] and Buccholz et al. [250]. Indirect inhibitors are commonly species 

such as chelating agents, which bind to metal ions in solution that are the co-factors for several 

enzymes, or pH-modulators [252]. Various inhibitors which have previously been co-formulated 

with peptides and proteins, such as aprotinin, soybean trypsin inhibitor and 
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Ethylenediaminetetraacetic acid (EDTA), along with their mechanisms have been reviewed by 

Woodley [253],  Werle et al. [252] and Bernkop-Schnürch [244]. The drawback to co-formulating 

peptide therapeutics with enzyme inhibitors are the potential toxic side effects associated with 

their long-term use such as mucosal damage, poor digestion of dietary proteins and an enlarged 

pancreas [244]. However, relative to alternative formulation strategies and technologies, they 

are cheap and scalable and additionally have previous approval by regulatory bodies [252]. As a 

result, co-formulation of enzyme inhibitors has been observed in several oral peptide formulation 

strategies, for example the use of soybean trypsin inhibitor in ORMD-0801, an experimental 

insulin analogue developed by Oramed Pharmaceuticals targeting oral delivery [254]. 

3.2.4. Effect of peptide structure 

As was discussed previously with respect to aggregation in Section 2.3.1, the structure and 

primary sequence of the peptide therapeutic may stabilise it greatly from proteolytic 

degradation. In a study subjecting 17 peptide drugs to simulated gastrointestinal fluids, their 

stability to proteolytic degradation was found to vary significantly depending on the molecular 

weight of the peptide, its amino acid sequence and the rigidity of the conformation [41]. 

Therefore, peptide modification strategies, which maintain its pharmacological effect but 

stabilise the peptide against enzyme hydrolysis, are commonly implemented and have been 

thoroughly reviewed [255]. However, only three pertain to the work carried out in this thesis: 

amino acid substitution, cyclisation and lipidation.  

Amino acid substitution, whilst in theory the simplest stabilising strategy, has the most variety. 

For example, substitution with proline is known to stabilise the primary sequence against 

proteolytic attack, but this is primarily due to its ability to inhibit helix formation and so alter the 

enzyme-binding site [256]. A more common and targeted approach is the substitution of a 

specific amino acid at the target cleavage site to prevent the action of a particular enzyme via 

steric hinderance, minor conformational changes or altered charge states. An example of this is 
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the substitution of Ala-8 in the GLP-1 structure for amino-isobutyric acid (Aib) in semaglutide to 

prevent the action of dipeptidyl peptidase IV [140]. An alternative to substituting with a different 

amino acid is to substitute the D-amino acid enantiomer, thereby increasing the rigidity of the 

structure and altering its secondary structure, thereby reducing their binding affinity [257]. 

However, this technique when taken to the extreme results in a significant decrease in 

functionality of the peptide or recognition at its target site. Alternative substitutions typically 

result in the formation of peptidomimetics. These include substitution with aza-amino acids, 

which are amino acids for which the α-carbon has been substituted with nitrogen, which result 

in minimal overall conformational changes and changes in the electronic and steric properties 

at the peptide bond, thereby inhibiting its hydrolysis [258]. 

Cyclisation of the primary structure of the peptide also increases its proteolytic resistance 

through a reduction in its conformational flexibility and so its ability to bind to the active site of 

the enzyme [259]. Backbone cyclisation of a linear peptide sequence has the additional benefit 

of removing the C- and N-terminal binding sites of the peptide, which are susceptible to 

hydrolysis via exopeptidases. However, the increased rigidity provided by disulfide bond 

cyclisation has also been shown to provide proteolytic resistance [41]. Lipidation of the peptide 

structure has also been observed to increase peptide proteolytic resistance [260, 261], although 

this is suggested to be primarily on account of increased steric hinderance or the formation of 

more complex conformations inhibiting enzyme binding.  

3.3. Proteolytic Activity Measurement Techniques 

For the various classifications of enzymes there are a range of different techniques which have 

been summarised by Copeland [262] and Bisswanger [263]. However, in the case of peptide 

proteolysis studies, real-time monitoring techniques such as colorimetry, fluorimetry or 

electrochemical methods such as polarography are not typically applied since proteolysis does 

not generally liberate coloured, fluorescent or charged species. Whilst the substrate may be 
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labelled with fluorescent dyes to enable real-time monitoring of the progress of the reaction 

[264], this functionalisation would change the structure of the substrate peptide and so may 

affect the overall kinetics of the reaction. Therefore, the most common technique involves 

timepoint sampling of the reaction mixture followed by immediate inactivation of the enzyme 

either via precipitation, typically using trichloroacetic acid (TCA) [265] or ice-cold organic 

solvents [259], or a change in pH via the addition of acid/base [41]. The samples are then typically 

centrifuged before the supernatant is then analysed, often via chromatographic methods, 

including measuring the concentration change of the substrate via area under the curve methods 

[259] or mass spectrometry [266]. 

3.3.1. Immobilised Enzymes  

Enzyme immobilisation is defined as the confinement of enzyme species to a fixed location [267]. 

The principle behind the immobilisation of enzymes is to achieve the same benefits as those of 

heterogeneous catalysts: a simplified post-reaction separation procedure reducing enzyme loss 

and improved potential applicability in a continuous process [250]. As a result, immobilisation 

reduces costs and allows for better reaction control. However, it also results in the improved 

stability and so an increased storage time of 3-6 months [250] of the enzyme whilst additionally 

allowing for the co-immobilisation of multiple enzymes to enable multistep reactions without 

autolysis [268]. Furthermore, when implemented into an in-situ digestion reactor setup coupled 

with reversed-phase high-performance liquid chromatography (RP-HPLC) and mass 

spectrometry, a trypsin-functionalised mesoporous silicate nanoreactor allowed for the 

detection of proteins at concentrations as low as 2 ng/μL [269]. Additionally, increased 

enzymatic activity and substrate selectivity have also been observed [270].  However, this 

increase in activity is not typical as the increased rigidity and reduced mobility of the enzyme is 

generally accompanied by a reduction in catalytic activity, although this is partially on account 

of mass transfer and diffusion limitations associated with heterogeneous catalysts [267]. 

Immobilisation may be performed via one of four distinct methods: adsorption, covalent-
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bonding, entrapment or encapsulation and cross-linking. Each of these methods have their 

benefits and their drawbacks which will be briefly summarised here, but for further information 

see the reviews by Jiang et al. [271] and Mohidem et al. [268].  

 

Figure 3.3: Illustration of the four primary methods of enzyme immobilisation 

(A) Physisorption, (B) Covalent Bonding, (C) Entrapment or Encapsulation and (D) Cross-

linking Enzyme Aggregates (Generated by Microsoft CoPilot [272]) 

3.3.1.1. Adsorption immobilisation 

Adsorption immobilisation of enzymes utilises physical interactions such as van der Waals 

forces, hydrogen bonding and weak ionic forces to bind the enzymes weakly to a carrier or 

support surface. Therefore, the immobilisation procedure is relatively quick and cheap [273]. 

Despite adsorption immobilisation being weak relative to alternative methods, the primary 

advantage of this technique is that the weak interactions result in minimal conformational 

changes to the enzyme structure and minimal impact on its native activity [274]. Additionally, the 

method is highly flexible as various carriers may be used depending on the target enzyme to be 

immobilised and the conditions under which the final catalysis is to be taken. Therefore, the 

physicochemical properties such as the polarity and charge of the enzyme dictate the method of 

adsorption and the required surface properties of the support. Furthermore, in the event the 
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desired support is not suitable for physisorption of the investigated enzyme, surface modifying 

agents such as glutaraldehyde may be utilised to improve adsorption [275]. The typical support 

materials may be divided into inorganic and organic materials. Of the former of these, silicates 

are the most common since they are cheap, highly porous, easy to produce and are highly stable, 

although metal carriers such as titanium and aluminium have also been utilised [273]. The 

support materials may be further optimised. For examples, mesoporous silicates may also be 

synthesised with tailored pore sizes optimised for biomolecule adsorption to minimise steric 

hinderance of the substrate and reduce the rate of leaching from the resin surface [276]. For 

example, chloroperoxidase immobilised onto a periodic mesoporous organosilane, PMO- PA-40, 

exhibited little loss in activity after 20 cycles [277]. Organic supports such chitin or cellulose have 

higher biocompatibility but have a narrower operating window due to their reduced durability and 

their increased selectivity. Nevertheless, due to the intrinsically weak interaction strengths, 

enzymes immobilised via adsorption may leach enzyme from the surface over time and as such 

may operate under a narrower range of conditions to prevent breakdown of their interactions and 

rapid leaching [278].  

3.3.1.2. Covalent immobilisation 

Covalent immobilisation of enzymes is similar to adsorption and requires a support surface onto 

which the enzyme is fixated via covalent bonds. The immobilisation procedure utilises surface-

available with reactive amino-acid R-groups in the enzyme primary sequence to react with 

functional groups on the support surface. Nucleophiles such as cysteine thiols and amines from 

lysine, arginine (guanidino groups) and the N-termini are generally the most reactive groups 

endogenous to the enzyme structure. Conversely, carboxylic acid R-groups required activation 

with species such as carbodiimides to enable their covalent fixation to simple surface chemistry 

groups [279]. The various different covalent immobilisation strategies and carrier activation 

procedures have been thoroughly reviewed by Robescu & Bavaro [280]. Hydroxy, amino and 

epoxy surface functional groups are typical surfaces for covalent immobilisation, although the 
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latter two require pre-activation. Glutaraldehyde activation of the support for Schiff’s base 

formation is a highly versatile procedure functioning with several surface chemistries, whilst 

remaining selective to enzyme amine groups [281]. The orientation of the enzyme bound to the 

carrier surface may be controlled either through the selection of a unique functional group on the 

enzyme surface [282] or via the use of engineering techniques to introduce chemical 

functionalities into the enzyme structure which enable site-specific immobilisation [279, 280]. 

Either strategy maintains the availability of the active site of the enzyme and so minimises any 

reduction in average activity. Nevertheless, the primary benefits of covalently immobilising the 

enzyme instead of via physisorption, is the increased stability to denaturing conditions such as 

extreme pHs, temperatures or (in the case of organic solvents) hydrophobicities due to the 

increased rigidity provided through covalent fixation. Furthermore, enzyme leaching is minimal, 

enabling the use of a wider range of operating conditions in which the heterogeneous catalyst 

may function [283]. However, covalent immobilisation is more time intensive to implement than 

physisorption and, due to the alteration in the enzyme structure and increased rigidity, has been 

correlated with a loss in activity of the enzyme, which may only be observed after repeated cycles 

of use [284]. Nevertheless, the balance between stability and activity may be controlled through 

the use of linker arms to reduce surface interactions and minimise steric hinderance [285] or 

multipoint covalent immobilisation which increases rigidity and stability [286]. 

3.3.1.3. Enzyme encapsulation/entrapment 

Encapsulation and entrapment of the enzyme both involve its protection from the external 

environment via physical confinement, but the former is within a structure with a semipermeable 

membrane such as vesicle, whilst the latter, a porous support material. There are fewer 

examples of encapsulation in the literature and as such entrapment techniques appear to be 

often mistaken for encapsulation. However, they differ significantly in their preparation. 

Encapsulated enzymes are extruded into liposomes or vesicles comprised of amphiphilic 

copolymers [287]. Conversely, entrapment results from the dissolution of the enzyme into a 
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gelating or fibre-forming mixture before addition of a cross-linking, polymerising or precipitating 

agent which results in a porous structure forming around the enzyme [288]. The benefits of both 

strategies is that the enzyme remains in its native conformation due to minimal interaction with 

the support matrix, whilst also remaining protected from the external environment, thereby 

preserving its activity [280]. However, both also suffer from mass-transfer limitations through the 

semi-permeable membrane or porous network [271], which in-turn makes them ill-suited for the 

study of large substrate species. Additionally, in the case of enzyme encapsulation, this limited 

rate of diffusion may lead to membrane bursting due to the accumulation of high concentration 

of substrate degradants [287]. If the pore size of entrapped enzyme carriers is increased to 

reduce mass-transfer limitations, this may result in increased enzyme leaching from the support 

[280]. 

3.3.1.4. Enzyme cross-linking 

Cross-linked enzymes, unlike other immobilisation techniques, benefit from not requiring a 

support carrier onto which the enzyme is entrapped or fixated. Rather, the enzymes are first 

precipitated, using a non-denaturing precipitant such as ammonium sulfate, before being 

covalently reacted together through the addition of a cross-linking agent such as glutaraldehyde 

[289]. The resultant species are known as cross-linked enzyme aggregates (CLEAs). The 

properties of the CLEA may be adjusted significantly by the selection and the amount the cross-

linking agent utilised [290]. The primary benefit of the use of CLEAs is that they are cheap, 

requiring no support carrier for immobilisation and being able to use crude enzyme as a raw 

material since precipitation is inherently a purification technique, whilst providing an increase in 

stability [291]. Furthermore, the lack of a support increases the relative catalytic density of the 

heterogeneous catalyst in reaction.  However, the preparation of CLEAs is much more complex 

than alternative techniques requiring careful consideration of the conditions of each reaction 

step to ensure the desired properties [292]. Additionally, the structure of CLEAs shows lower 
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activity retention whilst also being relatively shear labile, necessitating the use of more gentle 

separation processes [292]. 

3.3.1.5. Novel immobilisation strategies 

Magnetic nanoparticles have been applied as the solid support for enzyme immobilisation as 

they allow for more homogeneous catalytic behaviour whilst enabling reusability and easy 

separation via their magnetism [293]. The nanoparticles serve as the solid support for enzyme 

immobilisation as the surface may be functionalised to create sites for immobilisation [294]. 

Nano-sized magnetic materials, typically iron oxide due to its large surface area and exhibiting 

superparamagnetism at ambient temperatures. The technique has been applied to proteolytic 

enzymes with mutant T70I functionalised magnetic silica nanoparticles maintaining >78% of 

their proteolytic activity after 7 reuses [293]. 

Nanoflowers are organic-inorganic hybrid nanostructures synthesised via biomimetic 

mineralisation, wherein metal ions coordinate with enzyme electron-donating groups to form a 

hierarchical flower-like structure  [295]. They typically display very high catalytic activity due to 

the increased surface area for catalytic accessibility and preservation of the enzyme 

conformation. For example, trypsin functionalised Zn3(PO4)2 nanoflowers with 6.5% enzyme 

content and a surface area of 68.35 m2/g  showed superior activity to free trypsin, maintaining 

>80% activity after 12 reuse cycles [296]. Additionally, nanoflowers improve the stability of the 

enzyme to solution conditions with zinc-hybrid collagenase nanoflowers showing higher activity 

than the free enzyme across a range of pHs, temperatures and organic solvents [295]. 

Stimuli-responsive smart polymers are materials for which the properties change in response to 

an external stimulus including light, pH or temperature and have been comprehensively reviewed 

by Balcerak-Wozniak et al. [297]. They are typically hydrogel structures which swell or contract 

in response to a stimulus to expose or protect the functionalised-enzyme and control diffusion 

pathways. Therefore, they exhibit great improvements in operational storage and stability to free 
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enzymes; for example, Eudragit-100 conjugated α-amylase exhibited a half-life >10 times longer 

than the free enzyme [298]. 

Positioning and orientation of the immobilised enzyme may be controlled through 

complementary base-pairing with single-stranded deoxyribonucleic acid (DNA) tags 

functionalised to the solid support surface [299]. This technique, referred to as DNA-directed 

immobilisation or DNA hybridisation-drive attachment is a non-covalent immobilisation strategy 

with high affinity and as such enables low levels of leaching and avoids harsh chemistries that 

may reduce activity. The strategy allows for proteolytic activity of the immobilised enzyme; for 

example, horseradish-peroxidase conjugated to a phase-transitioned lysozyme modified TiO2 

solid support via DNA linker achieved 90.52% recovered activity [300]. 

3.3.1.6. Immobilisation efficiency 

Typically, during a reaction, it would be appropriate to measure its yield to estimate the 

effectiveness of the procedure. However, in the case of enzyme immobilisation, and in particular 

CLEAs where yield is significantly more difficult to measure, it is perhaps more accurate to 

evaluate a protocol via the immobilisation efficiency [280]: 

 
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑠𝑒𝑑 𝐸𝑛𝑧𝑦𝑚𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑈
𝑔⁄ )

𝑇𝑜𝑡𝑎𝑙 𝐹𝑟𝑒𝑒 𝐸𝑛𝑧𝑦𝑚𝑒 𝑈𝑠𝑒𝑑 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑈
𝑔⁄ )

 
Equation 3.4 

 

Whilst this may be a useful way of evaluating the immobilisation procedure, it is not necessarily 

optimal for comparing the finalised immobilised enzyme to the free enzyme. Therefore, what is 

often reported is the activity recovery, with which the immobilisation efficiency should not be 

confused [280]: 

 
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑠𝑒𝑑 𝐸𝑛𝑧𝑦𝑚𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑈
𝑔⁄ )

𝐹𝑟𝑒𝑒 𝐸𝑛𝑧𝑦𝑚𝑒 𝑈𝑠𝑒𝑑 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑈
𝑔⁄ )

 
Equation 3.5 
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CHAPTER 4 

4. RESEARCH GAP AND THESIS OBJECTIVES 

4.1. Research Gap 

There are various formulation strategies being researched to improve the oral bioavailability of 

peptide therapeutics. Several of these propose encapsulation of the peptide aiming to shield the 

drug-payload from the GI environment in addition to improving its intestinal permeability. These 

strategies include solid lipid nanoparticles [301], self-emulsifying drug delivery systems [302], 

nanoparticles [303] and microneedle injectors [49, 304]. However, other strategies aim to 

improve oral bioavailability by increasing the GI stability and epithelial permeability of the 

peptide therapeutic. These may include structural modifications of the peptide active 

pharmaceutical ingredient (API) such as cyclisation [305], amino acid substitution [306] or 

conjugation with cell penetrating peptides [307] or lipids [308].  Additionally, formulation 

strategies to improve peptide therapeutic GIT stability and permeability have also been 

investigated including the use of proteolytic enzyme inhibitors, such as in the formulations 

clinically trialled by Oramed [254], or most notably the use of permeation enhancers, as in the 

oral formulations of semaglutide [221] and Octreotide [309]. Unlike formulation strategies that 

encapsulate the peptide therapeutic payload, these techniques do not avoid the changing 

solution conditions and proteolytic enzymes present within the GI environment, and as such 

require experimental screening for their initial optimisation prior to animal testing and clinical 

trials.  

There are several techniques typically applied to analyse peptide conformation and measure 

their physical stability, outlined in Section 2.4, and which have previously been applied in 

predicting the propensity to aggregate or denature under GI conditions. However, these 
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strategies generally have at least one of three major drawbacks with respect to their application 

in the study of peptide aggregation propensity: they have low throughput, are peptide-sample 

intensive or poorly mimic the GI environment. Self-interaction chromatography (SIC), the theory 

and application of which was also reviewed in Section 2.4.3, respectively, is a technique that has 

been previously applied to estimate the second virial coefficient of proteins [212] and adapted 

for use as a screening tool to predict the aggregation propensity of monoclonal antibodies [219]. 

The technique has seen limited use for studying peptides [218]. Therefore, there is opportunity to 

assess its feasibility in this field as it may be automated, allowing for high throughput, it is not 

sample intensive, lower costs; and it better simulates the ingestion of oral dosages into the GI 

tract environment than current techniques. 

In the study of the proteolytic degradation of peptides by GI enzymes, typically reaction timepoint 

sampling of the solution reaction is the only strategy applied, the reasons for which have been 

outlined in Section 3.3. There are several drawbacks to this method: the peptide is required to be 

separated from the enzyme post reaction; the separation procedure may result in loss of sample 

peptide, reducing the accuracy of the final results; the method consumes a large amount of 

substrate peptide and enzyme, whilst also being time intensive. Immobilised enzyme reactors, 

also reviewed in detail in Section 3.3.1, despite being a well-understood field, have yet to see 

widespread application in assessing the proteolytic stability of peptides. The application of a 

packed-bed, immobilised enzyme reactor would allow for automated study of the proteolytic 

stability of peptides in a high-performance liquid chromatography (HPLC) set-up, therefore not 

requiring any additional investment in equipment. Additionally, it removes the requirement for 

post-reaction substrate-peptide separation and better simulates the GI transit of the orally 

ingested peptide. 
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4.2. Thesis Objectives 

The primary target of this thesis is to develop chromatographic tools to understand the physical 

and proteolytic stability of peptides under various gastrointestinal conditions. A specific focus 

will be the use of self-interaction chromatography and immobilised enzyme reactors to achieve 

this goal. 

The first objective in appropriating self-interaction chromatography for peptides was to establish 

whether the procedures and equipment previously applied for monoclonal antibodies are 

applicable to peptides. This objective will involve assessing the stationary phase choice and its 

end-capping to ensure minimal interaction of the mobile phase sample peptide with the 

stationary phase under various conditions. The effect of stationary phase end-capping on the 

sample elution in SIC has seen little previous study and so will provide a novel aspect to the work. 

Additionally, the flowrate to column volume ratio will require optimising to ensure optimal 

separation of the mobile phase peptide for a given column volume. The lessons learned through 

these studies could then be applied to the development of both immobilised enzyme reactors 

and SIC columns. 

The second objective was to establish the accuracy and consistency of the self-interaction 

chromatography method with regards to estimating the physical stability of selected peptides, 

semaglutide, liraglutide and insulin, under GI conditions. SIC has seen limited previous 

application with respect to studying peptides, and not at all with respect to studying sample 

stability under gastrointestinal conditions. Therefore, using the technique for these samples and 

these conditions represents a novel aspect to the work in this thesis. The work in this section of 

the thesis will necessitate establishing an immobilisation procedure that ensures high stationary 

phase coverage and testing the method for model peptides under an array of simulated GI 

conditions. The resultant calculated second virial coefficient measurements may then be 

correlated and compared to the peptide size distribution data gathered using more established 
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techniques, such as dynamic light scattering and size exclusion chromatography to determine 

the accuracy of the method. 

The third and final objective was to determine the feasibility of an immobilised pepsin reactor to 

study the proteolytic stability of oral therapeutics under gastric conditions. This work will initially 

necessitate the selection of an appropriate resin and immobilisation procedure that allows for 

high enzyme coverage on the support. It will require comparison of solution enzyme reaction data 

with that of the immobilised enzyme reactions to establish whether immobilisation results in a 

change in enzyme selectivity, whilst varied sample concentrations will allow for quantitative 

analysis of any changes in activity. The application of a covalently-bound pepsin packed-be 

reactor to study protein degradation rates has previously been explored, however, the 

effectiveness of the method to study peptide degradation under gastric conditions has not. 

Therefore, this aspect of the work will be novel within this scope. 
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CHAPTER 5 

5. MATERIALS & METHODS 

5.1. Materials 

All reagents and species outlined in the following section were used as received from the 

suppliers unless otherwise stated. 

5.1.1. Insulin 

 

Figure 5.1: Visual representation of the three-dimensional structure of human insulin 

(PDB ID:3I40) visualised using PyMOL. Chains A and B are represented in green and cyan 

respectively 

Insulin is a pancreas-secreted peptide hormone responsible for the regulation of blood-glucose 

levels. Its primary structure consists of two peptide chains, chain A and B being 21-mers and 30-

mers [310], respectively,  with three disulfide bridges, namely between A6 and A11, A7 and B7, 

and A19 and B20, linking the chains [4] (see Figure 5.2). Therefore, since its structure consists of 

51 amino acids, it is sometimes referred to as a protein rather than a peptide. In its native state, 

the A-chain forms two α-helix regions A1-A8 and A12-A19 towards the N- and C-terminals, whilst 

the B-chain is composed of two β-turns, B6-B9 and B20-B23, separated by an α-helix, B9-B19, 

with a B-turn conformation at the C-terminal, B24-B28, whilst the initial sequence at the N-

terminal has a more random coil structure [311] (see Figure 5.1). The most physiologically 
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prevalent conformation insulin takes is as a hexamer, consisting of three dimers coordinated 

with two Zn2+ ions, which dissociates to form dimers upon a decrease in Zn2+ concentration, and 

eventually monomers [156]. Additionally, insulin may also form stable tetramers at elevated 

concentrations in a Zinc-free environment. Despite these stable oligomeric structures, insulin 

does still form fibrils. The partial unfolding of the α-helix structures has been suggested to be the 

initiating factor in fibrillation [311]. The monomers then agglomerate through B-sheet 

interactions, reportedly between parallel B11-B17 sections of monomers [312] until they form 

ring-like oligomers with inner and outer diameters estimated to be 2 nm and between 6 nm and 

7 nm, respectively [313]. It has been reported that these are the nuclei of fibrillation, with two 

intertwining to form a protofibril with a diameter of 10 nm [314]. Insulin appears to have relatively 

regular fibrillation kinetics, with its lag time correlating linearly with peptide concentration [311]. 

However, the shortest lag times were observed at very mildly basic pHs 7-7.8, not at the 

isoelectric point, which is suggested to be due to protonation of the His-B10 residue increasing 

electrostatic interaction strength between monomers initiating aggregation [315]. The insulin 

utilised in these experiments was human recombinant insulin (>98% purity, pI ≈ 5.4, molecular 

weight 5807.57 Da) purchased from Sigma Aldrich. 

 

Figure 5.2: Representation of the human insulin amino acid sequence including cysteine bridges 

5.1.2. Glucagon-Like Pepide-1 (GLP-1) Analogues 

Glucagon-like peptide-1 (GLP-1) is a 31-mer peptide hormone secreted in response to food-

intake to regulate blood-glucose levels. It functions via three mechanisms: promoting pancreatic 

Chain A: 

Chain B: 
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insulin secretion, supressing the release of glucagon from the liver and increasing satiety by 

slowing gastric emptying [2, 316]. However, endogenous GLP-1 (7-37) has limited therapeutic 

use due to it being rapidly degraded in the blood by the enzyme dipeptidyl peptidase IV (DPP-4), 

cleaving the bond between Ala-8 and Glu-9 [74], resulting in a very short half-life in the plasma of 

only 1-2 minutes [317]. To overcome these issues, pharmaceutical companies have developed 

several GLP-1 analogues for clinical use with structural modifications which improve stability but 

maintain their therapeutic effect. However, the focus of this work will only include semaglutide 

and liraglutide, so only those structural modifications will be analysed (see Figure 5.3). 

 

Figure 5.3: Amino acid sequences of GLP-1 and its analogues liraglutide and semaglutide 

with their differences highlighted in Blue and Red 

Under more highly charged conditions, GLP-1 exhibits relatively regular fibrillation formation 

kinetics with increasing peptide concentration reducing the lag time of fibril formation [318]. 

However, at pHs closer to the isoelectric point of the peptide, with increased α-helix formation, 

GLP-1 forms two competing aggregate structures, an oligomer precursor to the fibril and an off-

GLP-1: 

Liraglutide: 

Semaglutide: 
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pathway oligomer [158]. This results in an increased lag time with increasing peptide 

concentration, as the off-pathway oligomer species preferentially forms, thereby inhibiting fibril 

formation [158]. This analysis does not contradict the assertion that peptides generally aggregate 

more quickly at conditions closer to their isoelectric point, only that more smaller aggregates are 

formed more quickly and larger fibrils more slowly under these conditions. Since this transition 

between the two behaviours occurs between pH 7.5 and pH 8.5, it has been suggested that 

protonation of the N-terminus, with a pKa ≈8, is key in the increased α-helix structure responsible 

for off-pathway oligomers and increased lag-time in fibril formation [158]. 

5.1.2.1. Liraglutide 

Liraglutide is a synthetic analogue of GLP-1, administered subcutaneously to manage type-2 

diabetes and first approved under the brand name Victoza in 2009 and 2010 by the European 

Medicines Agency EMA and the US Food and Drug Administration (FDA), respectively. The 

structure of liraglutide is homologous to that of GLP-1 with the addition of two key modifications. 

Firstly, a palmitoyl moiety is conjugated to the amino R-group of Lys-26 via a γ-glutamic acid 

spacer [319] to enable the peptide to bind to Human Serum Albumin (HSA) and so reduce its rate 

of renal excretion and DPP-4 degradation, thereby increasing its half-life in the blood plasma 

[320]. The second modification is the substitution of Lys-34 with Arg-34, the purpose of which is 

to prevent the palmitoyl side chain being functionalised to the wrong site [140]. Liraglutide has 

been observed to exhibit more complex aggregation behaviour than GLP-1. Above ~ pH 7, it has 

been observed to form off-pathway, octameric micelles, whilst when the acidity is reduced to 

pH 6.9 and below, these transition to dodecamers [192]. Nevertheless, within the pH range 6.4 

to 8.1, an increase in β-sheet structural confirmation has been observed after a 43 hr lag time, 

indicating fibril formation [193]. Experiments were performed using liraglutide (pI~4.9, molecular 

weight 3751.20 Da) supplied by Eli Lilly & Company.   
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5.1.2.2. Semaglutide 

Similar to liraglutide, semaglutide is also a synthetic analogue of GLP-1. It was first approved as 

subcutaneous injection for treatment of type-2 diabetes under the brand name Ozempic in 2017 

and 2018 by the FDA and EMA respectively. However, unlike liraglutide, an oral formulation, 

Rybelsus, has since been approved and a formulation of semaglutide has also been approved for 

weight management under the brand name Wegovy. Its structure incorporates the same 

modifications to GLP-1 that liraglutide does with three additional changes. First, the lipid chain 

conjugated is not a palmitoyl group but instead a stearic acid group with the carboxylate group 

enabling stronger interactions with HSA and so a further extended half-life [5]. The second 

difference to liraglutide is the incorporation of two additional ethylene glycol groups, linked by 

amide bonds, to the γ-glutamic acid spacer thereby increasing the mobility and flexibility of the 

conjugated lipid side chain [319]. The final difference to liraglutide is the substitution of Ala-8 for 

an amino-isobutyric acid (Aib) group to protect against DPP-4 degradation of the peptide, as the 

Ala-8–Glu-9 bond specifically is the site susceptible to proteolytic cleavage (see Figure 5.4 for 

Aib structure). Semaglutide despite its structural similarity to liraglutide has been observed to 

display more regular fibrillation kinetics, with a shorter lag time at slightly acidic pHs (closer to 

the isoelectric point of the peptide) relative to at slightly basic pHs, with very long lag times on 

the order of weeks for β-sheet formation to be observed [320]. Experiments were performed using 

semaglutide (pI~5.4, molecular weight 4113.64 Da) supplied by Eli Lilly & Company.   

 

Figure 5.4: Structure of modified Alanine residue Amino-isobutyric acid (Aib) 
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5.1.3. Peptide Hydrophobicity Library 

A set of six peptides, P1-P6 (see Table 5.1), have been proposed as retention standards and 

hydrophobicity indices for reversed-phase liquid chromatography (RPLC) by Krokhin and Spicer 

[321]. The use of these peptides in proteolytic activity studies has previously been limited. 

However, due to the increasing mass fraction of leucine in these standards, which is susceptible 

to proteolytic cleavage from pepsin, their consistent molecular weights and the limited number 

of cleavage sites present, this peptide library would also make a very good library for the 

qualitative measure of pepsin activity. P6 with the highest leucine content would be expected to 

be the most susceptible to pepsin proteolytic cleavage and P1 and P2 the least. The peptide 

sequences (purity ≥ 95%) were ordered from Genscript Biotech, Oxford, United Kingdom. 

Table 5.1: RPLC peptide retention standard sequences and molecular weights [321] 

Designated 

Name 

Sequence Molecular 

Weight (Da) 

P1  888.89 

P2  891.94 

P3  890.99 

P4  890.05 

P5  889.11 

P6  1002.26 

 

5.1.4. Other Peptides 

A library of other peptides was also studied to examine their susceptibility to enzymatic 

degradation. In this Section, they have been grouped into various categories depending on their 

structure and purpose, since part of the reason of the study was to analyse the effects peptide 

structure had on the rate of proteolysis. 
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5.1.4.1. Taspoglutide 

Taspoglutide is another GLP-1 analogue intended to manage type-2 diabetes, but unlike 

semaglutide and liraglutide its development was halted in Phase III clinical trials due to adverse 

gastrointestinal side effects and allergic reactions [322]. Unlike semaglutide and liraglutide, it 

does not have a conjugated lipid chain to improve its stability nor a substitution of Lys-34 to Arg. 

Instead, like semaglutide it has a methylation of Ala-8 to form amino isobutyric acid, thereby 

inhibiting DPP-4 cleavage [323]. However, it additionally substitutes Gly-35 and Gly-37 for amino-

isobutyric acid and an amide group respectively to increase C-terminal alpha-helicity and 

improve its stability to plasma Serine proteases [323] (see Figure 5.5). The taspoglutide used in 

these experiments with a pI~4.1, molecular weight 3339.76 Da and ≥95% purity was purchased 

from Sigma Aldrich in the form of taspoglutide trifluoroacetate. 

 

Figure 5.5: Amino acid sequence of taspoglutide with differences to GLP-1 highlighted in pink and 

red 

5.1.4.2. Bradykinin-derived Fragments 

Bradykinin is a nonapeptide derived from the enzymatic degradation of kininogens functioning 

primarily as a vasodilator and inflammatory mediator within the human body [324]. [Lys-des-

Arg9]-bradykinin is a modified synthetic form of bradykinin employed in the study of B1 receptors. 

Its structure differs from native bradykinin through the addition of a Lysine group at the N-

terminal and the deletion of the Arginine at the C-terminal. Therefore, the structure of bradykinin 

(2-9) and Lys-des-Arg9-bradykinin may show application in the study of Trypsin activity, due to the 

similarity in their sequences other than the locations of Arg and Lys groups, to which Trypsin is 

particularly active. Additionally, the locations of the Pro groups are of use to study their inhibitory 

effects on Trypsin activity. Bradykinin (2-9) with a pI~10.0, a molecular weight of 904.02 Da and a 
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purity ≥97%, and [Lys-des-Arg9]-bradykinin with a pI~11.0, a molecular weight 1032.21 Da and a 

purity ≥95% were used in these experiments and were purchased from Sigma Aldrich. 

 

Figure 5.6: Amino acid sequences of bradykinin (2-9) and [Lys-des-Arg9]-bradykinin  

with the additional Lysine group highlighted in Blue 

5.1.4.3. Substance P 

Substance P is an undecapeptide from the tachykinin family of neuropeptides, produced by 

neurons and as such functioning as a neurotransmitter and neuromodulator [3]. It is of interest 

in the study of oral peptide proteolysis due to its amphipathic, cell-penetrating structure being 

similar to strategies employed to improve peptide delivery. Experiments were conducted using 

substance P with a pI~10.6, molecular weight of 1347.63 Da and a purity ≥95% which was 

purchased from Sigma Aldrich. 

 

Figure 5.7: Amino acid sequence of substance P 

5.1.4.4. Oxytocin and Vasopressin Analogues 

Oxytocin and vasopressin are both cyclic, nonameric neuropeptides produced in the 

hypothalamus and functioning in social bonding [325] and kidney regulation [326], respectively. 

Their peptide sequences are homologous, including the disulfide bridge between Cys-1 and Cys-

6, but there are two key differences at the third and eighth residues where vasopressin has Phe-

3 and Arg-8 whilst oxytocin has Ile-3 and Leu-8, respectively. [Lys8]-vasopressin is a hormone 

natural to pigs whilst terlipressin is a synthetic analogue of vasopressin prescribed for 

hepatorenal syndrome [327]. For both analogues Arg-8 is substituted for Lys, whilst for 

Bradykinin (2-9): 

Lys-des-Arg
9
-Bradykinin: 

Substance P: 
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terlipressin there is additional triglycine sequence conjugated to the N-terminal (see Figure 5.8). 

Each of these structures were applied to study the effects slight changes in sequence and 

cyclicity may have on the rate of a peptide proteolysis. Oxytocin acetate with a pI~7.6, molecular 

weight of 1007.19 Da, and purity ≥ 97%; [Lys8]-vasopressin with a pI~10.9, molecular weight of 

1056.22 Da and purity ≥ 98%, and terlipressin acetate with a molecular weight of 1227.37 Da and 

purity ≥98% were used in experiments. All were purchased from Sigma Aldrich. 

 

Figure 5.8: Amino acid sequences of [Lys8]-vasopressin, terlipressin and oxytocin 

with their differences in structure from Lys8-vasopressin being highlighted in Red and Blue, 

respectively 

5.1.4.5. Gonadotropin-releasing hormone analogues 

 Gonadotropin-releasing hormone, also known as luteinising hormone-releasing hormone 

(LHRH), is a decapeptide secreted by the hypothalamus that acts to stimulate the release of 

luteinising hormone and follicle-stimulating hormone [328]. Goserelin is a synthetic analogue of 

LHRH, prescribed for the treatment of hormone-sensitive cancers and gynaecological conditions 

[329]. It has two modifications to the structure of LHRH, with Gly-6 and Gly-10 being substituted 

for tert-butyl D-Serine and Aza-glycine (a modified glycine residue in which the α-Carbon is 

substituted for nitrogen), respectively (see Figure 5.10). The structures are relevant to the study 

of pepsin activity due to the modifications increasing hydrophobicity but also increasing the 

steric hinderance to enzyme binding. LHRH acetate with a molecular weight of 1182.29 Da and 

purity ≥98%, and Goserelin acetate with a molecular weight of 1269.41 Da and a purity ≥99% 

were utilised in these experiments. Both were purchased from Sigma Aldrich. 

[Lys8]-Vasopressin: 

Terlipressin: 

Oxytocin: 
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Figure 5.9: Amino acid sequence of Luteinising Hormone releasing hormone (LHRH) and its 

synthetic analogue Goserelin 

 

Figure 5.10: Structures of modified amino acids present in gonadotropin-releasing hormones 

5.1.5. Pepsin 

Pepsins are aspartate protease active in the acidic gastric environment and are the major 

proteolytic enzyme involved in the gastric digestion of dietary proteins through peptide bond 

hydrolysis. They are endopeptidases which are secreted as pepsinogens, their inactive 

proenzyme precursors, from gastric chief cells in the mucosal layer of the stomach lining. The 

nomenclature of different pepsinogens varies in the literature and so will be briefly summarised 

here. Pepsinogens may be classified into the following five groups according to the significant 

differences in their primary structures: pepsinogens A, B and F, progastricsin (also known as 

pepsinogen C) and prochymosin [330]. In the human gastric environment, seven pepsinogens 

have been detected and may be numbered accordingly as pepsinogens 1 through 7 (Pg1-7) in the 

literature [331]. These may be categorised into two groups with Pg1-5 in pepsinogen group I (PGI), 

which are pepsinogen A (PGA) isozymogens, and Pg6-7 in pepsinogen group II (PGII), which are 

pepsinogen C (PGC) isozymogens (precursors to gastricsin) [331]. Pepsinogen A is the 

predominant of these species and undergoes an auto-catalytic activation upon exposure to the 

acidic gastric environment (pH <5), during which a 47 amino acid peptide is released (often as 

LHRH: 

Goserelin: 

Pyroglutamic Acid (Pyr) Tert-Butyl-D-Serine (D-Ser(tBu) Aza-Glycine (AzGly)  
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two peptides) from the N-terminal, to form pepsin A [332]. The most common isozyme of pepsin 

A is pepsin 3 (PGA3) [333] and as such this will be the human pepsin structure used here as a 

reference. 

 

 

Figure 5.11: Schematic representation of three-dimensional structure of human and porcine 

pepsin 

(PDB ID: 1PSO and 4PEP, respectively) visualised using PyMOL. The active site residues Asp32 and 

Asp215 are highlighted in pink, whilst Asp and Glu groups are shown in Red and the N-terminal, Lys 

and Arg groups in blue 

Despite having 47 differences in their 326 residue primary structures, both human and porcine 

pepsin form a bi-lobal tertiary structure consisting largely of β-sheets (see Figure 5.11). In both 

structures, between the two lobes, is the substrate-binding cleft at the centre of which are the 

two aspartate residues Asp-32 and Asp-215 which constitute the catalytic site [330]. The polarity 

of the aspartate groups allows it to form hydrogen bonds with water and the substrate peptide 

bond allowing for the correct alignment of the reagents before cleaving the target bond through 

an acid-base catalytic mechanism (see Figure 5.12) [334]. Access to the active site is 

hypothesised to be controlled by two antiparallel beta strands, comprised of residues Leu-71 

through Gly-82 in porcine pepsin (same primary sequence in human pepsin 3 other than Val-71), 

which is commonly referred to as the “flap” [335]. The Lys-320 residue, through the positive 

charge of its amino R-group, is suggested to interact with “flap” residues influencing its motility 

and the overall rate of catalysis [336]. The surface of the cleft is comprised of seven subsites, S4 

Human: Porcine: 
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through S1 and S′1 through S′3, which may accommodate seven corresponding substrate 

residues, P4 through P1 and P1′ through P3′ (where peptide bond hydrolysis occurs between P1 and 

P′1), through intermolecular interactions [337]. The residues which may interact with an ideal 

heptapeptide substrate at each porcine pepsin subsite were tabulated by Sielecki et al. [337]. 

The proposed residues comprising each subsite are listed in Table 5.2, with any residue 

differences to human pepsin noted to establish the similarity in their proteolytic behaviour. For 

example, the S′1 subsite exhibits similar specificities for both human and porcine pepsin, given 

the hydrophobicity of each contributing residue and the similarity of Leu-291 and Val-291, the 

only residue difference between human and porcine pepsin, respectively, for that subsite [338]. 

In accordance with this, porcine pepsin has been observed to exhibit similar site specificity to 

human pepsin, both showing a preference for hydrophobic and aromatic substrate residues at 

the P1 and P′1 sites, respectively [338]. 

 

Figure 5.12: Acid-base nucleophilic mechanism of peptide bond hydrolysis by pepsin 
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Table 5.2: Porcine pepsin residues interacting with residues of an ideal heptapeptide substrate 

with differences to human pepsin 3 highlighted.[337] 

Subsite Residues Human Pepsin Differences 
S4 Thr12, Ser219, Leu220 Met12 
S3 Glu13, Ile30, Phe111, Phe117, Ser219 Val30 
S2 Gly76, Thr77, Thr218, Thr222, Glu287, Met289 Gln287 
S1 Ile30, Asp32, Tyr75 Thr77, Phe111, Leu112, Phe117, Ile121, Gly217 Val30 
S′1 Tyr189, Ile213, Val291, Thr293, Leu298, Ile300 Leu291 
S′2 Gly34, Ser35, Asn37, Ile73, Tyr75, Ala130 Ser130 
S′3 Ile128, Gly188, Tyr189 - 

 

The effectiveness of proteolytic cleavage at a specific site is primarily determined by the ability 

of the substrate residues to interact with the corresponding enzyme subsites. The strongest 

influence over proteolytic specificity is considered to be the P1 residue or S1 subsite, since the 

probability of cleavage at this site is highest [330]. Keil, based on their experimental observations, 

suggested general rules for the probability of peptide bond hydrolysis based on the amino acid 

sequence in proximity to the cleavage site [339]. These have been tabulated in addition with 

findings from Powers et al. [340] and Hamuro et al. [341] in Table 5.3 to provide an approximate 

guide on  whether a site would be expected to undergo peptide bond hydrolysis. The data collated 

is in accordance with what would be expected based on residue interaction strength with the 

subsite residues. For example, given the number of hydrophobic residues contributing to the S1 

subsite, it is unsurprising that aromatic and hydrophobic amino acids show the greatest cleavage 

prevalence. By contrast, proline inhibits pepsin binding due to the pyrrolidine ring in its R-group, 

resulting in the absence of an amide hydrogen reducing its hydrogen bonding capacity and rigidly 

constraining the N-Cα bond to a rotational angle of -58° [342]. Notably, the P4 position has been 

found to have little influence over the cleavage probability, simplifying analysis.  
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Table 5.3: General effect substrate residue location has on likelihood of proteolytic activity of 

pepsin 

[339-341] 

Residue Promoting Inhibiting 

P4 - - 
P3 - Arg, Lys, His 
P2 - Pro 
P1 Phe, Tyr, Trp, Leu, Met Lys, His, Arg, Pro 
P′1 Phe, Tyr, Trp, Leu - 
P′2 - Pro 
P′3 - Pro 

 

As a protein, the conformation, stability and therefore proteolytic activity of pepsin are highly pH-

dependent. Optimal catalytic behaviour has been observed at approximately pH 2.0, although 

under such conditions pepsin will also exhibit autolytic behaviour [343]. The proteolytic activity 

begins to decrease significantly in the pH 4.5-6.0 range, at which point a native-like, catalytically-

inactive conformation starts to be adopted [344]. Nevertheless, peptide bond hydrolysis is 

observed up to pH 6.5, at which point catalytic behaviour is no longer observed, but the structure 

remains stable such that it may be reactivated upon a reduction in pH [343]. However, pepsin is 

irreversibly denatured in the range pH 7.0 to 8.0, at which point proteolytic activity is permanently 

lost. The pepsin studied in subsequent experiments described here was pepsin from porcine 

gastric mucosa (EC 3.4.23.1, molecular weight 35 kDa, specific activity ≥ 400 units/mg protein) 

and was purchased from Sigma Aldrich. 

5.1.6.  Column Packing Resins 

 Dry AF-Tresyl-650M (0014472) particles were purchased from Tosoh Bioscience and refrigerated 

at 4 °C prior to use. The surface of the HW-65 methacrylate polymer resin is conjugated with 

tresyl groups that are highly reactive towards amine and thiol groups, and so are ideal for protein 

or peptide immobilisation under neutral conditions. The relevant properties of the resin 

according to the provider’s documentation are tabulated in Table 5.4. 
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Table 5.4: Toyopearl AF-Tresyl-650M properties 

Property Value 

Mean Pore Size 100 nm 

Mean Particle Size 65 μm 

Ligand Density 80 μmol/g (dry) 

 

Reagent grade 3-Aminopropyl-functionalised silica gel was purchased from Sigma Aldrich to 

function as an irregular silica particle platform with reactive amine sites ideal for peptide or 

protein immobilisation. The properties of the resin relevant for its use in peptide or protein 

functionalised packed-bed systems are tabulated in Table 5.5, as provided in the provider’s 

documentation. 

Table 5.5: Propylamino Silica resin properties 

Property Value 

Mean Pore Size 60 Å 

Mean Particle Size 52 μm 

Ligand Density 1 mmol/g 

 

5.1.7. Other Materials 

The following chemicals were purchased from Sigma Aldrich grouped according to their 

chemical purity gradings: BioXtra grade dibasic and monobasic sodium phosphate; American 

Chemical Society (ACS) grade potassium phosphate monobasic and dibasic, hydrochloric acid 

(37%), sodium hydroxide, tris(hydroxymethyl)aminomethane (henceforth referred to as Tris), 

citric acid and ethanolamine; Reagent grade sodium cyanoborohydride, which was stored in a 

dark, dry place and extensively wrapped in parafilm between uses ; and food grade sodium 

citrate dihydrate. Additionally, Grade I, 25% glutaraldehyde solution in water was also purchased 

from Sigma Aldrich. However, upon its arrival, it was aliquoted into 1 mL samples, which were 
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wrapped in aluminium foil and stored at −20 °C prior to use, to minimise any polymerisation 

effects. Soybean L-α-Lecithin (≥97% purity, MQ100) was also purchased from Sigma Aldrich and 

stored at -20 °C in a freezer, prior to its use. Analytical Reagent (AR) grade acetone was obtained 

from Fisher Scientific. Sodium chloride of ACS grade was from VWR.  

Buffer solutions were prepared using deionised water processed by a CENTRA water purification 

system from ELGA. The pH was measured using a Mettler Toledo FiveEasy pH meter and adjusted 

using 1 M hydrochloric acid or 1 M sodium hydroxide before being filtered using through 0.22 μm 

bottle top filters from Millipore to remove any remaining particulates. 1 M hydrochloric acid and 

1 M sodium hydroxide solutions were in turn prepared with pre-filtered deionised water to 

prevent any contamination with filter degradation products due to the extreme pHs of those 

solutions. 

5.2. Methods 

5.2.1. High-Performance Liquid Chromatography (HPLC) Equipment 

Self-interaction chromatography (SIC) experiments were performed using one of two HPLC 

setups using either a LC-20 series or Nexera series HPLC systems from Shimadzu (Shimadzu UK 

Ltd, Buckinghamshire, UK).  

CTO-20AC Column OvenLC-20AD
Pump

LabSolutions v5.92

SPD-20A
UV-vis detector

Waste

Sample

SIL-20A 
Autosampler

DGU-20A5R
Degasser

Mobile Phase Lines

SPD-20A
UV-vis detector

 
Figure 5.13: Schematic of LC-20 HPLC system setup 

The LC-20 series was comprised of a modular set up including a SIL-20A total injector 

autosampler; a LC-20AD, parallel-type double plunger pump; a five-channel on-line degasser, 
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the Shimadzu DGU-20A5R; SPD-20A, dual-wavelength UV-Vis detectors with a temperature-

controlled flow cell fitted inline pre- and post-column, and a thermostatted, forced air-

circulation, CTO-20AC column oven. The solvent inlets were fitted with GLC suction filters 

(Shimadzu). The system was controlled by a CBM-20A communications module with data 

collected using Shimadzu’s LabSolutions software version 5.92.  

CTO-40C Column OvenLC-40D
Pump

LabSolutions v5.110

SPD-40
UV-vis detector

Sample

SIL-40C 
Autosampler

DGU-40
Degasser

Mobile Phase Lines

SPD-M40
Photodiode Array

Waste

Collected 
Fraction

FRC-10A
Fractional Collector

 
Figure 5.14: Schematic of Nexera HPLC system setup 

The Nexera series had a similar setup including a SIL-40C temperature-controlled, total injector 

autosampler; a LC-40D, parallel-type double plunger pump; a five-channel on-line degasser, the 

Shimadzu DGU-40; a SPD-40, dual-wavelength UV-Vis detector with a temperature-controlled 

flow cell, fitted inline pre-column; a temperature controlled, forced air-circulation, CTO-40C 

column oven, and a SPD-M40 photodiode array (PDA) inline post-column detector. The solvent 

inlets were likewise fitted with GLC suction filters (Shimadzu). Additionally, the Nexera series had 

6 column lines, controlled by a switching valve, allowing for multiple columns to be stored and 

run in parallel (although not simultaneously). Furthermore, it was also fitted with an FRC-10A 

fractional collector, for sample collection and further analysis. This system was controlled by a 

CBM-40lite communications module with data collected using Shimadzu’s LabSolutions 

software version 5.110.  

5.2.1.1. Elution Volume vs Retention Volume 

Throughout the chromatographic experimental section of this work, the terms elution volume 

and retention volume will be used. The difference between them is slight and so often they are 
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used synonymously. In this work, elution volume is used to describe the volume of mobile phase 

eluted since the start of the run, whilst retention volume is used to describe the required volume 

of mobile phase from sample injection to cause its elution from the column. Therefore, in this 

work elution volume will be used to describe chromatograms, elution profiles and any pre-

column detector measurements. Conversely, retention volume will be applied in the discussion 

of measurements and individual data points. Additionally, retention time and retention volume 

for size exclusion chromatography (SEC) and self-interaction chromatography (SIC) methods 

exhibit identical trends as they are all performed isocratically at constant flowrate. However, in 

the case of the reversed-phase methods, since neither of these are the case, retention time will 

be exclusively used throughout the discussion of that data. 

5.2.2. UV-Vis spectroscopy 

UV-Vis spectroscopic analysis of samples was performed using an Implen Nanophotometer. 

Measurements were made at 280 nm and were made across 5 sample pedestals to minimise 

errors caused by blanking variation and poor sample application. Before each measurement 

began the sample pedestals were first wiped with an ethanol-wetted tissue and allowed to dry 

for approximately 15 seconds. 1.5 μL of the background buffer solution was then pipetted onto 

each sample pedestal and a blank measurement recorded. For each measurement 1.5 μL of 

sample was applied to each sample pedestal in use and the mean absorption value was taken 

as the final value. Between measurements, the sample pedestals were wiped with deionised 

water, then ethanol and allowed to dry for approximately 15 seconds to minimise sample cross-

contamination. All measurements (including calibration curve measurements) were performed 

in increasing concentration order to reduce the effects of sample build-up on the sample 

pedestals. Sample concentration calibration curves were generated by the same procedure 

using triplicate samples. 
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5.2.3. Resin preparation procedures 

5.2.3.1. Peptide immobilisation  

For each SIC experiment, the peptide or protein of interest was immobilised onto a Toyopearl AF-

Tresyl-650M resin from Tosoh. This material is a hydroxylated methacrylic polymer structure 

(HW-65) that swells in aqueous conditions to form particles of 65 μm diameter and with a 100 

nm pore size. The surface of the HW-65 polymer resin has been functionalised with tresyl groups 

making it highly reactive to amine and thiol groups. Therefore, the relevant peptide was 

immobilised via its available surface amine groups following the mechanism outlined in Figure 

5.15. The experimental method adopted was that previously described by Jacobs et al. [345] but 

incorporating changes made by Hedberg et al. [346].  

Analysing the mechanism in Figure 5.15, it must be noted that it potentially allows for peptides 

with multiple amine groups to be conjugated at multiple sites. This would reduce their surface 

mobility and minimise the number of potential orientations that they may adopt, thereby greatly 

affecting the possible interactions with mobile phase peptides. The method proposed does not 

provide any mechanism through which to ensure only one surface conjugation site for peptides 

with multiple surface amine groups. This was for two primary reasons: firstly, since peptide 

immobilisation was a slow reaction with relatively low yield it was deemed more optimal to 

maximise the amount of peptide immobilised than control the reaction sites; secondly, since 

random orientation is a base assumption of SIC, reducing the number of possible orientations 

through reaction-controlling measures seemed counter-intuitive, even if it provided for 

increased mobility of the immobilised peptide.    
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 The dry resin particles were first weighed out and washed with approximately 50 mL/g resin using 

deionised water before being allowed to swell for 30 minutes. Once the resin had settled, the 

supernatant was pipetted off leaving a slurry of approximately 3.5 mL/g resin. If the resin was to 

be activated with glutaraldehyde, then 1.0 mL/mL.resin of a 25% glutaraldehyde water solution 

was added and mixed with the resin before being washed 10 times with 15 mL/g resin pH 7.5, 

0.1 M potassium phosphate. Glutaraldehyde has been theorised to activate the tresyl surface by 

Hedberg et al. by undergoing nucleophilic substitution of the tresyl groups leaving an even more 

weakly bound hemiacetal group. However, here an alternative mechanism is suggested in Figure 

5.16, given that in the method performed by Hedberg et al. the glutaraldehyde was added before 

the resin is equilibrated with neutral/mildly basic buffer [346].  

 

Figure 5.15: Nucleophilic substitution mechanism of the tresyl functionalised surface groups with 

primary amine groups 

(HW-65 is the methacrylic polymer of the Toyopearl AF-650M resin) 
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Figure 5.16: Proposed nucleophilic addition mechanism of glutaraldehyde to unfunctionalised 

surface alcohol groups 

(HW-65 is the methacrylic polymer of the Toyopearl AF-650M resin) 

Therefore, the glutaraldehyde may form hemiacetal groups with any remaining surface alcohol 

groups, thereby resulting in additional surface aldehyde groups that may provide immobilisation 

sites via Schiff’s base formation as shown in Figure 5.17 and Figure 5.18. After each wash, the 

resin was left to settle and the supernatant removed. 30 mg/g resin peptide was weighed out and 

dissolved at 2.0 mg/mL in pH 7.5 0.1 M potassium phosphate before being added to the resin 

with 60 mg/g resin sodium cyanoborohydride to catalyse and increase the overall coverage of the 

reaction. For the support particles without peptide functionalisation (for dead column 
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preparation), a 0 mg/mL peptide solution was used instead, and the procedure was carried out 

similarly. The mixture was then placed on a Stuart Scientific Roller Mixer SRT2 overnight. Samples 

were taken at the start and end of the reaction for UV-Vis spectroscopic analysis using an Implen 

NanoPhotometer to establish the amount of peptide immobilised (using calibration curves 

outlined in Figure 12.1 in the Supplementary Materials).  

 

Figure 5.17: Mechanism for Schiff’s base (imine) formation between aldehyde and primary amine 

groups 

 

Figure 5.18: Mechanism of Schiff’s base (imine) reduction to a Secondary amine via a 

Cyanoborohydride reducing agent 
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5.2.3.2. Peptide Resin End-capping and Dead Column Preparation 

Upon completion of peptide immobilisation (see Section 5.2.3.1), if the resin was being end-

capped with monoethanolamine (MEA), it was washed with 15 mL/g resin 1.0 M pH 8.0 MEA 

solution. However, if the remaining resin surface tresyl groups were being functionalised with 

Tris, it was washed with 15 mL/g 0.1 M pH 8.1 Tris-HCl, 0.5 M NaCl then stored in the solution 

overnight at 4 °C. For both end-capping techniques, the resin was then washed with 20 mM 

sodium phosphate 50 mL/g resin before being stored at 4 °C prior to column packing. In the case 

of the preparation of unfunctionalised dead columns, the resin was prepared exactly as in 

Section 5.2.3.1, instead using 0 mg/mL peptide concentration solution to ensure consistency in 

the properties between the unfunctionalised and peptide-surface-decorated column resins. 

5.2.3.3. Pepsin Immobilisation 

Pepsin was immobilised onto a 1 mM/g propylamino silica resin via a two-step procedure, first 

activating the resin with glutaraldehyde and before immobilising the enzyme. The first step was 

adapted from work performed by Monsan [347]. The required amount of propylamino silica resin 

was first weighed out (0.5 g to 1.0 g) before being thoroughly washed with 50 mL/g.resin deionised 

water to ensure the deprotonation of any silanol groups and some amino groups and allowed to 

dry for several hours at room temperature and pressure. 0.5 mL/g.resin 25% glutaraldehyde 

solution was then diluted 1:19 (i.e. by a factor of 20) in 50 mM pH 8.0 potassium phosphate 

solution to form a pH 8.0 1.25% glutaraldehyde solution which was then added to the resin. The 

solution was allowed to react following a similar mechanism to that seen in Figure 5.17, whilst 

being gently mixed on a Stuart Scientific Roller Mixer SRT2 overnight (~15 h). If the resin washing 

phase was not performed, the resin instantaneously turned a deep red upon exposure to the 

glutaraldehyde solution, even at very low concentrations, indicating the rapid formation of imine 

bonds. However, this resulted in poorer future immobilisation likely due to the high surface 

coverage resulting in polymerisation and cross-linking of the immobilised glutaraldehyde groups. 
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The washing procedure resulted in a light golden-orange resin colour indicating lower coverage 

but significantly reducing the potential of cross-linking and polymerisation. 

After activation with glutaraldehyde the resin was thoroughly washed with 150 mL/g.resin 

deionised water. Each individual wash involved the centrifugation of the resin mixture at 10000 

rpm for 10 minutes pipetting off the supernatant, then the addition of 15 mL/g.resin of deionised 

water and thoroughly shaking. If bubbling of the wash solution was still observed upon shaking 

or pipetting after 150 mL.g resin deionised water, then additional washes were carried out until it 

was not. 

 The second step was required to be carried out within 24 hours of the previous being completed 

to minimise any reactions between glutaraldehyde and the environment causing surface 

contamination. Prior to the immobilisation reaction, the resin was washed with 50 mL/g.resin 

50 mM pH 4.4 sodium citrate solution in order to equilibrate the silica surface with the reaction 

buffer. The immobilisation procedure was adapted from work performed by Han et al [348] and 

follows the mechanisms outline in Figure 5.17 and Figure 5.18. A 200 mg/mL porcine pepsin 

stock solution in pH 4.4 50 mM sodium citrate was prepared and refrigerated at 4 °C. 

10.0 mL/g.resin of pepsin stock solution was mixed with 1.75 mL/g.resin of 1.5 M sodium 

cyanoborohydride (NaCNBH3) solution before being added to the resin and mixed. 17.5 mL 1.5 M 

sodium sulfate (Na2SO4) is then added dropwise to the mixture before the reaction mixture was 

sealed and incubated at 4 °C under 1000 rpm agitation to prevent resin settling in an Eppendorf 

ThermoMixer F2.0 for 24 hours. Simultaneously a t=0 h sample solution is prepared with 500 μL 

pepsin stock solution, 87.5 μL of the NaCNBH3 solution and 875 μL Na2SO4 and incubated in the 

same mixer for measurement of the initial concentration and to account for any autolysis. 

Meanwhile a control solution using the same volumes of each solution but replacing the pepsin 

stock solution with pH 4.4 50 mM sodium citrate solution was also prepared. 
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After 24 hours, the agitation of the reaction was stopped allowing the resin to briefly 

(approximately 2 minutes) settle such that three individual 0.5 mL samples of the reaction 

solution may be aliquoted to establish the t=24 hour pepsin concentration. The t=0 and t=24 hour 

samples were diluted by a factor of 20 with 50 mM pH 4.4 sodium citrate so their concentration 

was more appropriate for UV-Vis analysis. The amount of pepsin immobilised was then 

estimated via UV-Vis spectroscopy of the initial reaction mixture and final reaction mixture 

samples and compared to previously prepared calibration curves (see Figure 12.2 in the 

Supplementary Material). 

5.2.3.4. Pepsin resin end-capping 

The pepsin immobilisation reaction was then stopped through the addition of 5 mL/g.resin of 

100 mM ethanolamine solution dissolved in pH 4.4 sodium citrate solution before being re-

incubated at 4 °C and 1000 rpm overnight (approximately 15 hours). The reaction was completed 

by ending the agitation and allowing the resin to settle and removing the supernatant before 

washing the resin with 100 mL/g.resin of pH 4.4 50 mM sodium citrate until the supernatant 

shows no observable peak versus a control solution of the same buffer during a UV-

spectroscopic scan using a NanoPhotometer from Implen. The resin is then stored in the pH 4.4 

50 mM sodium citrate solution and refrigerated at 4 °C prior to column packing. 

5.2.3.5. Raman Spectroscopy 

The surface composition of the peptide and enzyme immobilised resins were analysed via 

Raman spectroscopy using a Senterra II Raman Microscope (Bruker Nano Analytics, Coventry, 

UK). The resin slurry was first washed with 50 mL/mL resin deionised water to remove buffer from 

the slurry. The resin-water slurry was then pipetted onto a 76x26x1 mm glass microscope slide 

to form an evenly-distributed layer of resin slurry. The slide was then placed in a Medline 

Scientific™ Jeio Tech 665 L Vacuum Oven (OV-12) overnight at 70 °C ±0.1 °C and 50 kPa ±10 kPa 

to thoroughly dry the resin (Medline Scientific, Rotherham, UK). An individual sample resin bead 
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was focussed on using a 20x objective lens through a 50 μm aperture (see an example image in 

Figure 5.19). Raman spectroscopy measurements were performed across a 4x4 grid of points on 

the resin bead using a 532 nm wavelength laser with a power setting of 25 mW with a 3000 ms 

integration time. The spectral resolution was set to 4 cm-1 and to reduce the signal to noise ratio, 

24 coadditions were gathered for each individual measurement point. The measurements were 

repeated in triplicate (on three separate resin beads). The data was then processed and analysed 

using OPUS 8.7 software. 

 

Figure 5.19: Senterra II Raman Microscope 20x objective lens focussed image of AF-Tresyl-650M 

resin bead 

5.2.4. Column Packing 

5.2.4.1. Self-interaction Chromatography 

The end-capped resin stationary phases were slurry packed into empty glass microcolumns from 

Omnifit of 25 mm in axial length with a 3 mm internal diameter, The packing procedure was then 

finalised by eluting the resin storage solution through the column, progressively increasing the 

flowrate from 0.05 mL/min to 10x the maximum experimental flowrate (with a maximum column 

pressure of 50 bar). This flowrate was maintained for 10 minutes.  Prior to any experiments being 

carried out, 10 µl injection of 2% v/v acetone in deionised water was eluted through the resin 

packed glass column at the desired flowrate to establish the quality of the resin packing. A well-

packed column is indicated by a Gaussian elution peak detected in the post-column UV-Vis 
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spectrophotometer. Fronting and tailing denoted an over- and an under-packed column, 

respectively. If significant fronting, tailing (as calculated in Section 5.2.4.3) or peak splitting were 

observed the column was repacked. 

5.2.4.2. Pepsin functionalised resins 

The procedure for enzyme functionalised resins is almost identical to that of the SIC resins, but 

with a few minor differences. Firstly, the columns used were metal 30 mm length (L) x 4.6 mm 

internal diameter (ID) from VWR International Ltd, which have an empty volume of 0.499 mL. 

Secondly, due to the higher column volumes and their higher-pressure ratings, they were packed 

at a flowrate of 5 mL/min.  

5.2.4.3. Determination of Peak Tailing and Peptide Loss 

An SIC set-up which implements a pre- and post-column UV-Vis detector improves the 

estimation of the retention volumes by accounting for the majority of the pre-column tubing and 

the peak spread. However, it additionally allows for the determination relative amounts of 

protein/peptide injected and eluted from the column, provided that a calibration curve between 

the peak area and sample concentration for both detectors has been established [349]. Peak 

area and not peak height should be calibrated to sample concentration as there is relatively more 

sample spreading for the post-column peak resulting in a wider, shallower peak. The peak area 

is calculated through the following equation: 

 
𝐴𝑟𝑒𝑎 =  ∫ 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑑𝑡

𝑡5%,2

𝑡5%,1

 
Equation 5.1 

where t5%,1 and t5%,2 denote the times at which the absorbance reaches 5% of the peak maximum 

height before and after the maximum point, respectively. Therefore, the benefits of this 

experimental set-up are that it can account for degradation or leakage of the immobilised 

peptide/protein from the stationary phase and any retention of the injected sample, as an 
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increase or decrease, respectively, in the post-column detector peak area will be observed 

relative to the pre-column peak area [349]. 

An additional factor that may impact elution peak analysis is peak tailing. The causes of peak 

tailing are numerous [350], however, those associated with poor injection technique or column 

packing such as the presence of additional dead volume should have been highlighted by the 

pre-column detector or during the initial acetone injection described in Section 5.2.4.1, 

respectively. The factors of primary concern and the purpose of this experiment are those 

associated with ensuring that the solute retention in the stationary phase exhibits linear 

behaviour and is sufficient to achieve a dynamic equilibrium. The US Pharmacopeia 

recommends characterising peak tailing using the following equation [350]: 

 
𝑇𝑎𝑖𝑙𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟 =  

𝑡5%,2 − 𝑡5%,1

2(𝑡𝑚𝑎𝑥 − 𝑡5%,1)
 

Equation 5.2 

where t5%,1 and t5%,2 are the retention times for the peak to reach 5% of the peak maximum height, 

which occurs at tmax, before and after the peak maximum, respectively (as shown in Figure 5.20).  

 

Figure 5.20: Diagrammatic chromatographic elution curve to represent the parameters required 

for peak tailing calculations 
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5.2.5. Peptide Aggregation Determination Methods 

5.2.5.1. Self-interaction Chromatography 

5.2.5.1.1. Sample Preparation 

Samples of the peptide under investigation were prepared in triplicate by reconstituting the 

lyophilized powder in deionised water at 0.1 mg/mL and gently mixing until the peptide fully 

dissolved to leave a transparent solution. Deionised water rather than the mobile phase 

condition, which is typical for self-interaction chromatography, was used to ensure that any 

sample loss on account of instability in solution resulting in aggregation would be consistent 

across all conditions and potentially reduce losses of the limited amount of sample relative to 

the number of potential conditions. The samples were then filtered through low protein binding, 

0.22 μm cellulose acetate luer syringe filters. The concentration was then verified against a 

calibration curve (as may be seen in Figure 12.3 in the Supplementary Materials) via UV-Vis 

spectroscopy using a NanoPhotometer from Implen, before being stored at 4 °C prior to use for 

a maximum period of 30 minutes. Initially, the aggregation state of the sample peptide was 

checked via dynamic light scattering at hour intervals to establish the point at which oligomers 

or aggregate structures begin to be observed. Once this time interval was established, the 

sample peptide solution was changed at this time henceforth in future experiments for a freshly 

prepared sample. 

5.2.5.1.2. Setup and Experimental Procedure 

The experiments were performed in a temperature-controlled laboratory at 20 °C +/-1 °C with 

mobile phase solvents and injection samples stored at laboratory temperature. All 

measurements were performed in triplicate. The column oven was set at 37 °C to simulate the 

gastrointestinal environment. 220 nm and 280 nm were set as the wavelengths for both UV-Vis 

spectrophotometers to enable the detection of the peptide bonds and aromatic residues, 

respectively.  
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Prior to each new mobile phase condition, the column was equilibrated for 10 column volumes 

(or until the post-column UV-Vis detector’s baseline stabilised) of the buffer with the pH and 

salinity to be studied acting as the mobile phase. Each individual measurement of a solution 

condition was performed in triplicate and was performed by injecting 10 μL of peptide solution 

through the column with the pre- and post-column detectors detecting its retention volume. The 

average of the three retention measurements and their standard error are reported for a range of 

pHs and salt concentrations. 

During initial trials, pH 6.0 and pH 8.0 sodium phosphate buffer mobile phases were utilised, 

representing the extremes of the range of intestinal solution conditions [39], to establish the 

stability and efficacy of the resins. A 20 mM buffer concentration was selected, as is typical for 

SIC [351], to provide sufficient buffering capacity and not require excessively long stationary 

phase equilibration times, whilst not being too strong resulting in ion charges dominating peptide 

interactions. Furthermore, to establish the effects of variations in salt concentration, NaCl at 

0 mM, 5 mM, 20 mM, 100 mM and 250 mM concentrations were also applied within the mobile 

phase buffered to the same pHs. 0 mM and 5 mM NaCl conditions provided a clear distinction 

between conditions in the absence of NaCl and a low NaCl concentration relative to the buffer 

concentration. 20 mM and 100 mM NaCl conditions were similarly to test the effects of the 

sodium chloride being at or significantly beyond the buffer concentration, whilst 250 mM NaCl 

was the salt concentration beyond which the buffer became unstable with increasing 

concentrations of NaCl, once raised to 37 °C.  

5.2.5.1.3. Determination of the Retention Volume 

The retention volume, as mentioned in Section 2.4.3, has typically been determined in SIC as the 

elution volume of the peak maximum. However, the elution volume (𝑉̅) of the peak centre of mass 

has exhibited improved correlation with the second virial coefficient [349] and is defined by the 

following equation [352]: 
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𝑉̅ =  

∫ 𝑐𝑉 𝑑𝑉
∞

0

∫ 𝑐 𝑑𝑉
∞

0

 
Equation 5.3 

Where c is the concentration of the peptide/protein being eluted as a function of the elution 

volume, V, of mobile phase. For an elution peak profile without fronting or tailing, that is to say a 

Gaussian peak, the peak maximum and centre of mass would have the same retention volume. 

5.2.5.1.4. Calculation of Theoretical Plate Height 

Upon first packing a column for SIC, it is necessary to determine the height equivalent to a 

theoretical plate (HETP) to establish the column efficiency. An HETP represents a physical length 

of column required for the mobile and stationary phase to reach equilibrium, essentially acting 

as a theoretical single separation step. Therefore, a shorter HETP implies more efficient column 

separation. As such, the calculated values allow for the ability of different stationary phases to 

separate a given species to be compared, for the determination of the optimum mobile phase 

flowrate and analysis of the column packing.  

The theoretical plate height was calculated using the half peak height method [353]. In this 

procedure, first the elution time of peak maximum (tmax) and the peak width at half the peak height 

(W1/2) are measured as illustrated in Figure 5.21. These values are then related to the number of 

theoretical plates (N) for the given column length by the following equation: 

 

𝑁 = 5.54 (
𝑡𝑚𝑎𝑥

𝑊1
2

)

2

 Equation 5.4 

The number of theoretical plates is then related to the HETP (H) by the column length (L), a known 

parameter of the column: 

 𝐻 =  
𝐿

𝑁
 Equation 5.5 
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Figure 5.21: Illustrative chromatographic elution curve depicting the parameters required to 

calculate the column HETP 

5.2.5.1.5. Determination of the Osmotic Second Virial Coefficient 

In self-interaction chromatography the calculation of the osmotic second virial coefficient (B22) 

requires an accurate measurement of the column void (dead) volume, V0. The dead volume is 

primarily comprised of two regions: the interstitial space between resin beads as well as their 

porous volume and secondly the volume of the tubing in the system. Due to the porosity of the 

resin, the void volume is partially dependent on the size of the eluted mobile phase species, since 

larger species are not able to access as deeply into the porous network. Therefore, it is 

inaccurate to assume a dead volume equal to the retention volume of a small non-interacting 

species, such as acetone [212]. Consequently, end-capped, self-interaction chromatography 

resins without peptide functionalisation (as described in Section 5.2.3.2) were similarly packed 

into columns to form peptide-free “dead” columns. The dead column retention volumes of 

acetone (V′a) and the peptide of interest (V′p) were measured under a range of conditions. 

Similarly, the retention volume of acetone through the peptide immobilised column (Va) was 

measured under the same conditions. These values in combination with the volume of 

immobilised peptide (Vi), calculated with the species radius and assuming a spherical species, 

were used to estimate the peptide immobilised column peptide dead volume [212]: 
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𝑉0 = 𝑉𝑎 (

𝑉′𝑝

𝑉′𝑎
) − 𝑉𝑖 

Equation 5.6 

Using this estimated void volume and the elution volume of the peptide through the peptide 

functionalised column (Vp),  an apparent retention factor (k′) was calculated [212]: 

 
𝑘′ =

𝑉𝑝 − 𝑉0

𝑉0
 

Equation 5.7 

   

To establish, the apparent osmotic second virial coefficient, from the apparent retention factor, 

a number of other parameters are required. Firstly, the peptide volume of exclusion from the Van 

der Waals hard sphere contribution term (BHS), similar to Vi was calculated assuming a spherical 

species, but using twice the peptide hydrodynamic radius. Additionally, the immobilised peptide 

surface density (ρs) was calculated from the concentration of immobilised peptide per resin 

volume (Ci), the porosity of the resin beads (P), which in the case of the AF-tresyl-650M is 0.811, 

and the phase ratio (ϕ1r):  

 
𝜌𝑠 =

𝐶𝑖

𝑃𝜙1𝑟
 

Equation 5.8 

The resin phase ratio data was calculated, assuming a monomeric peptide species, from inverse 

size exclusion data for dextran molecules of various sizes through the same resin HW-65 resin, 

obtained by DePhillips and Lenhoff [214]. An effective phase ratio (ϕ3r), assuming the accessible 

surface area for a species with triple the hydrodynamic radius of the peptide (or three coeluting 

peptide monomers), was likewise calculated from the same data set. Therefore, an apparent 

second virial coefficient may be calculated as follows: 

 𝐵22
𝑎𝑝𝑝  =

𝑁𝐴

𝑀𝑤
2  (𝐵𝐻𝑆  − 

𝑘′

𝜌𝑠𝜙
)   

Equation 5.9 

where NA  is Avogadro’s constant and Mw is the molecular weight of the peptide of interest [212].  
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5.2.5.2. Dynamic Light Scattering 

5.2.5.2.1. Peptide Sample Preparation 

Peptide samples were prepared in triplicate by reconstituting the lyophilized powder with 20 mM 

sodium phosphate at the desired pH at 2.5 mg/mL and gently mixing until the peptide fully 

dissolved to leave a transparent solution before being filtered through low protein binding, 

0.22 μm cellulose acetate luer syringe filters. The concentration was then verified against a 

calibration curve via UV-Vis spectroscopy using a NanoPhotometer from Implen, before the high 

concentration sample was stored at 4 °C prior to use for a maximum period of 30 minutes. 

0.5 mg/mL samples were then prepared immediately prior to analysis by diluting samples with a 

combination of the same pH 20 mM sodium phosphate buffer containing either 0 mM NaCl or 

500 mM NaCl both stored at 37 °C to achieve the desired concentration of peptide and NaCl. 

5.2.5.2.2. Dynamic Light Scattering (DLS) 

Dynamic light scattering (DLS) was carried out using a Zetasizer Nano ZS (Malvern Instruments, 

Worcestershire, UK), with the temperature controlled to 37 °C +/- 0.1 °C with a Peltier 

temperature controller. The system was equipped with a 4 mW, 632.8 nm He-Ne laser and 

measurements were made using a 173° scattering angle. 50 μL of 0.5 mg/mL peptide solution at 

the desired buffer conditions was prepared in 1.5 mL Eppendorf tubes as described in Section 

5.2.5.2.1, before being immediately transferred via micropipette to a UV-transparent disposable 

cuvette (ZEN0040, Malvern Instruments, Worcestershire, UK) for analysis. The cuvette was 

delicately tapped to remove any bubbles formed before being wiped with ethanol to remove any 

surface dust. The sample was equilibrated in the system for 2 minutes before 3 measurements 

were taken comprising of a minimum of 12 runs to ensure convergence. Each condition was 

repeated in triplicate. The data was analysed using Zetasizer 7.12 software using a 0.6 nm cutoff. 
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5.2.5.3. Size-Exclusion Chromatography (SEC) 

5.2.5.3.1. Peptide Sample Preparation 

The peptide samples were prepared in triplicate in the same manner as for the DLS experiments 

as outlined in Section 5.2.5.2.1. 

5.2.5.3.2. Setup and Procedure 

Size-Exclusion Chromatography (SEC) was performed for the same sample conditions as DLS 

and SIC. A TSKgel G3000SWXL column was used to study both insulin and liraglutide aggregation. 

The methodology and setups are described henceforth. An SWXL guard column and a TSKgel 

G3000SWXL column (Tosoh Bioscience, Reading, United Kingdom) in series were used with a 

mobile phase consisting of 50 mM sodium phosphate and 150 mM NaCl at pH 7.0. The mobile 

phase flowrate was set to 1.0 mL/min, and the injection volumes were 10 µL. This column was 

used in the Nexera Series HPLC system, temperature controlled to 25 °C, with the pre-column 

UV detector absorbance wavelengths set to 220 nm and 280 nm. The column was first calibrated 

with a protein standard mixture from Tosoh Bioscience [354] to establish the relationship 

between sample molecular weight and retention time (see Figure 12.5 in Supplementary 

Materials). 0.5 mg/mL peptide samples were prepared in triplicate as described in Section 

5.2.5.2.1 and t=0 measurements were taken directly thereafter. The temperature of the sample 

compartment in the SIL-40C autosampler was set to 37 °C ±0.5 °C to store the samples until the 

next injection timepoint.  
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5.2.6. Proteolytic Reactions 

5.2.6.1. Immobilised Pepsin Reactions 

5.2.6.1.1. Sample Preparation 

Prior to injection, the sample peptides were reconstituted in the same manner as in preparation 

for self-interaction chromatography samples as outlined in 5.2.5.1.1, except using the reaction 

mobile phase as the solvent instead of deionised water. 

5.2.6.1.2. Immobilised Pepsin Mobile Phase 

Unless otherwise stated, immobilised pepsin reactions were carried out using a pH 2.0 / 0.6 M 

formic acid mobile phase to increase buffering capacity relative to HCl, thereby controlling the 

reaction pH. This has the effect of reducing the presence of any additional Cl- adduct peaks to 

simplify liquid chromatography mass-spectrometry (LC-MS) analysis. For reactions at other 

acidities 50 mM ammonium formate was used as the mobile phase.  

5.2.6.1.3. Setup and Procedure 

Immobilised enzyme reactions were conducted using the Nexera Series HPLC from Shimadzu 

with both the peptide samples and the immobilised enzyme columns incubated at 37 °C. Unless 

otherwise stated, 10 μL of the peptides, dissolved at 0.1 mg/mL in the same solvent as the mobile 

phase, were injected in triplicate and eluted through the column for the reaction at a flowrate of 

0.25 mL/min. The reacted peptides were fractionally collected using the FRC-10A fractional 

collector into 3 mL vials controlled by detection of a 220 nm elution peak as illustrated in Figure 

5.22. The maximum vial collection volume was controlled to 0.5 mL with multiple vials being used 

in the case of broader peaks or in the event of multiple peaks. The mobile phase selected for each 

proteolytic column (as outlined in section 5.2.6.1.2) were selected to ensure compatibility with 

mass spectrometry. 



Page 124 
 

 

Figure 5.22: Example peptide elution profile through a packed immobilised enzyme column 

with red lines highlighting the beginning and end of the sample fractional collection (10 μL 

semaglutide injection into an immobilised pepsin column at 0.1 mL/min and pH 2.0 

5.2.6.1.4. Column Ageing Protocol 

For each study, the immobilised pepsin reactors were used for 60 cycles before being emptied 

and repacked with resin stored at 4 °C in pH 4.4 50 mM sodium citrate post-immobilisation 

reaction to minimise the effects of activity loss after repeated use. This number was selected as 

it allowed for 20 triplicate injections and so minimised enzyme and resin waste. However, in the 

case of the column ageing studies, each column underwent 57 injection cycles per 

measurement batch, before being washed in pH 4.4 50 mM sodium citrate and stored at 4 °C 

prior to its next use. The resin was not changed between each use as it was intended to observe 

the behaviour of the column as if for consistent repeated use similar to that a commercial 

column may undergo. Reactions were carried out in batches of 57 cycles, beginning immediately 

after immobilisation, then repeating 57 cycles each week for 4 weeks (week 1 – week 4), before 

repeating twice more after intervals of 4 weeks (week 8 and week 12). This resulted in the 

immobilised enzymes performing 342 injection cycles by the end of week 12. 
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5.2.6.2. Pepsin Solution Reactions 

 

Figure 5.23: Illustration of the pepsin solution reaction workflow 

5.2.6.2.1. Reaction Procedure 

All solution reactions were carried out in triplicate in an Eppendorf ThermoMixer with the solution 

maintained at 37 °C whilst being agitated at 1000 rpm and each reaction was carried out in 

triplicate. Stock solutions of 1.0 mg/mL peptide and 2.0 mg/mL enzyme in the relevant buffer 

solution for the condition tested were prepared and warmed to 37 °C immediately prior to 

reaction preparation and initiation. All reactions were conducted in pH 2.0 HCl unless otherwise 

stated. Enough peptide stock solution was added to a 1.5 mL Eppendorf such that it would 

produce the desired initial concentration at a 500 μL total reaction volume before additional 

buffer was added to make up the volume to 375 μL. If the concentration of peptide is not stated 

it was prepared to 100 μM. 7.5 μL of enzyme stock solution was then added to and mixed with 

70 μL of the relevant reaction stopping solution before 22.5 μL of the prepared 375 μL initial 

peptide concentration solution. This constituted the t=0 reaction timepoint to ensure that no 

reaction had occurred. 117.5 μL of enzyme stock solution was then added to the remaining 

peptide solution to initiate the reaction and giving an enzyme concentration of 0.5 mg/mL. 30 μL 

samples of the reaction mixture were added to and mixed in 1.5 mL Eppendorfs containing 70 μL 

of reaction stopping mixture at 30 s, 60 s, 120 s, 300 s and 1800 s timepoints. For samples 

containing no substrate peptide or enzyme, only t=0 s and t=1800 s timepoints were sampled. 
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5.2.6.2.2. Enzyme Separation 

 After completion of the reaction, the enzyme was precipitated from the sampled timepoint 

solution mixtures with 400 μL of -20 °C ethanol to produce a final solution of 80% ethanol. The 

precipitated solutions were then centrifuged in a Heraeus Biofuge Pico Microcentrifuge from 

Thermo Scientific at 10000 rpm. The supernatant was then filtered through the 0.22 μm 

Polytetrafluorethylene (PTFE) syringe filters prior to LC-MS analysis to prevent the solution from 

resulting in any column blocking and reduce the number of background enzyme peaks. 

5.2.6.3. Liquid Chromatography – Mass Spectrometry (LC-MS) 

The setup included a Dionex Ultimate 3000 HPLC system from ThermoFisher Scientific with 

20 mm L x 0.075 mm ID and 150 mm x 0.075 mm ID PepMap 100 C18 trap and analytical columns 

packed with 3 μm particles to concentrate and separate the sample, respectively. Sample 

elution was initially confirmed via UV-Vis spectroscopy using an Ultimate 3000 variable 

wavelength detector (VWD-3400RS) configured with an in-line post-analytical-column. The 

detector has four measurement channels, two in the UV and two in the visible range, which were 

set to 200 nm and 280 nm, and 540 nm and 700 nm wavelengths, respectively. Mass 

spectrometry of the separated sample was conducted in sequence using an Orbitrap Velos Pro 

from ThermoFisher Scientific. The reversed-phase liquid chromatography separation was 

conducted via 50-minute method with 5 primary stages. Initially during sample injection, the 

sample was loaded into the trap column by the loading pump at 5 μL/min in a 3% acetonitrile 

mobile phase with 0.1% formic acid modifier for 5 minutes. The line is then switched such that 

the nanocapillary pump flows at 0.5 μL/min through both the trap and separation column in 

sequence to the mass spectrometer. Simultaneously, the mobile phase gradient change from 

3% to 80% acetonitrile over 25 minutes is initiated. Once completed the mobile phase is held 

isocratically at 80% acetonitrile for 10 minutes, before returning to 3% in 3 minutes and 

maintained at that concentration until the end of the run to re-equilibrate the system.  All 

samples were ensured to be <1.0 mg/mL and initially, 1 μL of analyte sample was injected into 
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the system for analysis. If no peak was observed, then the injection volume was increased 

progressively to the minimum at which clearly discernible peaks were observed. 

5.3. Error Analysis 

5.3.1. UV-Vis spectroscopy 

Since 5 UV-vis measurements were made for each individual sample, the error of an individual 

UV-Vis measurement was calculated as the standard error (𝜎х̅ ) using the sample standard 

deviation of the individual sample (s) and the number of measurements (n). First the sample 

standard deviation was calculated from the individual measurement values (х), their mean (х̅) 

and the number of measurement points:  

 𝑠 =  √
∑ (х𝑖 − х̅)𝑛

𝑖=1

𝑛 − 1
 Equation 5.10 

From this, value the standard error for the individual measurement point was calculated as 

follows: 

 𝜎х̅  =  
𝑠

√𝑛
 Equation 5.11 

Since the sample conditions were performed in triplicate the mean (μ) of the measurement mean 

values was reported as final value, whilst the reported error (𝜎х̅̅) was that of the propagated error, 

which was calculated as follows: 

 
𝜎х̅̅  =  

√(𝜎х̅1)
2

+ (𝜎х̅2)
2

+ (𝜎х̅3)
2

3
 

Equation 5.12 

5.3.2. Self-interaction chromatography 

The error in the final second virial coefficient was a combination of several propagated errors. 

Firstly, the error in the volume of immobilised peptide (Vi) in Equation 5.6 was calculated from 

the standard error of the initial (𝛥𝐶𝑖̅) and final concentration (𝛥𝐶𝑓
̅̅ ̅) measurements of the peptide 
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in the immobilisation solution, which were measured by UV-Vis spectroscopy as described in 

Section 5.3.1 in Equation 5.11, via the following equation: 

 𝛥𝑉𝑖̅ = 𝑉𝑖̅√(
𝛥𝐶𝑖̅

𝐶𝑖̅
)

2

+ (
𝛥𝐶𝑓

̅̅ ̅

𝐶𝑓
̅̅ ̅

)

2

 Equation 5.13 

Since the measured retention volumes of acetone and the peptide of interest through the dead 

column, and of acetone through the peptide functionalised column were measured in triplicate, 

the standard errors of their retention volumes (𝛥𝑉𝑎′̅̅̅̅ , 𝛥𝑉𝑝′̅̅̅̅  and 𝛥𝑉𝑎̅, respectively) were calculated 

as in Equation 5.11. These values were then used in addition to the error in the immobilised 

peptide volume (𝛥𝑉𝑖̅) to calculate the error in the estimated void volume (𝛥𝑉0
̅̅̅) via the following 

equation: 

 𝛥𝑉0
̅̅̅ = 𝑉0

̅̅̅√(
𝛥𝑉𝑖̅

𝑉𝑖̅
)

2

+ (
𝛥𝑉𝑎′̅̅̅̅

𝑉𝑎′̅̅̅̅
)

2

+ (
𝛥𝑉𝑝′̅̅̅̅

𝑉𝑝′̅̅̅̅
)

2

+ (
𝛥𝑉𝑎̅

𝑉𝑎̅
)

2

 Equation 5.14 

Similarly, the standard error of the retention volumes of the peptide through the peptide 

functionalised column (𝛥𝑉𝑝̅) were calculated from the triplicate measurements as outlined in 

Equation 5.11. This error value was propagated with the approximated error in the estimated void 

volume (𝛥𝑉0
̅̅̅) into the error of the mean of the apparent retention factor (𝛥𝑘′̅) as in Equation 5.7: 

 𝛥𝑘′̅ = 𝑘′̅√(
𝛥𝑉𝑝̅

𝑉𝑝̅
)

2

+ (
𝛥𝑉0′̅̅ ̅̅

𝑉0′̅̅ ̅̅
)

2

 Equation 5.15 

The reported errors in the second virial coefficient values were estimated based on the 

propagated errors from the terms in Equation 5.9. Of these values, Avogadro’s constant (NA) and 

the peptide molecular weight (Mw) were assumed to be constants and so had no error, whilst the 

volume of exclusion of the peptide (BHS) and the phase ratio (φ) were based on literature values 

and so their errors were not included. Therefore, only the error in the apparent retention factor 

(𝛥𝑘′̅), as calculated in Equation 5.15, and the error in the immobilised peptide surface density (ρ) 
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were required. The latter of these was deemed to be equivalent in terms of percentage error to 

that of the immobilised volume of the peptide (𝛥𝑉𝑖̅). This was because the surface density (ρ) was 

calculated as outlined in Equation 5.8, in which the phase ratio (φ1r) and the porosity (P) were 

literature values and the concentration immobilised (Ci) was directly proportional to the volume 

immobilised (Vi). Therefore, the reported error in the apparent second virial coefficient (𝛥𝐵22
𝑎𝑝𝑝̅̅ ̅̅ ̅̅ ̅) 

was calculated as follows: 

 𝛥𝐵22
𝑎𝑝𝑝̅̅ ̅̅ ̅̅ ̅ = 𝐵22

𝑎𝑝𝑝̅̅ ̅̅ ̅̅ ̅√(
𝛥𝑉𝑖̅

𝑉𝑖̅
)

2

+ (
𝛥𝑘′̅

𝑘′̅
)

2

 Equation 5.16 

Since the second virial coefficient values were reported as surface plots, the error reported in the 

figure caption is that of the highest percentage error recorded for a specific data point in the 

individual figure. 

5.3.3. Dynamic light scattering 

Each individual sample was measured 3 times with each measurement consisting of 12 runs. 

Unless otherwise stated, the Z-average calculated by the Zetasizer 7.12 software was taken to 

be the hydrodynamic radius (Rh) for the individual measurement. The individual sample Rh was 

calculated as the mean of the three measurements, whilst the error sample standard deviation 

and standard errors of the individual measurements were calculated in the same way as the UV-

vis measurements as in Equation 5.10 and Equation 5.11, respectively. Since each sample 

condition was measured in triplicate, the final reported error was calculated similarly as in 

Equation 5.12. Since surface plots were used to report the data, the maximum error value was 

reported in the figure caption. 

5.3.4. Size-exclusion chromatography 

The mean retention volumes of each triplicate sample were the values used to calculate the 

reported molecular weight estimates. The error was the standard error and calculated from the 

sample standard deviation as in Equation 5.11 and Equation 5.10, respectively. The standard 



Page 130 
 

error of the measured retention volume (Rv) was scaled proportionally to the ratio of the 

estimated molecular weight (Mw) and the mean retention volume of the triplicate samples, as 

follows: 

 𝛥𝑀𝑤
̅̅ ̅̅̅ = 𝛥𝑅𝑣

̅̅ ̅
𝑀𝑤
̅̅ ̅̅̅

𝑅𝑣
̅̅ ̅

 Equation 5.17 

Since the estimated species molecular weights were reported as surface plots, the maximum 

error for an individual data point within the specific plot was reported in the figure caption. 

5.3.5. Proteolytic Reaction Rates 

The error in the calculated Michaelis-Menten constants and maximum rate of reactions were 

calculated via linear regression from the Lineweaver-Burk plots using the least squares method 

via the LINEST function in Microsoft Excel. The results provided the standard error in the slope 

(m) and the y-intercept (b) of the Lineweaver-Burk plot. Since the y-intercept is equal to the 

reciprocal of the maximum reaction velocity (b = 1/Vmax) and the slope to the Michaelis-Menten 

constant divided by maximum reaction velocity (m = Km/Vmax), their errors could be calculated 

from these values. First the error in Vmax was easily calculated from the error in b: 

 𝛥𝑉𝑚𝑎𝑥 =
𝛥𝑏

𝑏2
 Equation 5.18 

Then the error in Km was calculated using the error in the slope (m) and the error in Vmax being 

propagated forward: 

 𝛥𝐾𝑚 = 𝐾𝑚√(
𝛥𝑉𝑚𝑎𝑥

𝑉𝑚𝑎𝑥
)

2

+ (
𝛥𝑚

𝑚
)

2

 Equation 5.19 
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CHAPTER 6 

6. SELF-INTERACTION CHROMATOGRAPHY – 

STATIONARY PHASE ANALYSIS 

6.1. Introduction 

Self-Interaction Chromatography (SIC) was first applied as a technique for studying protein-

protein interactions [355] before being adapted as a method for determining the second virial 

coefficient (B22) of lysozyme and chymotrypsinogen [212]. The approach was typically employed 

as an alternative strategy to static light scattering, Dynamic Light Scattering (DLS) and Size 

Exclusion Chromatography (SEC) for estimating solubility and aggregation propensity of model 

proteins via measurement of their second virial coefficients. The technique has exhibited 

effectiveness as a tool to study monoclonal antibodies [356, 357]. Researchers using SIC have 

shown that the correlation of the retention volume data to the second virial coefficient and its 

independence from the mobile phase flow rate were improved when taking the retention volume 

for the peak centre of mass rather than the peak maximum for the chromatogram (see Section 

5.2.5.1.3 for Equation) [349]. The technique has also been adapted to that of cross-interaction 

chromatography which employs a column loaded with a relevant model protein, removing the 

requirement to immobilise the specific protein of interest, to study the solubility and aggregation 

propensity of antibodies [345, 358]. 

The application of SIC for the study of peptide stability and aggregation has been very limited until 

now, with only one study on enfuvirtide, a 36 amino acid antiretroviral peptide therapeutic having 

been carried out using this technique [218]. The method was shown to be effective with the 

second virial coefficient correlating strongly with solubility as for larger proteins, but a general 

trend of more negative B22 values was reported. This B22 trend was hypothesised to be on account 
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of the significant reduction in protein folding in the smaller peptide structure relative to 

previously tested proteins, thereby increasing the exposure of hydrophobic residues and so the 

number of sites for attractive hydrophobic interactions [218]. However, there was little 

discussion of the effects the increased exposure of hydrophobic residues and the peptide chain 

may have on resin interactions and how these may change with pH and salt concentration. These 

interactions were established to potentially have a larger effect in a study on SIC dead columns, 

in which lysozyme and an IgG1 monoclonal antibody were both shown to interact strongly with a 

formyl surface group methacrylate resin under more acidic conditions [351]. However, they did 

not exhibit this same trend for the same polymer resin with amino surface groups. The other 

important factor in resin selection for SIC is the kinetics of peptide/protein immobilisation, with 

achievable protein loading being significantly increased on a polymethacrylate resin with tresyl 

surface groups relative to the same resin with amino and formyl surface groups [346].   

The work in this Chapter aims to analyse the effects that the choice of resin and any potential 

end-capping will have on the SIC retention volumes and elution profile of a lipidated peptide, 

semaglutide, under various solution conditions. The greater exposure of hydrophobic residues 

and the peptide backbone in peptides relative to proteins, due to the absence of tertiary protein 

folding structures, in addition to the stearic acid side chain being present in this peptide’s 

structure, results in their being an increased surface density of potential resin-interacting sites 

for semaglutide that need to be accounted for. 

6.2. Materials and Methods 

All experiments in this Chapter were carried out using a tresyl-functionalised methcrylate resin 

from Tosoh Bioscience as described in Section 5.1.7. Within the same section, descriptions of 

the monoethanolamine, glutaraldehyde, tris(hydroxymethyl)aminomethane and sodium 

phosphate used are described as well as the buffer preparation procedure. Additionally, the 

semaglutide used was that described in Section 5.1.2.2. 
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Resin end-capping and column packing procedures were performed as outlined in Sections 

5.2.3.2 and 5.2.4.1, respectively. Chromatographic experiments were carried out on an LC-20 

high-performance liquid chromatography (HPLC) system from Shimadzu the configuration of 

which is described in 5.2.1. The HPLC experimental procedures were performed as outlined in 

Section 5.2.5.1, whilst the amount of peak-tailing was determined following the description in 

Section 5.2.4.3. 

6.3. Results & Discussion 

6.3.1. Peak Elution Analysis 

To optimise any chromatographic methodology, it is desirable for the mobile phase analyte to 

have minimal interactions with the unfunctionalised stationary phase resin so that any 

differences in the retention volumes for two conditions or analytes are known to be due to 

differences in the specific property being measured. Tosoh Toyopearl AF-Tresyl-650M resins 

were selected to be studied initially, since the porosity and surface area measurements of the 

HW-65 polymer resin have previously been studied in detail [214] and the tresyl surface group 

shows the highest activity during immobilisation [346]. However, as described in Section 6.1, the 

interaction strength between unfunctionalised stationary phase surface and the mobile phase 

protein or peptide may be strong for specific peptides or proteins under specific conditions [351]. 

Since these interaction strengths differed for the same resins with different functional surfaces, 

end-capping of unreacted surface functional groups on the resins should be a means through 

which these interactions may be mitigated. Therefore, following the end-capping procedures 

discussed by Hedberg et al, four initial stationary phases were considered: two resins end-

capped with tris(hydroxymethyl)aminomethane (henceforth referred to as tris) and two with 

monoethanolamine (MEA). For each pair, one was activated with glutaraldehyde during the 

immobilisation procedure and the other was not. The differently end-capped resins shall each 

be referred to as Tris, Glutaraldehyde-Tris, MEA and Glutaraldehyde-MEA, henceforth.  
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Figure 6.1: Acetone elution profile comparison for four AF-Tresyl-650M column stationary phases 

(20 mM sodium phosphate Buffer pH 6.0, flowrate 0.05 mL/min at 37 °C) 

Initially, to establish the quality and consistency of the packing for each stationary phase resin, 

2% v/v acetone in deionised water injections were eluted (as stated in Section 5.2.4.1) through 

the columns. The chromatograms for the non-interacting acetone through each column under a 

single condition are shown in Figure 6.1. The similarity in shape and retention volume of each 

peak demonstrates the consistency of the column preparation, since the retention volume for 

the different stationary phases should be dictated predominantly by the resin mass (which was 

the same for each column) and quality of packing, with other fractional differences being due to 

differences in equipment such as the individual columns and column tubing lines. Furthermore, 

the quality of packing can also be confirmed through calculation of the tailing factor (TF) for each 

of the acetone void volume marker elution peaks which was less than 1.2 for all four columns 

and so was acceptable. In theory, end-capping experiments should have a negligible effect on 

the stationary phase volume. However, glutaraldehyde activation could lead to a reduction of 

resin swelling, and so void volume, due to the increased cross-linking between surface amine 

groups, as previously reported by Dmitriev et al. for polyacrylamide hydrogels [359]. Since this 
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was not observed and due to the absence of glutaraldehyde reactive surface groups, it can be 

safely assumed that cross-linking reactions do not occur during resin preparation.  

  

Figure 6.2: Acetone void volumes versus NaCl Concentration at (a) pH 6.0 and (b) pH 8.0 

relative to 0 mM NaCl, 20 mM sodium phosphate Buffer pH 6.0 mobile phase conditions  

After establishing the consistency in resin preparation and packing for the different columns, it 

was also necessary to confirm whether the stationary phase properties and packing quality 

would remain consistent across the range of simulated intestinal fluid (SIF) mobile phase 

conditions to be applied. Therefore, 2% v/v acetone injections were repeated across a range of 

NaCl concentrations at pH 6.0 and pH 8.0, the minimum and maximum of the range to be tested. 

The percentage changes in retention volumes relative to that measured at pH 6.0 and 0 mM NaCl 

(the condition plotted in Figure 6.1) are shown for pH 6.0 and pH 8.0 in Figure 6.2a and 2b, 

respectively. Overall, there was a general trend observed that the retention volume of acetone 

slightly increased up to nearly 2% with higher concentrations of NaCl at both pHs tested. A 

potential cause of this phenomenon was the reduced swelling of the HW-65 resin due to an 

increase in osmotic pressure of the mobile phase, thereby increasing the void volume and 

consequently retention volumes. This would be in agreement with findings from Horkal and 

Basser, who showed that the swollen structure of crosslinked polyacrylic acid gels collapsed 

upon exposure to increased concentrations of CaCl2 [360]. Since the changes in retention 

volumes across all conditions were only small, minimal changes in peak tailing with salinity were 

observed. However, it would be expected that a larger change in resin swelling, and so porosity 
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and packing, would result in several, non-linear changes in elution behaviour and peak tailing. In 

fact, there appeared to be a greater change in peak tailing with mobile phase pH, whilst remaining 

independent of NaCl concentration.  

Nevertheless, despite increasing to high salinities relative to those previously tested for SIFs and 

simulated gastric fluids (SGFs) [39], the change in retention volume remained less than 2%. 

Therefore, whilst it may have been necessary to factor in any potential reduction in resin swelling 

with increasing mobile phase salinity (which had not been previously considered in SIC) into 

calculations for the second virial coefficient, since it was relatively minor, it would not have a 

significant impact on any initial analyses. Therefore, it would not inhibit the ability of the method 

to be applied as a high-throughput tool for studying peptide stability under gastrointestinal 

conditions.  

6.3.2. End-capping Comparison 

 

 

Figure 6.3: Chromatogram comparisons for 10 μL injection of semaglutide in UV-Vis detectors 

before and after a Tris end-capped AF-Tresyl-650M packed column (20 mM sodium phosphate pH 

8.0, 0.05 mL/min flow rate, 37 °C Temperature) 
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To establish the capacity for the various end-capping strategies to function as non-interacting 

stationary phases for the analysis of semaglutide in SIC, a series of 10 μL injections of 0.1 mg/mL 

semaglutide in deionised water were performed through each column under the same conditions 

as the previously analysed 2% v/v acetone injections. Three properties of the elution 

chromatograms may then be analysed sequentially to establish whether the stationary surface 

properties were exhibiting suitably low interactions with the mobile phase peptide. Firstly, the 

ratio of the peak areas for the pre- and post-column detectors should be assessed, as discussed 

in Section 5.2.4.3. These values may not be exactly 1:1 due to the two UV-Vis detectors being 

calibrated differently, peak spreading through the column (see example in Figure 6.3) and 

potential sample structural changes (e.g. aggregation) during elution that may change UV-Vis 

absorption profile [191]. However, the pre- and post-column absorbance areas should be similar 

in value or at least at a relatively consistent ratio; if not, then there has either been significant 

irreversible retention of the sample by the column or a structural change in the peptide sample 

whilst in the column, resulting in reduced and increased post-column absorbance respectively. 

If the absorbance areas were consistent, then subsequently peak tailing should be analysed to 

determine the strength of any weak non-linear interactions disrupting peptide elution. Finally, if 

both the peak area ratios and peak tailing values were acceptable, the retention volume should 

be compared to that of 2% v/v acetone under the same conditions to ensure there were minimal 

levels of chromatographic interactions occurring between the resin and the peptide. 

Upon examination of the results outlined in Table 6.1, it firstly became clear that using the ratio 

of UV-Vis absorption area (measured at 220 nm) was merely an indicative metric of the fraction 

of sample eluted and not an accurate quantitative value, since it showed relative consistency in 

its value across a range of salinities but varied with pH. A calibration curve was not prepared as 

it would have been required for each condition, potentially consuming a large amount of sample, 

and the analysis required merely needed to be qualitative. At pH 8.0 and for all salt 

concentrations, the pre- and post-column absorption ratios were consistent showing that 



Page 138 
 

semaglutide was eluted through each column regardless of the end-capping. However, for the 

MEA column there was a slight reduction, which was perhaps due to higher peak spreading or 

column surface interactions causing a change in peptide structure and so UV-absorbance. 

However, due to the lack of significant difference in retention behaviour relative to the other 

columns and absence of any peptide elution peaks when re-equilibrating, it did not seem as if 

any peptide was being retained irreversibly for most solution conditions. However, at pH 6.0, for 

both stationary phases end-capped with MEA, there was significant irreversible retention of the 

injected peptide, such that its retention time was longer than the duration of a sample 

measurement, requiring several column volumes to elute the peptide. Therefore, as observed in 

Table 6.1, the ratio of post- to pre-column UV absorbance peak area, was a small fraction, since 

the majority of the sample was irreversibly retained. This retention behaviour was likely on 

account of the fact that pH 6.0 is relatively close to the pKa of semaglutide (pKa ≈ 5.4), suggesting 

that semaglutide under these conditions has a relatively neutral charge. Therefore, hydrophobic 

interactions would have been the dominant force at this pH, similar to aggregation-inducing 

hydrophobic interactions suggested by Raman et al. at acidities close to the peptide isoelectric 

point [160]. End-capping with MEA, relative to Tris, may have increased the hydrophobicity of the 

HW-65 resin surface, resulting in stronger interactions with the lipid sidechain of the peptide and 

so longer, less predictable retention. Therefore, as evidenced by the long retention times, this 

made an MEA end-capped stationary phase unsuitable for SIC of semaglutide since the neutral 

stationary phase interactions with the peptide may have been more dominant than the peptide-

peptide interactions intended to be measured. 
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Table 6.1: Pre- and Post-column UV-Vis Absorption area ratios  

10 μL 0.5 mg/mL semaglutide in deionised water injections for different end-capping and mobile 

phase conditions 

pH [NaCl] 
(mM) 

Tris Glutaraldehyde-Tris Glutaraldehyde-MEA MEA 

Ratio Error Ratio Error Ratio Error Ratio Error 

6.0 

0 0.84 0.03 0.91 0.08 0.05 0.03 0.03 0.02 

5 0.95 0.07 0.85 0.03 0.02 0.02 0.02 0.01 

20 0.84 0.06 0.80 0.06 0.02 0.01 0.02 0.01 

100 0.88 0.11 0.97 0.10 0.01 0.01 0.01 0.01 

250 0.83 0.08 0.81 0.06 0.21 0.10 0.03 0.02 

8.0 

0 1.09 0.09 1.10 0.01 1.12 0.05 0.85 0.03 

5 1.15 0.02 1.07 0.08 0.95 0.06 0.89 0.07 

20 1.08 0.06 0.99 0.05 1.01 0.05 0.82 0.04 

100 1.12 0.07 1.04 0.01 1.21 0.06 0.84 0.01 

250 1.10 0.09 1.04 0.02 1.07 0.05 0.89 0.07 

 

Further analysis of the semaglutide elution data for the Tris functionalised columns may allow 

for it to be established whether glutaraldehyde activation during peptide immobilisation may 

alter the surface of the resin. If this was found to be the case then the resultant increase in non-

peptide-peptide interactions during SIC would likely negate the benefit of the increased peptide 

immobilisation rate and coverage that glutaraldehyde allows for, as described by Hedberg et al. 

[346].  

Using the chromatogram exhibited in Figure 6.3 as an example, it was observed that there was 

significant tailing of the semaglutide elution peak in both columns under all conditions relative 

to the 2% v/v acetone injections. However, as also observed in Figure 6.3, there was also 

relatively high tailing of the injection profile detected in the pre-column UV-Vis detector. The 

sample solution was prepared freshly, and the injector needle was cleaned prior to each 

measurement. Therefore, it was concluded that this pre-column tailing was likely caused by 

peptide structural transitions due to the change in solution conditions after mixing with the 

mobile phase, leaving multiple conformations or aggregates. This is the only suggested cause of 

peptide peak tailing by BenchChem that is independent of the any stationary phase effects and 
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as such may cause pre-column tailing [361]. As the pre-column tailing was therefore assumed to 

be inherent to the experimental set-up, it was factored into the post-column tailing via the ratio: 

𝑃𝑜𝑠𝑡−𝑐𝑜𝑙𝑢𝑚𝑛 𝑇𝑎𝑖𝑙𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟

𝑃𝑟𝑒−𝑐𝑜𝑙𝑢𝑚𝑛 𝑇𝑎𝑖𝑙𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟
. The resultant ratios for both the Tris-functionalised columns across all 

conditions were all consistently in the range 0.9 to 1.3, which is within the range of acceptable 

tailing factors for HPLC analysis. 

 

 

Figure 6.4: Retention volume ratios of semaglutide and acetone 

versus [NaCl] for tris-functionalised HW-65 AF-Tresyl-650M stationary phases at pH 6.0 and pH 8.0 

mobile phases (0.05 mL/min Flowrate, 37 °C Column Oven Temperature) 

Figure 6.4 shows the relationship between the concentration of NaCl and the ratio of the 

retention volumes for semaglutide and acetone injections at pH 6.0 and pH 8.0 for both Tris 

functionalised stationary phase resins tested. Under ideal conditions where there is minimal 

interaction between the injected peptide sample and the stationary phase, it would be expected 

that there would be minimal change in retention volume with changing conditions unless a 

significant change in sample structure occurred; the volume ratio should therefore be 

approximately 1.0. Furthermore, since HW-65 polymer resins are traditionally used for size 

exclusion chromatography, it would be expected, under ideal non-interacting conditions, that 
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semaglutide would exhibit a very slightly lower retention volume than acetone (Vp′/Va′ < 1) due to 

its larger molecular size and so increased size exclusion from the stationary phase porous 

structure. However, as exhibited in Figure 6.4, not only was the retention volume of semaglutide 

much greater than acetone but it was evident that there was an increase in semaglutide-

stationary phase interactions with increasing salinity. This was likely on account of the higher ion 

concentration causing an increase in screening of charge repulsive forces between the resin and 

the peptide, similar to salt-induced charge screening effects causing aggregation discussed by 

Raman et al. [160].  This results in hydrophobic interactions with the lipid sidechain of 

semaglutide and the methacrylic polymer structure becoming more dominant. The trend was 

less pronounced at pH 8.0, at which semaglutide exhibits a higher charge and greater stability, 

than at pH 6.0, but there was still an approximately 20% increase in retention volume between 

0 mM and 100 mM NaCl concentrations, which is far from ideal for SIC. Nevertheless, since the 

retention volume ratios, Vp′/Va′, were lower for the stationary phase that was not treated with 

glutaraldehyde, it was concluded not to incorporate glutaraldehyde activation into the peptide 

immobilisation procedure as described by Hedberg et al. [346]. Furthermore, unless a more 

appropriate resin could be found to act as the stationary phase, it would be required to factor 

these shifts in dead column retention volume with changing conditions into the final calculations 

for the second virial coefficient. This differed from the work performed by Hedberg et al., who 

described the use of non-interacting proteins, of a similar size to the protein of interest, as void 

volume markers during dead column experiments to calculate a more accurate Vp′ [351]. 

However, in that case, sample-resin interactions were not accounted for and removed from the 

measured retention volumes, which were intended to be indicative of mobile phase peptide 

interactions with immobilised peptides. As a result, these sample-resin interactions will be 

factored into the final calculated values for the second virial coefficient, thereby making a 

correction that will give a sensible final result. 
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6.3.3. Flowrate studies 

 

Figure 6.5: Van Deemter Plot of the variation in the efficiency of 0.1 mg/mL semaglutide elution 

with mobile phase velocity 

through columns packed with Tris-endcapped Tosoh Toyopearl AF-Tresyl-650M resin at various 

concentrations of sodium chloride (pH 8.0, 37 °C) 

For an ideal chromatographic setup, a low height equivalent to a theoretical plate (HETP) is 

desired, as, with respect to SIC in particular, it implies high column efficiency, providing sharp, 

resolved peaks for a shorter column length. A Van Deemter plot provides a graphical 

representation of the relationship between the linear velocity of the mobile phase and the 

theoretical plate height, thereby allowing identification of the optimum flowrate for the specific 

conditions tested. Typically, this experiment would be performed for SIC after the protein or 

peptide had been immobilised to the surface such that the flowrate would be optimised for the 

peptide-peptide interactions. However, in this scenario, due to the potential for size exclusion 

effects within the resin and surface interactions, it was considered that optimal elution of the 

peptide under the supposed non-interacting, “dead” column conditions would be a higher 

priority such that any changes in behaviour would be known to be due to peptide-peptide 

interactions and could therefore be analysed as such. Therefore, new columns were packed 
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using Tris-endcapped AF-Tresyl-650M resin and semaglutide injections were performed at 

various flowrates using a pH 8.0 mobile phase with various NaCl concentrations. As observed in 

Figure 6.5 and in agreement with data and explanations presented earlier in this Chapter, the 

theoretical plate height increased with sodium chloride concentration in the mobile phase 

suggesting poorer column efficiency. However, at superficial velocities that were sufficiently low 

(<0.1 mm/s) the HETP was very high due to increased longitudinal diffusion of the analyte. This 

effect may have been exacerbated by the resin itself, since the HW-65 hydroxylated methacrylic 

polymer structure has a pore size of 100 nm, if there was any aggregation of the analyte peptide 

then size exclusion effects may have resulted in sufficient sample hinderance, resulting in peak 

spreading and poorer resolution. At superficial velocities that were too high, the mass transfer 

effects were reduced as there was insufficient time for the mobile phase peptide to diffuse into 

the resin pores and interact with the stationary phase. This is in line with theory based on the Van 

Deemter equation, wherein at higher mobile phase flowrates, the relative effect of the mass 

transfer term is greater, whilst longitudinal diffusion effects tend to zero, resulting in narrow 

peaks with little resolution [362].  Therefore, it was ideal that a relatively shallow slope was 

observed here as it implied that despite semaglutide showing strong interactions with the resin 

relative to acetone in Sections 6.3.1 and 6.3.2, the interaction with the Tris-functionalised resin 

was relatively weak. Overall, of the conditions tested, a superficial velocity of approximately 

0.12 mm/s was found to have the lowest HETP. This result is equivalent to a 0.05 mL/min flowrate 

for a 180 μL Omnifit column, which has been the typical flowrate previously applied with these 

columns. 
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6.3.4. pH variation study  

 

Figure 6.6: Retention volume ratios of semaglutide and acetone 

versus [NaCl] with a tris-functionalised HW-65 AF-Tresyl-650M stationary phase at various mobile 

phase pHs (0.05 mL/min Flowrate, 37 °C Column Oven Temperature) 

To ensure that the AF-Tresyl-650M resin selected would be suitable across a wide range of 

simulated gastrointestinal fluids (SGIFs) for peptide elution, the previous experiments were 

repeated under the optimised conditions using a newly prepared and packed 180 μL column. 

Simple fasted and fed state SGFs were prepared using pH 2.0 HCl and 20 mM pH 5.0 sodium 

citrate, whilst various SIFs were prepared using pH 6.0, 7.0 and 8.0 20 mM sodium phosphate 

buffers. 

 The repeated experiments for pH 8.0 and 6.0, exhibited similar results to previous experiments, 

demonstrating the reproducibility of the experimental setup. The retention of semaglutide at pH 

7.0 being more similar to the behaviour exhibited at pH 8.0 than at pH 6.0 indicated that the 

transition in the charge state of the His-1 side chain (pKa ≈ 6.0) or N-terminal of semaglutide may 

have been responsible for the increased retention volume. This change in charge state would 

result in a dense positive charge at the N-terminal, which would have strong electrostatic 

interactions with the electron-rich ester groups of the methacrylic polymer and any remaining, 
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unfunctionalised fluorine groups in the tresyl functionalisation on the resin surface. However, 

there likely was also a transition in peptide structure between pH 7.0 and pH 6.0, perhaps caused 

by the protonation of imidazole group of His-1, to a structure with more exposed hydrophobic 

regions. This idea is supported by findings from Zapadka et al., who previously demonstrated a 

pH-induced switch in aggregation behaviour in this pH range [158]. This is on account of the 

relative increase in retention behaviour of the peptide at higher salt concentrations being greater 

at pH 6.0 than at pH 7.0 and pH 8.0, displaying stronger hydrophobic interactions under the high 

charge shielding conditions. The trend of increasing retention behaviour of the peptide with 

higher mobile phase acidities continued at pH 2.0. At low salt concentrations, the peptide at pH 

2.0 exhibited similar retention behaviour to that at pH 6.0, suggesting that the protonation of the 

Histidine group still governed the weak electrostatic interactions with the resin that increased 

the peptide retention volume relative to acetone. However, the effect of increasing salinity was 

much stronger on retention volume at pH 2.0, indicating that the protonation of the aspartate, 

glutamate and C-terminal groups resulted in an increase in hydrophobic structure of the peptide.  

At pH 5.0 the elution behaviour was significantly different. Two peaks were observed with a 

0.5 mg/mL injection concentration, with the first being the larger one reported in the data in 

Figure 6.6. (An example elution profile of semaglutide under pH 5.0 mobile phase conditions may 

be observed in Figure 12.4 in Section 12). For the larger peak the peptide was eluted much more 

rapidly than acetone, resulting in a significantly lower Vp′/Va′ value than for the other conditions. 

Furthermore, relative to the other conditions there was very little variation in the retention 

behaviour with salinity at pH 5.0. This was due to the low solubility of semaglutide in aqueous 

conditions at pH 5.0, due to the proximity to the isoelectric point of the peptide (pI ≈ 5.4) resulting 

in a close to net neutral charge. Therefore, upon injection the peptide rapidly aggregated and was 

size excluded, resulting in limited interaction with resin. Since the pore size of the resin was 

approximately ~100 nm, these were known to be large aggregate species (>decamer). The 

second smaller peak also showed little variation with increasing salt concentration, consistently 
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being eluted with a Vp′/Va′ of approximately one. This indicated that these species were small 

peptide oligomers that were also non-interacting but were not sufficiently large to be size 

excluded from the porous resin. Furthermore, given the pre- and post-column UV-Vis peak areas 

were of similar orders of magnitude, it seemed that limited semaglutide was precipitated and 

trapped in the column during elution. Upon reducing the injection concentration to 0.1 mg/mL it 

was the second of the two peaks (the oligomer peak) that was observed to be more dominant. 

6.4. Conclusions 

In this Chapter a number of simple experiments were performed to establish the protocol and 

end-capping strategy for the stationary phase resin in the application of peptide SIC. Overall, 

compared to other reported SIC studies using monoclonal antibodies, peptides exhibit a much 

more complex solution behaviour in SIC type experiments. The results indicated that fixating the 

AF-Tresyl-650M resin with ethanolamine resulted in significantly increased peptide retention at 

mildly acidic conditions. In addition to this, the use of glutaraldehyde to activate the resin surface 

during immobilisation was found to increase the retention behaviour of semaglutide with 

increasing salt concentration. As a result, a Tris-functionalised AF-Tresyl-650M resin without 

glutaraldehyde activation would be used for future experiments. 

Flowrate studies were conducted to establish the optimum conditions for the peptide SIC study 

and ideal elution profiles. Van Deemter plots were created for various sodium chloride 

concentrations, with a superficial velocity of approximately 0.12 mm/s being found to provide the 

lowest HETP and best column efficiency. 

Experiments were conducted on the selected resin to analyse the effects of the mobile phase on 

dead column elution of the model peptide. Increasing salt concentrations resulted in poorer 

peptide elution profiles and larger retention volumes. At pH ≤ 6.0, there was a greater sensitivity 

to salt concentration in the peptide retention volumes, whilst pH 7.0-8.0 showed the most ideal 
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behaviour. However, at pH 5.0 solubility of the peptide was found to be a limiting factor in the 

experimental setup with a significantly reduced peptide concentration being required. 

This work was important for future peptide SIC experiments as it firstly ensured that the HW-65 

resin that has been studied thoroughly within the context of SIC was applicable for the use of 

peptide elution under varying SIF conditions. Furthermore, the resin end-capping studied verified 

that capping the tresyl groups with tris and not using glutaraldehyde to activate the resin surface 

would be the optimal immobilisation procedure to minimise peptide-resin interactions. 

Additional studies allowed for the selection of the optimal flowrate for peptide elution in future 

experiments and a good understanding of how the conditions affect the peptide elution 

behaviour and how that should be factored into the results from peptide immobilised columns. 

The level of complexity observed in these SIC peptide experiments are substantial and 

unprecedented. It is not year clear whether the benefits of obtaining SIC data for large peptides 

will outweigh the complexity of extracting understanding from these complex data sets. 
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CHAPTER 7 

7. SELF-INTERACTION CHROMATOGRAPHY OF A 

MODEL PEPTIDE - SEMAGLUTIDE 

7.1. Introduction 

Of the several barriers to achieving a high bioavailability for orally administered peptide 

therapeutics, one of the lesser considered is the impact the gastrointestinal (GI) conditions have 

on the peptide’s physical stability. Throughout the GI tract the local environmental conditions 

are continuously changing from the highly acidic gastric (pH 1.0-2.0) to the more neutral (pH 7.0-

7.5) ileal conditions [363]. In addition, they are influenced by several factors including age, 

gender, health conditions (e.g. Crohn’s disease, Intestinal Bowel Disease etc) and even the 

recency of the individual’s last meal [51]. This complex changing chemical environment 

increases the likelihood that for orally administered peptide therapeutics aggregation will occur. 

The low gastric pH increases the probability of peptide unfolding or undergoing conformational 

changes, while the pH will likely reach the isoelectric point of the peptide as it passes through 

the GI tract [364]. Typically, the variation in GI conditions is accounted for in oral drug 

formulations by targeting intestinal delivery through the use of enteric coatings. These are 

comprised of polymeric materials which maintain their structure in the low pH gastric 

environment, but dissolve upon exposure to higher intestinal pHs, thereby releasing the active 

pharmaceutical ingredient (API) [365]. Nevertheless, without additional formulation additives or 

encapsulation strategies, enteric coatings do not prevent peptide aggregation at the delivery site. 

The drawbacks to peptide physical instability are threefold: the peptide aggregate may have an 

increased risk to induce an immunogenic response [366]; if the conformational change is 

irreversible there is a loss of API activity [155], whilst in accordance with Lipinski’s rule of 5, an 
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increase in molecular weight in the form of aggregate will result in a reduction in permeability 

across the intestinal cell membrane [13]. Therefore, all of these three factors combine to 

decreased overall bioavailability of the therapeutic peptide, thereby requiring higher doses and 

so a higher cost to the end consumer. The results of reduced bioavailability are exemplified by 

the difference in dosage of the subcutaneous (Ozempic®) and oral (Rybelsus®) formulations of 

semaglutide, which are 0.25-2.0 mg weekly and 3-14 mg daily, respectively. Despite its low oral 

bioavailability of only 0.4%-1% [367], semaglutide is one of fewer than 15 US Food and Drug 

Administration (FDA) approved peptide drugs to be administered orally [23]. The formulation of 

Rybelsus® targets gastric absorption of the semaglutide API and employs sodium N-[8-(2-

hydroxybenzoyl)amino]-caprylate (SNAC) as a transcellular permeation enhancer [68]. However, 

SNAC is suggested to additionally function by stabilising the semaglutide from aggregation by 

increasing the local pH and shifting the proximal environment polarity thereby weakening 

hydrophobic interactions between monomer species [68].  

Several techniques may be applied to analyse peptide physical stability, but there are drawbacks 

to each. Several methods are non-predicative, in that they measure the current size of the 

peptide therapeutic and do not provide an indication of the long-term stability. This includes 

techniques such as size exclusion chromatography (SEC) and dynamic (DLS) and static (SLS) 

light scattering. Therefore, unless accelerated stability testing methods, such as elevated 

temperatures are used, these techniques require measurements at several time points over the 

period of aggregation to establish the point of aggregation initiation. For example, this time period 

is roughly 20 days in the case of 20 μM semaglutide in pH 8.0 phosphate buffer [320]. Conversely, 

circular dichroism (CD) may provide more information concerning the peptide conformation and 

so its long-term stability. However, whilst CD, along with SLS and DLS, have low sample 

requirements in their microplate reader configurations, they typically have a minimum 

concentration threshold in the range of 0.1-1.0 mg/mL. This concentration is higher than what 

may be desirable, when studying drug release within the GI tract.  
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Therefore, there is potential need for a technique which can predict long-term stability and can 

operate at low sample concentrations. Self-interaction chromatography (SIC) fulfils this niche 

requirement, wherein measurements of the second osmotic virial coefficient, a direct 

measurement of the strength of the interparticle forces, allow for the prediction of the peptide’s 

long-term propensity to aggregate. Furthermore, it provides the increased similarity to in-vivo 

conditions, since the sample measurement is made immediately upon injection into a mobile 

phase comprised of a simulated intestinal or gastric fluid.  

As mentioned in the previous Chapter, the use of SIC to measure the second osmotic virial 

coefficient of a peptide has so far been limited to one study on enfuvirtide [218]. Therefore, an 

initial intention of this investigation was to establish the feasibility of SIC to function as a 

technique to study peptide physical stability under a range of simulated gastrointestinal 

conditions, before establishing an operating window within which to operate. In the previous 

Chapter, the effects of resin end-capping were established, with the end-capping and SIC 

experimental procedures being optimised. The aim of the work carried out in this Chapter was to 

build upon work previously performed using SIC, such as that by Hedberg et al. and Tessier et al. 

and establish whether similar SIC procedures were appropriate for peptides using semaglutide 

as a model species. The work would be corroborated and validated by comparison of DLS 

measurements of the peptide under similar solution conditions. 

7.2. Materials & Methods 

All experiments in this Chapter were carried out using a tresyl-functionalised methcrylate resin 

from Tosoh Bioscience as described in Section 5.1.7. Within the same section, descriptions of 

the Tris(hydroxymethyl)aminomethane and sodium phosphate used are described as well as the 

buffer preparation procedure. Additionally, the semaglutide used was that described in Section 

5.1.2.2. 
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Peptide immobilisation and resin end-capping procedures were performed as outlined in 

Sections 5.2.3.1 and  5.2.3.2. Raman Spectroscopy of the resin surface was carried out as in 

5.2.3.5. The column packing procedures are outlined in Section 5.2.4.1. Chromatographic 

experiments were carried out on a LC-20 high-performance liquid chromatography (HPLC) 

system from Shimadzu, the configuration of which is described in 5.2.1. The self-interaction 

chromatography experimental procedures were performed as outlined in Section 5.2.5.1, whilst 

the amount of peak-tailing was determined following the description in Section 5.2.4.3. The 

Dynamic Light Scattering procedure is also outlined in Section 5.2.5.2. 

7.3. Results 

7.3.1. Semaglutide Stability 

7.3.1.1. Dynamic Light Scattering 

Initial stability studies were conducted using 0.5 mg/mL semaglutide solutions as the sample 

peptide. Its propensity to aggregate was initially assessed across a range of simulated gastric 

and intestinal conditions using Dynamic Light Scattering. These results could be correlated to 

future SIC studies and would be used as an accurate indication of the solubility of the peptide 

and the size of any aggregate structures formed, allowing for suitable selection of conditions. 

Simulated gastric conditions were prepared using hydrochloric acid and 20 mM sodium citrate 

buffers to represent the fasted (pH <3.0) and fed states (pH 3.0-5.0) respectively. Simulated 

intestinal conditions (pH 6.0-8.0) were prepared using 20 mM sodium phosphate, whilst under 

both simulated environments the salinity of the conditions was varied using NaCl. 
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Figure 7.1: Dynamic Light Scattering radius size distributions for 0.5 mg/mL semaglutide 

in 20 mM sodium buffer with 0 mM sodium chloride at (a) pH 4.0 citrate and (b) pH 8.0 phosphate 

(see Figure 12.6 in Supplementary Materials for correlograms) 

Under gastric conditions between pH 3.0 and pH 5.0, semaglutide initially exhibited poor 

solubility requiring significant gentle mixing and a settling time to ensure complete dissolution of 

the peptide sample as well as for any bubbles formed to dissipate (see Figure 7.1a for example 

DLS measurements at pH 4.0 juxtaposed with Figure 7.1b at pH 8.0 to highlight the approximate 

species size that indicates stability). Even then, there was a high degree of variation in the DLS 

measurements with an error of ±10%, due to the presence of large poorly soluble aggregates with 

Rh values of between 100 nm and 500 nm being observed (see Figure 7.2). Under these 
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conditions, the size of the aggregates showed little correlation with the salt concentration. 

However, as the pH increased and approached the isoelectric point (pI~5.4), the size of the 

aggregates increased, as would be expected due to the lower charge state of the peptide and so 

reduced electrostatic repulsions maintaining monomeric stability. Conversely, at pH <3.0, 

semaglutide showed much greater solubility and the radius of the species formed in solution 

correlated more strongly with the salt concentration of the environment. For example, at pH 2.0 

and 0 mM sodium chloride, species with a radius of 2.5 nm were formed, whilst at 100 mM 

sodium chloride small aggregates with a radius of 50 nm were observed. These results indicated 

that gastric conditions would likely be unsuitable for self-interaction and size exclusion 

chromatography methods. This challenge is on account of the fact that the large size of the 

macro-aggregates formed would likely result in blocking of the columns. 

 

Figure 7.2: Plot of semaglutide hydrodynamic radius under various simulated gastric conditions 

upon immediate dissolution (±10%) 

Conversely to gastric conditions, dynamic light scattering measurements of semaglutide under 

simulated intestinal conditions showed a significantly lower presence of aggregates and much 

higher solubility. However, at pH 6.0 the peptide did not instantly dissolve unlike at more basic 

conditions, requiring gentle agitation to ensure complete dissolution. The increased solubility 
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and reduced propensity to form aggregates instantaneously upon dissolution at pH ≥6.0 relative 

to pH 5.0 was assumed to be due to increased deprotonation of the imidazole group of the N-

terminal His-7 group (pKa~6.0), resulting in a structural change of the peptide conformation. 

However, it may also be due to complete dissociation of the stearic acid group (pKa~4.50), 

increasing the localised charge of the hydrophobic side chain and so significantly disrupting and 

weakening hydrophobic interactions between peptide species. Nevertheless, DLS results 

showed that semaglutide predominantly adopted a structure with a hydrodynamic radius in the 

range of 2.3-2.7 nm and 2.4-3.0 nm (±0.15 nm) upon dissolution and after 24 hours incubation, 

respectively, in simulated intestinal conditions (see Figure 7.3). This size was larger than the 

semaglutide monomer hydrodynamic radius of 1.08-1.27 nm found by Venanzi et al. [320] at 

lower concentrations. However, it did approximately correlate with hexamer conformations 

observed by Li et al. [195], suggesting that a stable oligomeric structure was adopted upon 

dissolution. 

Similar to Li et al. it was observed that the size of the oligomeric structure appears to increase 

with increasing salt concentration by an average of 0.2 nm from 0 mM to 100 mM sodium chloride 

across the pH range. Furthermore, there was a similar increase of 0.2 nm as the pH decreases 

from pH 8.0 to pH 6.0 also observed in Figure 7.3. It would be expected that the reduced surface 

charges at the pHs closer to the isoelectric point and the increased charge shielding at higher 

salt concentrations should both result in more dominant, attractive hydrophobic interactions, 

and thus more compact structures being adopted in solution for a given n-mer. However, here 

the opposite effect was observed. Li et al. suggest that increasing salt concentration promotes 

the formation of a larger n-mer structure being adopted via slow kinetics as suggested for 

liraglutide by Wang et al. [192, 195]. However, whilst an increase in the oligomer radius was 

observed over the 24 hour incubation period, this occurred for all simulated intestinal conditions 

tested and did not result in a clear stepwise size change which would signify two specific 

oligomer conformations. Therefore, it is suggested that the variance in average species size 
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across the range of conditions was indicative of a distribution of the number of species adopting 

one of two oligomeric species, which were too close in size for the Zetasizer to easily distinguish 

when mixed together as individual species. 

 

 
Figure 7.3: Plot of semaglutide hydrodynamic radius as measured via DLS 

under different simulated intestinal conditions at 37 °C after (a) 0 hours and (b) 24 hours 

incubation (±0.15 nm) 

7.3.1.2. Self-Interaction Chromatography 

The mass of semaglutide immobilised onto 100 mg Tosoh AF-tresyl-650M resin was determined 

to be approximately 0.727 ± 0.017 mg (i.e. 7.27 ± 0.17 mg/g.resin) by analysis of the concentration 
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of the initial and final reaction mixtures in a UV-Vis spectrophotometer. This resulted in a 

semaglutide molar surface coverage of only 2.21% of the available surface tresyl group sites 

(assuming a one peptide per tresyl site), which was significantly lower than for other proteins 

previously reported by Hedberg et al. [346]. This low estimate was assumed to be due to the lower 

concentration used in the reaction mixture as well as the reduced number of available surface 

amine groups on the shorter peptide chain relative to larger proteins. Peptide immobilisation was 

confirmed via Raman spectroscopy measurements of the functionalised-surface and by 

comparing the spectra with that of an end-capped resin. As may be observed in Figure 7.4, two 

additional peaks were observed representing carbonyl stretching of the amide bond at 1660 cm-

1 and aromatic amino acid group ring breathing vibrations (likely phenylalanine) at approximately 

1000 cm-1. 

 

Figure 7.4: Averaged Raman spectra of Tris-end-capped AF-Tresyl-650M resins with (red) and 

without (blue) semaglutide immobilised onto the surface 

The estimated or measured resin, peptide and column parameters required for calculation of the 

second osmotic virial coefficient via self-interaction chromatography are tabulated in Table 7.1. 
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The method of calculation of the surface density, ρs, volume immobilised, Vi, and the peptide 

volume of exclusion, BHS, are outlined in Section 5.2.5.1.5, whilst the accessible surface areas 

were estimated from reverse size exclusion chromatography data reported by DePhillips et al. 

[214]. 

Table 7.1: Measured and calculated parameters used for calculation of semaglutide osmotic second 

virial coefficient (B22) 

from self-interaction chromatography retention factors 

Parameter Value 
Porosity (P) 0.811 

Accessible surface area, φ1r (m2 /mL) 21.3 
Effective phase ratio, φ3r (m2 /mL) 18.7 

Column Volume, V (mL) 0.177 
Peptide Molecular Weight, Mw (kDa) 4.11 

Peptide Monomer Radius, r (nm) 1.04 
Peptide Excluded Volume, BHS (mL) 1.88 x 10-20 

Volume Immobilised, Vi (mL) 0.002 
Surface Density, ρs (molecule/m2) 3.43 x 1016 

 

After column preparation and flushing, initial experiments were conducted to establish the 

uniformity of the column packing by injecting 2% v/v acetone in water under various conditions. 

Gaussian peaks with an acceptable, very slight amount of fronting (tailing factor in the range of 

0.95-0.98) were observed, an example of which is shown in Figure 7.6. The Gaussian peaks 

confirmed that the packed columns were uniform in structure. 0.1 mg/mL semaglutide samples 

in water were prepared and filtrated through 0.22 μm low-protein binding cellulose acetate filters 

for use as the injected sample. The aggregation state of the peptide was checked at hourly 

intervals via dynamic light scattering. Initially monomers with a hydrodynamic radius of 1.04 nm 

were observed as outlined in Figure 7.5a. However, after 24 hours, small peaks with a 

hydrodynamic radius of 3.51 nm were observed, representing the initial formation of a small 

number of oligomers (see Figure 7.5b). Therefore, in future experiments the semaglutide sample 

used in self-interaction chromatography was changed for a fresh sample after 24 hours to 

minimise sample waste whilst removing any changes in the observed elution behaviour that 

would be caused by the presence of the oligomer. 
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Figure 7.5: Example dynamic light scattering measurements of 0.1 mg/mL semaglutide in water 

self-interaction chromatography sample (a) immediately after dissolution and (b) after 24 hours (see 

Figure 12.7 in Supplementary Materials for correlograms) 

Initial semaglutide experiments displayed similar behaviour to that observed in non-peptide 

immobilised columns (as discussed in Section 6.3.4). As shown Figure 7.6 for the semaglutide 

immobilised column, at pH 8.0 the peptide eluted with a lower retention volume than acetone 

exhibiting minimal/very weak interactions between the semaglutide molecules in the mobile 

phase with those immobilised to the resin surface. Whilst at pH 6.0, peak shouldering and tailing 

were observed with much larger retention volumes consistent with larger attractive 

intermolecular forces. This observation was in agreement with DLS findings suggesting the 

formation of a different, larger oligomeric aggregate structures, perhaps being accelerated by the 

high monomer concentration on the surface of the column, resulting in two elution behaviours 
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(the shouldering) being observed. Furthermore, under fed state gastric conditions (pH 3.0-5.0) 

no elution was observed. That is, the mobile phase semaglutide species irreversibly interacted 

with the resin-immobilised semaglutide species or simply formed very large aggregates that 

could not pass through the porous resin structure. These results were fully consistent with the 

DLS measurements (see Figure 7.2), and it could be concluded that the SIC technique was not 

appropriate for highly unstable conditions at which very large aggregates can rapidly form. 

 

Figure 7.6: Elution chromatograms of 0.1 mg/mL semaglutide at pH 8.0 and pH 6.0 

(0 mM sodium chloride) and 2% acetone solutions through a 177 μL column packed with 

semaglutide-functionalised AF-Tresyl-650M resin at 0.05 mL/min 

The resultant estimated second osmotic virial coefficients (B22) across the conditions 

investigated have been plotted in Figure 7.7. As may be observed in the similarity between the 

plots in Figure 7.3 and Figure 7.7, self-interaction chromatography captured the trend with 

relatively high accuracy, as smaller oligomers correlated to larger (more positive) B22 

estimations.  This was what would be expected as more positive B22 values indicate stronger, net 

repulsion forces between individual peptide species and so a lower propensity to aggregate. 

Figure 7.6 provides a clear example of the relative change in retention volume between the most 

0.00 0.25 0.50 0.75 1.00 1.25 1.50

In
te

n
si

ty
 (

a
.u

.)

Elution Volume (mL)

pH8.0 pH6.0 Acetone



Page 160 
 

stable condition, and so fastest eluted resulting in lowest B22 values estimation, at pH 8.0 and a 

less stable condition at pH 6.0, emphasising the sensitivity of the technique to slight changes in 

interaction strength. Furthermore, errors in retention volume between replicates were at most 

0.002 mL, being significantly reduced due to the use of a pre-column detector reducing sample 

injection error. This resulted in a <1% error between repeats for the final B22 values calculated. 

However, whilst the trend observed aligned qualitatively with that exhibited by DLS 

measurements, the overall values did not. The DLS results suggested that oligomers were formed 

instantaneously under all conditions, with larger less stable oligomers being formed at higher 

salt concentrations and acidities closer to the isoelectric point. Therefore, it would be expected 

that highly negative B22 values would be observed across the range of conditions investigated. 

Since, slightly positive and slightly negative B22 values were observed, it was suggested that the 

interactions being measured were those between immobilised monomers and mobile phase 

oligomers. Therefore, the findings suggested that oligomers under more basic conditions and 

lower salt concentrations were more stable, whilst at alternative conditions the oligomers 

interacted more strongly with monomers, showing a slightly greater propensity to grow to larger 

sizes. This explanation correlated with what was observed via DLS. Whilst a B23 estimation was 

not what was expected, nor was the final result accurate in that case, it did not detract from the 

ability of the technique to broadly predict peptide aggregational behaviour. 



Page 161 
 

 

Figure 7.7: Plot of the Second Osmotic Virial Coefficient of semaglutide 

at 37 °C in 20 mM sodium phosphate buffers simulating intestinal conditions as estimated via SIC 

(±2.5 х 10-5 mL.mol/g2) 

7.3.2. Semaglutide Lipid Stability Analysis 

Upon initial confirmation that the SIC was able to predict trends in the stability of oligomeric 

structures formed by semaglutide under simulated intestinal conditions, it was decided to 

establish whether the technique could be applied to more complex simulated intestinal fluids 

(SIFs), for which other techniques such as DLS and SEC are not appropriate. Therefore, SIFs, 

including low concentrations (up to 100 μM) of soybean lecithin to simulate dietary lipids and 

higher levels of sodium chloride, were prepared. However, only the most stable solution 

conditions previously investigated (pH 7.0-8.0) were evaluated to ensure poor dissolution of the 

sample was not a factor in the analysis that may be confused with micelle formation. 

7.3.2.1. Dynamic Light Scattering 

DLS measurements of semaglutide in soybean lecithin containing SIFs, predominantly showed 

two primary peaks: the first with a diameter in the range of 4.0-6.0 nm, which aligned with the 

oligomer peaks previously discussed in Section 7.3.1.1, and a second larger peak, the diameter 

of which varied between 100 nm and 200 nm depending on the solution conditions (see Figure 

7.8a for an example distribution). This larger peak was observed in the presence of lecithin and 
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was observed in the absence of semaglutide. Furthermore, due to its diameter cut-off being 

approximately the size of the pore diameter of the 0.22 μm bottle top filters used in buffer 

preparation, it was assumed to be caused by the presence of lecithin micelles and not lecithin-

induced aggregates. Furthermore, investigations by Mkam Tsengam et al. and Yamada et al. 

confirm that lecithin forms micelle or vesicular studies of 100-500 nm in diameter under similar 

aqueous conditions [368, 369]. At lecithin concentrations >50 μM, the smaller peak, assumed to 

be the semaglutide oligomer, was no longer observed, whilst the intensity of the larger peak was 

greatly increased (see Figure 7.8b). This increase in size further supported the hypothesis that 

the larger peaks were due to the presence of lecithin micelles. However, due to the limitations of 

DLS, it was unknown whether the increased micelle concentration resulted in increased 

scattering preventing oligomer peaks from being observed or whether the semaglutide dissolved 

into the micelle structure. 
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Figure 7.8: Exemplary Dynamic Light Scattering size distributions for 0.5 mg/mL semaglutide 

in 20 mM pH 8.0 sodium phosphate with 500 mM sodium chloride and (a) 0.05 mM and (b) 0.1 mM 

soybean lecithin concentration, and (c) 0.05 mM soybean lecithin in the absence of semaglutide 
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Only the sizes of the oligomers specifically were analysed in DLS results and so conditions of 

>50 μM lecithin were not plotted, since it could not be readily determined, which peaks were 

directly related to semaglutide aggregation under such conditions. As seen in Figure 7.9, similar 

results were observed to the previous DLS study: a species with a radius in the range of 2.0-

3.0 nm, assumed to be semaglutide hexamers, with higher salt concentrations and lower pHs 

correlating to a larger size of this species. Three additional observations were made relative to 

the previous study. Firstly, the increased sodium chloride concentration range resulted in a 

continuation of the trend increasing species radius without significant plateauing, suggesting the 

formation of larger oligomers. Secondly, increasing lecithin concentrations resulted in smaller 

oligomer radii measurements, suggesting that the accompanied increase in hydrophobicity of 

the aqueous solution stabilises the species formed, thereby reducing their propensity to form 

larger oligomers. This aligned with the suggested mechanism of action of SNAC in the oral 

formulation of semaglutide (Rybelsus®). SNAC, due to its amphiphilicity, is suggested to weaken 

self-association interactions of semaglutide, stabilising the monomer and disrupting oligomer 

formation [68]. Herein, the lecithin is suggested to have a similar effect of weakening the 

hydrophobic interactions, albeit to a much lesser degree. The third and final observation is that 

in the presence of lecithin, the change in size of the species with time was minimal at high lecithin 

and low salt concentrations. Conversely, the increase in species radius was greater than 0.2 nm 

over the 24-hour period in the absence of lecithin and at sodium chloride concentrations greater 

than 100 mM. These trends were observed most clearly at pH 7.0 (Figure 7.9 A1-3), where, of the 

conditions tested, stability of the oligomer has been suggested to be lowest. 
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(A1) (B1) (C1) 

   
(A2) (B2) (C2) 

   
(A3) (B3) (C3) 

   
Figure 7.9: Plots of hydrodynamic radii of 0.5 mg/mL semaglutide species 

at 37 °C in 20 mM sodium phosphate buffer at (A) pH 7.0, (B) pH 7.5 and (C) pH 8.0 at (1) 0 h, (2) 6 h and (3) 24 h timepoints (±0.12 nm) 
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7.3.2.2. Self-Interaction Chromatography 

Semaglutide immobilisation was reperformed to prepare fresh self-interaction chromatography 

columns. However, due to the low initial reaction levels, the concentration of semaglutide in the 

immobilisation solution was doubled to increase coverage or the extent of the immobilisation 

reaction. UV-Vis analysis of the initial and final immobilisation solutions showed the mass of 

semaglutide to be approximately 3.23 ± 0.06 mg onto 100 mg (i.e. 32.3 ± 0.6 mg/g.resin) of the 

same resin as previously, which represented approximately 9.8% molar coverage of the available 

surface tresyl sites (assuming a one peptide per tresyl site). This was a significant improvement 

over the initial immobilisation coverage but meant that in order to achieve coverages of >20%, 

even higher initial concentrations of peptide would be required. The finalised parameters for 

calculation of the second osmotic virial coefficient (B22) for the new columns were the same as 

those outlined in Table 7.1 with the updated values due to the difference in surface coverage 

shown in Table 7.2. 

Table 7.2: Updated parameters used for the new self-interaction chromatography column 

Parameter Value 
Volume Immobilised, Vi (mL) 0.009 

Surface Density, ρs (molecule/m2) 1.53 x 1017 

 

As for the previous experiments, similar packing quality analysis experiments were conducted 

via injections of 10 μL of 2% acetone solution which showed tailing factors of between 1.05 and 

1.10. However, at lecithin concentrations of ≥50 μM, the 2% acetone injection gave tailing factors 

that increased up to 1.20 and inconsistent ghost peaks began to appear in the elution profiles. 

These peaks were assumed to be on account of lecithin micelles in the mobile phase being held 

up within the UV-Vis detector chambers causing a small temporary spike-increase in 

absorbance, since they were detected in both pre- and post-column detectors whether there was 

injection or not. The overall result was that the elution profile was significantly less smooth than 

in the absence of lecithin and as such smaller peaks had to be ignored, where the primary elution 
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peak was self-evident (see Figure 7.10 for example profiles). As a result, the accuracy of the 

retention volumes was slightly reduced due to the calculation of the peak centre of mass being 

impacted by the additional inconsistent peaks. 

 

Figure 7.10: Elution profiles of 2% acetone and 0.1 mg/mL semaglutide through a semaglutide-

fixated SIC column 

(20 mM pH 8.0 sodium phosphate,100 mM sodium chloride and 100 μM soybean lecithin at 37 °C) 

The calculated B22 values showed good correlation with the trends observed in the DLS results. 

Higher salt concentrations and lower pH and lecithin concentrations correlated with more 

negative B22 values, indicating an increasing propensity to aggregate (see Figure 7.11). However, 

where the results from the two techniques differed was that the effect of increasing lecithin 

concentration appeared to have a greater impact on increasing the second osmotic virial 

coefficients calculated via SIC than it did on the hydrodynamic radii measured via DLS. This 

difference was assumed to have been caused by the presence of micelles resulting in one of two 

phenomena. The first was increased scattering in the DLS measurements such that the oligomer 

size measured was greater than in actuality. The alternative effect would be a reduction in void 

volume in the self-interaction chromatography column due to lipid micelle species filling the 

porous network, resulting in reduced surface area for retention and faster elution and so an 

apparently more positive B22 value. The latter effect of micelles in solution should in fact be 
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accounted for in the estimations of the void volumes via dead column measurements and 

acetone injections. Therefore, it was concluded that it was more likely that the discrepancy in the 

trend was caused by DLS overestimating the size of the oligomeric species at higher lecithin 

concentrations due to increased scattering from micelles in solution, given the scattering 

intensity is proportional to the diameter of the macromolecule to the sixth power [199]. The 

additional benefit of self-interaction chromatography may also be observed in Figure 7.11, 

wherein estimations of B22 values were made for semaglutide at soybean lecithin concentrations 

up to 100 μM. These results showed that increasing the lipid concentration and so solution 

hydrophobicity acted further to stabilise the peptide structure without any indication of a 

plateau. 
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Figure 7.11: Plots of the second osmotic virial coefficient of semaglutide 

at 37 °C in 20 mM sodium phosphate buffers with varying sodium chloride and 

soybean lecithin concentrations at (a) pH 7.0, (b) pH 7.5 and (c) pH 8.0 

simulating intestinal conditions as estimated via SIC (± 8 x 10-5 mL.mol/g2) 

(a) (b) 

(c) 
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7.4. Conclusions 

Variations in the second osmotic virial coefficient (B22) of semaglutide were measured across a 

range of simulated intestinal conditions from pH 6.0-8.0, with varying sodium chloride and 

soybean lecithin concentrations mimicking dietary salts and lipids. Gastric conditions were not 

included in the study as they were observed to result in instantaneous and complete aggregation 

of the peptide across almost all conditions. Of the parameters investigated, pH was observed to 

have the greatest impact on B22 values with more basic conditions providing the greatest 

stabilising effect on the peptide structure. Reducing salt and increasing lipid concentrations also 

resulted in greater B22 values and so predicted a more stable conformation aligning with what 

would be expected theoretically.  

The overall trend in B22 results correlated with the trend in oligomer sizes observed via DLS, with 

larger oligomers being observed under conditions where more negative B22 measurements were 

made via SIC. However, since oligomers were observed via DLS under all conditions, the 

associated B22 values would be expected to be highly negative, indicating strongly attractive 

forces between monomers. Rather, a range of slightly positive and slightly negative B22 were 

measured via SIC indicating mild stability. This discrepancy was assumed to be due to SIC 

measuring the interaction strength of mobile phase oligomers with immobilised monomers, 

thereby showing that the oligomers were somewhat stable, which DLS observations over a 24-

hour period showed them to be. Additional studies showed that soybean lecithin was measured 

to have a greater stabilising effect via SIC than observed via DLS, this was deemed to be due to 

increased scattering caused by micelles resulting in increased estimation of the oligomer size, 

thereby appearing to weaken the correlation. 

Therefore, SIC showed potential as a relatively high-throughput technique to realise trends in 

behaviour of semaglutide oligomers in simulated intestinal environments. However, the method 

did not accurately predict the exact behaviour of the peptide monomer and understanding of the 
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results required understanding of the solution assembly behaviour adopted by the peptide upon 

dissolution. For the method to accurately predict monomer aggregation propensity in the long-

term, semaglutide would likely need to be studied using formulations allowing it to maintain 

monomeric conformations at concentrations sufficient to be observed via other methods such 

as DLS.  
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CHAPTER 8 

8. SELF-INTERACTION CHROMATOGRAPHY OF 

INSULIN AND LIRAGLUTIDE 

8.1. Introduction 

Following on from the previous Chapter, in which the applicability of self-interaction 

chromatography to study semaglutide solution stability under intestinal conditions was studied, 

it was considered necessary to expand the study to other peptides to establish the consistency 

and adaptability of the technique to species with different aggregation pathways. The peptides 

selected were liraglutide, another glucagon-like peptide-1 (GLP-1) analogue with a structure 

highly similar to semaglutide, and insulin. The latter of the two being a two-chain peptide with a 

very different structure and aggregation pathway, but the physical stability of which has 

previously been study extensively and so is well understood [370, 371]. 

Despite the similarities in their structures and unlike semaglutide, an oral formulation of 

liraglutide is yet to be approved by the U.S. Food and Drug Administration (FDA) or the European 

Medicines Agency (EMA). The sodium N-[8-(2-hydroxybenzoyl)amino]-caprylate (SNAC) 

employed as a transcellular permeation enhancer in the oral formulation of semaglutide, does 

not exhibit the same effectiveness at stabilising liraglutide against oligomerisation, thereby 

hindering its absorption [68]. The suggested cause of liraglutide’s increased propensity to form 

oligomers is the relatively higher hydrophobicity of the palmitoyl acylation region relative to that 

of the stearic acid group on semaglutide. This difference emphasises how minor modifications 

to a peptide structure can fully alter their aggregation pathway and so their formulation design. 
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Despite research into developing oral insulin delivery strategies or formulations being extensive, 

few have made it past stage II clinical trials and none are yet to be approved by the FDA or EMA 

[372, 373]. In accordance with Lipinski’s rule of five, despite its application being predominantly 

for small molecule drugs, one of the factors impeding oral insulin from permeation of the 

intestinal membrane and achieving a high bioavailability, is the high molecular weights of these 

peptides [13]. Therefore, its propensity to dimerise or hexamerise in neutral conditions [370, 371] 

or even aggregate in Lys- or Arg-containing simulated intestinal fluids [374] further impedes its 

ability to be absorbed through the intestinal epithelium.  

The work in this Chapter aims to further develop the self-interaction chromatography 

investigations in the last Chapter to establish the sensitivity of the setup and procedure 

previously optimised for semaglutide to a change in peptide. An additional goal was to confirm 

whether the suggestion of measuring the second osmotic virial coefficient between monomer 

and oligomer for semaglutide was accurate by determining whether similar observations were 

made for other peptides. Aside from this, if the method showed good alignment with size 

exclusion chromatography and dynamic light scattering results, it was hoped that results would 

further the understanding of the aggregational propensity of liraglutide and insulin under a range 

of simulated intestinal conditions. 

8.2. Materials & Methods 

All experiments in this Chapter were carried out using a tresyl-functionalised methcrylate resin 

from Tosoh Bioscience as described in Section 5.1.7. Within the same section, descriptions of 

the tris(hydroxymethyl)aminomethane and sodium phosphate used are described as well as the 

buffer preparation procedure. Additionally, the liraglutide and insulin used was that described in 

Sections 5.1.2.1 and 5.1.1, respectively. 

Peptide immobilisation and resin end-capping procedures were performed as outlined in 

Sections 5.2.3.1 and  5.2.3.2. Raman Spectroscopy of the resin surface was carried out as in 
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5.2.3.5. The column packing procedures are outlined in Section 5.2.4.1. Self-interaction and Size 

exclusion chromatographic experiments were carried out on LC-20 and Nexera high-

performance liquid chromatography (HPLC) systems, respectively, from Shimadzu the 

configuration of which is described in 5.2.1. The Self-interaction chromatography experimental 

procedures were performed as outlined in Section 5.2.5.1, whilst the amount of peak-tailing was 

determined following the description in Section 5.2.4.3. Dynamic Light Scattering and Size 

Exclusion Chromatography procedures are outlined in Sections 5.2.5.2 and 5.2.5.3, respectively. 

8.3. Results 

8.3.1. Liraglutide Stability  

8.3.1.1. Dynamic Light Scattering 

Initial studies of liraglutide stability were performed using Dynamic Light Scattering (DLS) 

measurements under simulated intestinal conditions, varying the acidity from pH 6.0 to pH 8.0 

and the salinity from 0 mM to 50 mM NaCl. These measurements allowed for an accurate 

measurement of the size of the liraglutide species in solution, which would provide an indication 

of an appropriate choice of size exclusion chromatography column. Then, these results could be 

correlated and compared to final self-interaction chromatography second virial coefficient 

values to establish the accuracy of the technique under such conditions.  

Upon dissolution of the liraglutide, almost the entirety of the species detected in a single DLS 

measurement had a hydrodynamic radius in the range of 3.0-3.5 nm. However, some 

measurements detected a small number of smaller species. An example sample triplicate 

measurement, each comprised of at least 12 runs, is shown in Figure 8.1. This example illustrates 

the consistency in size of the species formed and the inconsistent detection of smaller species 

highlighted by the small peak at Rh~0.65 nm in the second replicate.  
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Figure 8.1: Example dynamic light scattering triplicate measurement of 0.5 mg/mL liraglutide 

in pH 8.0 20 mM sodium phosphate buffer with 0 mM sodium chloride (see Figure 12.9 in 

Supplementary Materials for correlograms) 

The initial timepoint DLS measurements of liraglutide across the range of conditions tested 

showed the same species with a 3.0-3.5 nm hydrodynamic radius (see Figure 8.2a). Each 

measurement showed strong consistency with an error of ±0.15 nm. However, this is a far larger 

size that would be expected of a peptide of the same molecular weight (3751.2 Da). The minimum 

hydrodynamic radius (Rmin in nm) for a spherical protein or peptide of a given molecular weight (M 

in Da) may be estimated by the following equation [375]: 

 
𝑅𝑚𝑖𝑛 = 0.066𝑀

1
3 Equation 8.1 

Therefore, assuming an ideal spherical monomer, liraglutide would be expected to have a 

hydrodynamic radius of 1.02 nm. Given that the shape factor for even the most elongated 

proteins such as fibrinogen is less than 2.5 [375] and the fact that DLS measurements show 

sharp, narrow peaks (as seen in Figure 8.1), atypical of highly non-spherical species. Therefore, 

it could be quickly concluded that liraglutide formed an aggregate or oligomer species 

instantaneously upon dissolution under the conditions tested.  Species of approximately 3.4 nm 

hydrodynamic radius, according to Bothe et al. [193] are indicative of12-or 13-mer micelle 
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structures previously reported by Wang et al. [192]. However, in previously published studies, 

this 12-mer was observed primarily at pH < 7.0. It was hypothesised to be due to the protonation 

of N-terminal Histidine causing a structural change as discussed in Section 5.1.2.1, whilst a 7- 

or 8-mer oligomer species (Rh ~2.6 nm) was observed under more basic conditions [192, 193]. 

This difference from literature values is assumed to be due to the higher, physiological 

temperature of 37 °C in this study, relative to those previous room temperature, 25 °C studies. 

The higher temperature is hypothesised to result in increased thermodynamic stress 

destabilising the octamer species and shifting the equilibrium to favour the larger 12- or 13-mer 

oligomers following initial sample dissolution.  

The deviation in Rh measurements recorded from the two oligomer species observed in literature 

may also be as a result of DLS measurements detecting a mixture of the two species and not 

differentiating between them. This would account for the non-uniformity associated with a DLS 

size distribution peak for a non-spherical species. Assuming this, a mixture of the two similarly-

sized oligomer species being detected would result in peak overlap and a single, unresolved, 

broad measurement peak with an average between Rh value between 2.6 nm (octamer) and 

3.4 nm (dodecamer). Therefore, this may provide an alternative explanation for the range of 

hydrodynamic radii being 3.0-3.5 nm and not either 2.6 nm or 3.4 nm as described by Wang et al. 

[192] and Bothe et al. [193]. 

The oligomer species detected appeared to be highly favourable, since, as observed in Figure 

8.2a, there was little variation in their hydrodynamic size with increasing NaCl concentration at 

all pHs. This observation suggests that the structure is primarily held together through 

hydrophobic interactions of the lipid side chain group in an optimal micelle configuration, since 

increasing NaCl concentration would be expected to result in an increase in hydrodynamic 

radius. This is on account of the fact that higher NaCl concentrations result in reduced 

electrostatic repulsions between the peptide chains allowing for more dense packing. However, 
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since this was not observed, it can be assumed that electrostatic forces between individual 

peptides do not dictate oligomer conformation under these conditions, but rather the 

hydrophobic interactions of the lipid sidechain. 

After incubating the samples for 6 hours and 24 hours, a different size trend began to be 

observed. For peptide species stored at pH 7.0 and above, the oligomeric structures observed 

remained approximately the same size, if not decreasing very slightly by approximately 0.2 nm 

on average after 24 hours (see Figure 8.2c). This is hypothesised to be due to the 12-mer 

transitioning to the 8-mer, which as previously mentioned was observed to be the favoured 

oligomeric structure of liraglutide at pH >7 and room temperature. Wang et al. state that the 

kinetics of the transformation is slow with several days being required for equilibrium to be 

reached [192]. Furthermore, due to the close similarity in size of the two oligomers, it is likely that 

DLS and the Zetasizer data processing software would be unable to distinguish between them 

very easily, given a difference in size of approximately a factor of 5 is required for clear resolution 

[203]. Therefore, the peak observed is merely an average radius of the 12-mer and 8-mer species. 

Therefore, had the sample been incubated for longer, perhaps the hydrodynamic radius may 

have approached 2.6 nm, indicating the octamer species would have been in the majority.  

Conversely at pH < 7.0, an increase in the hydrodynamic radius of the oligomer was observed by 

an average of 0.2 nm after 6 hours and 0.4 nm after 24 hours, finally to be in the range 3.6-3.8 nm. 

This could have been due to one of three following reasons (from most likely to least): 

1. Any 7- or 8-mer conformations present in the original 0 h timepoint measurements 

transitioning to 12- or 13-mer micelles as previously observed by Bothe et al. [193]. In this 

case, the discrepancy in hydrodynamic radius of the oligomer species compared to 

literature values may have been caused by the method through which the Zetasizer 

software estimates Rh. It fits the data to a discrete size distribution, the discretisation of 
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which is dependent on user settings using the CONTIN algorithm, and so may have 

resulted in a slightly higher average value than provided in literature [376] 

2. The 12- or 13-mer micelles beginning to coalesce together showing the initiation of 

peptide aggregation or fibrillation 

3. The 12- or 13-mer peptide conformation transitioning to another larger oligomeric 

structure, which is more stable at higher temperatures and pH <7. 
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Figure 8.2: Plot of liraglutide hydrodynamic radius as measured via DLS 

under various simulated intestinal conditions (a) upon immediate dissolution and 

after (b) 6 hours and (c) 24 hours incubation (±0.13 nm) 

(a) (b) 

(c) 
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The exact mechanism that occurs is outside the scope of this work, as primarily the concern is 

whether the peptide aggregates, how is that effected by solution conditions, and whether self-

interaction chromatography may predict the same behaviour. Nevertheless, it was assumed that 

the most likely reason was the first (of the three listed), since there have not been reports of larger 

oligomeric structures being observed in the literature. Additionally, some large amorphous 

aggregates were observed at pH 6.0 at both 6 hours and 24 hours timepoints, thereby reducing 

the likelihood of the initiation of fibril formation being observed. However, these aggregates were 

not always observed, perhaps due to sedimentation during sample equilibration prior to sample 

measurement. Additionally, they were not observed at all at pH >7.0. Example measurements 

showing large, >150 nm hydrodynamic radius, peptide fibrils at pH 6.0 and their absence at pH 

8.0 are represented in Figure 8.3. Wang et al. previously observed aggregation of 4 mg/mL 

liraglutide within 10 minutes at pH <6.3 [192]. Since it is known that for pH <7.0 Liraglutide 

fibrillates more rapidly at lower peptide concentrations [193], the observation of fibril formation 

at pH <7.0 as shown in Figure 8.3a, appeared to be in agreement with those results.  

  

Figure 8.3: Example DLS measurements of 0.5 mg/mL liraglutide after 24 hours incubation 

in (a) pH 6.0 and (b) pH 8.0 20 mM sodium phosphate (see Figure 12.10 in Supplementary Materials 

for correlograms) 
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8.3.1.1. Size Exclusion Chromatography 

  

Figure 8.4: Example SEC elution curves of 0.5 mg/mL liraglutide samples 

incubated in (a) pH 6.0 and (b) pH 8.0 20 mM sodium phosphate at 37 °C for 24 h (1.0 mL/min 

50 mM pH 7.0 sodium phosphate + 150 mM sodium chloride 

Since DLS results showed the rapid formation of an oligomer conformation upon dissolution, a 

TSKgel G3000SWXL size exclusion column, typically used for the analysis of monoclonal 

antibodies and large protein aggregates, was selected for sample analysis. Whilst this column 

would exhibit relatively poorer separation and resolution between monomer and oligomer peaks, 

given its calibration range of 10-500 kDa, it would be much less likely to become blocked by 

sample aggregates, enabling safer operation for the samples at pH <6.3. Two example elution 

curves have been displayed in Figure 8.4 for liraglutide samples incubated at 37 °C for 24 hours, 

one at pH 6.0 and at pH 8.0. They exhibit similar trends to the corresponding example DLS 

measurements in Figure 8.3. A primary peak with a slightly larger retention volume at the higher 

pH, representing a slightly smaller oligomer, and a broad early eluting aggregate peak at the lower 

pH, representing a broad distribution of precursor aggregate species.  

The two chromatograms in Figure 8.4 together typify four key trends that were observed 

throughout the size exclusion chromatography (SEC) experiments. Firstly, the initial broad peak 

in the pH 6.0 elution curve was only observed under conditions at pH <6.5 and, due to its 

correlated molecular weight being >100 kDa, it was assumed to be indicative of large aggregates 

and their sheared fragments. Second, the peak splitting observed in the pH 6.0 but not the pH 8.0 

(a) (b) 
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chromatogram (see Figure 8.4) was a consistent feature within the data but was assumed to be 

due to physical hinderance in the frit at the column inlet due to the presence of the larger 

liraglutide aggregates. The difference in retention volume between the maxima within the split 

peak was insufficient to be the difference between the two different oligomer species, although 

it may still have been indicative of a mixture of the two oligomer species. Thirdly, the retention 

volumes of the primary peaks of different samples were all within a range of <1 mL, with an 

average error of ± 0.25 mL. Therefore, trends observed between different conditions were not 

much greater than the margin of error. Finally, as more clearly observed in the liraglutide sample 

incubated at pH 8.0, a reasonably large amount of peak tailing was often observed. This could be 

indicative of one of two factors: shear-induced dissociation of the sample oligomer, which has 

been previously observed for polystyrene although not peptides [377], resulting in several 

smaller sized species eluting, or sample interaction with the stationary phase, resulting in 

retention in the column. This latter phenomenon has previously been demonstrated to result in 

a slight increase in insulin retention time and a great increase in peak broadening and tailing with 

a silica-based SEC stationary phase [378]. These four properties of the data were required to be 

factored into any analysis of the final data results. 

The SEC data, as shown in Figure 8.5, exhibited a very similar overall trend to the DLS results: a 

reasonably uniform size distribution of species across the tested conditions upon initial sample 

dissolution, with species incubated at pH <7.0 increasing in size over the 24 hour period and 

those at pH ≥7.0 reducing in size. However, the size of the species, as estimated from the column 

calibration, was in disagreement with the DLS results. For example, the measurements after 

initial dissolution as observed in Figure 8.5a were in the 20-25 kDa range, indicative of a 6- or 7-

mer species or a hydrodynamic radius of between 2.3-2.4 nm, significantly smaller than the 3.1-

3.4 nm range measured via DLS for the same timepoint. This was true across all measurements 

with the largest species estimated at approximately 34 kDa or a hydrodynamic radius of 2.8 nm 

at pH 6.0 and 0 mM sodium chloride after 24 hours incubation (see Figure 8.5c). This species 
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would only be equivalent to approximately a 9-mer, which is significantly smaller than those 

collated via Dynamic Light Scattering. Furthermore, the smallest estimated data was estimated 

at 17.5 kDa equivalent to a 5-mer or a hydrodynamic radius of approximately 2.1 nm. This species 

is significantly smaller than those suggested by Bothe et al. or Wang et al. [192, 193] (although 

pentamers were observed for liraglutide by Marassi et al. [379]). This furthered the trend of the 

SEC consistently underestimating the species sizes relative to DLS. Therefore, it could be 

concluded that as discussed regarding the tailing in Figure 8.4, either there was sample 

interaction with the column stationary phase resulting in a higher retention volume, or shear-

dissociation of the oligomer was occurring resulting in smaller species with longer mean-free 

elution paths. However, due to the narrow, sharp peak and the presence of tailing, it was 

assumed that the sample was interacting with the stationary phase via a consistent, linear 

mechanism that resulted in higher retention volumes relative to the calibration curve, as 

previously discussed by Javeri et al. for the size exclusion analysis of insulin [378]. Therefore, it 

was not unexpected, due to the great difference in structure of the peptide micelle relative to the 

calibration species, that the oligomers did not elute according to the same linear calibration. 

Nevertheless, since the overall trend observed was the same as for DLS, with the presence of 

instantaneous oligomer formation upon dissolution, the qualitative information that may be 

correlated to a self-interaction chromatography method was the same.
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Figure 8.5: Plots of SEC estimated molecular weights of 0.5 mg/mL liraglutide  

after being incubated at 37 °C under various simulated intestinal conditions for (a) 

0 hours, (b) 6 hours and (c) 24 hours (±1.5 kDa) 

(a) (b) 

(c) 
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8.3.1.2. Self-Interaction Chromatography 

Liraglutide was first immobilised onto an AF-Tresyl-650M resin from Toyopearl. The initial and 

final concentrations of liraglutide in the immobilisation solution were measured to be 

approximately 1.83 mg/mL and 0.76 mg/mL by UV spectroscopy, resulting in an estimated 5.37 ± 

0.08 mg liraglutide immobilised onto 100 mg of resin (i.e. 53.7 ± 0.8 mg/g.resin). This represented 

a 17.9% molar coverage of the available surface tresyl sites (assuming a one peptide per tresyl 

site). Liraglutide immobilisation was further confirmed using Raman-spectroscopy of the 

peptide-immobilised and dead column resins via the presence of three small additional 

absorption peaks relative to the end-capped resin: the amide I band, at approximately 1660 cm-1, 

represents carbonyl stretching of the peptide bond; the C=C aromatic stretching at 

approximately 1600 cm-1, indicates the addition of the aromatic groups  Phe-12, Tyr-19, Phe-28 

and Trp-31 to the resin surface, whilst the peak at approximately 1000 cm-1 is indicative of 

aromatic amino acid ring breathing vibrations. 

 

Figure 8.6: Averaged Raman spectra of Tris-end-capped AF-Tresyl-650M resins with (red) and 

without (blue) liraglutide immobilised onto the surface 
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The calculated and measured peptide, resin and column values required for the estimation of 

the second osmotic virial coefficient from the self-interaction chromatography (SIC) retention 

volumes are tabulated in Table 8.1. The accessible surface area, φ1r, and the effective phase 

ratio, φ3r, were calculated through interpolation of reverse size exclusion data of Dextran 

molecules through the same resin performed by DePhillips et al. [214]. The surface density, ρs, 

and the peptide excluded volume, BHS, were calculated as outlined in Section 5.2.5.1.5. 

Table 8.1: Parameters used for calculation of liraglutide osmotic second virial coefficient (B22) 

from SIC retention factors 

Parameter Value 
Porosity (P) 0.811 

Accessible surface area, φ1r (m2 /mL) 21.3 
Effective phase ratio, φ3r (m2 /mL) 18.7 

Column Volume, V (mL) 0.177 
Peptide Molecular Weight, Mw (kDa) 3.75 

Peptide Monomer Radius, r (nm) 1.04 
Peptide Excluded Volume, BHS (mL) 1.88 x 10-20 

Volume Immobilised, Vi (mL) 0.0162 
Surface Density, ρs (molecule/m2) 2.78 x 1017 

Once the column had been packed with liraglutide fixated beads and thoroughly flushed, initial 

tests were performed to analyse the packing quality and establish the retention behaviour of the 

sample. Injections of 2% Acetone showed that the column was well-packed with a Gaussian 

peak with minimal tailing and a tailing factor of between 1.00 and 1.05 (see Figure 8.8 for an 

example elution profile). 0.1 mg/mL liraglutide samples in water were prepared and filtrated 

through 0.22 μm low-protein binding cellulose acetate filters for use as the injected sample. The 

aggregation state of the peptide was checked at hourly intervals via dynamic light scattering. 

Initially monomers with a hydrodynamic radius of 1.04 nm were observed as outlined in Figure 

8.7a. However, after just 6 hours, noticeable peaks with a hydrodynamic radius of 2.94 nm were 

observed, representing the initial formation of oligomers (see Figure 8.7Figure 7.5b). Therefore, 

in future experiments the liraglutide sample used in self-interaction chromatography was 

changed for a fresh sample after 6 hours minimise any observed elution behaviour changes that 
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would be caused by the presence of oligomers. This was reasonably wasteful so careful 

preparation of 0.5 mL of liraglutide sample had to be carried out to minimise wasting expensive 

sample. 

 

 

Figure 8.7: Example dynamic light scattering measurements of 0.1 mg/mL liraglutide in water 

self-interaction chromatography sample (a) immediately after dissolution and (b) after 6 hours (see 

Figure 12.11 in Supplementary Materials for correlograms) 

Conversely, liraglutide samples displayed higher tailing, although still within the acceptable 

range, with a tailing factor between 1.35 and 1.40. Furthermore, as may be observed in Figure 

8.8, liraglutide showed a lower or similar retention volume than the acetone void volume marker 

species for both the dead column and the liraglutide fixated column. This was to be expected 

based on the DLS and SEC results showing that the liraglutide oligomerises in solution. As such, 
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the oligomers would be size excluded from the stationary phase resulting in a lower retention 

volume than acetone, with the larger oligomers, previously observed at pH 6 eluting before the 

smaller ones at pH 8. However, this may also be indicative of weak peptide-peptide interactions 

and even perhaps repulsion between the mobile phase and immobilised peptides, indicating 

peptide stability.  

 

Figure 8.8: Example elution profiles of 2% Acetone solution (red) and 0.1 mg/mL liraglutide 

through a liraglutide fixated stationary phase at pH 6.0 (blue) and pH 8.0 (Green) 

(20 mM sodium phosphate mobile phase, 0.05 mL/min flowrate and 37 °C Temperature) 

The second osmotic virial coefficients (B22), as estimated via self-interaction chromatography, 

across a range of simulated intestinal conditions are plotted in Figure 8.9. Since more positive 

B22 values (highlighted in blue in Figure 8.9) are indicative of stronger repulsive forces between 

species, and so reduced propensity to aggregate, the trend observed appeared to directly 

contradict that displayed by the SEC and DLS results. Since oligomers were formed upon 

dissolution under all conditions, it would be expected that under all conditions that there would 

be a highly negative B22 value estimated. Furthermore, it would also be predicted that at pH <7.0, 

where larger oligomers were formed, and at pH <6.5, where there was a propensity to aggregate, 

according to DLS and SEC data, the values of B22 estimated would be more negative than those 

at pH ≥7.0. However, as observed in Figure 8.9, the opposite was observed. This was assumed to 
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be primarily because the stationary phase surface was functionalised with liraglutide monomer 

species, whilst the species in the mobile phase were oligomer species. Therefore, the 

interactions that were being measured were not monomer-monomer, as typically measured by 

SIC, but were between monomer and oligomer species. Therefore, the parameter being 

estimated was not exactly B22, but more similar to a second osmotic virial coefficient between 

two different species (B23) as discussed by Hedberg et al. [358]. 

Two primary contributing factors led to the estimated B22 values. The first explanation is that 

since the oligomer species present at pH ≥7.0, as measured via DLS and SEC, were smaller 

oligomers than those at pH <7.0, they had a greater relative surface area for interaction with the 

immobilised liraglutide on the stationary phase. Furthermore, the smaller oligomers were also 

not size excluded from the resin volume to the same degree and so were able to access more of 

the stationary phase surface. The same effective phase ratio was used for all calculations. It was 

estimated assuming the surface accessible for three coeluted species, since this is the typical 

value applied in SIC. This was the approximate size of the individual oligomers according to DLS 

measurements. If a different phase ratio were applied for each condition, based on DLS 

measurements of the oligomer species hydrodynamic size, it would prevent the method from 

being truly predicative. Therefore, the method would be rendered somewhat obsolete. A second 

explanation as to the resultant B22 values appearing to contradict the DLS and SEC results is 

hypothesised based on the findings of Bothe et al.. They suggest that the two different oligomer 

species are in equilibrium with one another [193]. Therefore, despite the smaller (7- or 8-mer) 

oligomer being favoured at pH ≥7.0, in the presence of increased monomer concentration, (i.e. 

that immobilised on the surface of the resin which is incapable of self-associating into an 

oligomer structure), the equilibrium would be expected to shift to the larger (12- or 13-mer) 

oligomer. Conversely, for the larger oligomer species, the interaction strength with the monomer 

would be expected to be relatively weaker as it is not expected to readily associate with the 

monomer. However, this explanation does not account for the aggregation that was observed at 
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pH <6.5, unless the aggregation occurred from the self-association of the oligomer species and 

not from interaction with monomer species. If the alternative is the case (i.e. aggregation at pH 

<6.5 occurred from monomers associating with the larger oligomer), then strong retention and 

highly negative B22 values would have been expected under these conditions. 

 
Figure 8.9: Plot of the Second Osmotic Virial Coefficient of liraglutide 

at 37 °C under various simulated intestinal conditions as estimated via SIC (±1.1 x 10-5 mL.mol/g2) 

8.3.2. Insulin Stability 

8.3.2.1. Dynamic Light Scattering 

Dynamic light scattering (DLS) measurements of insulin in 20 mM sodium phosphate buffers 

simulating intestinal conditions showed that despite gently mixing until a transparent solution 

remained, the peptide did not instantaneously dissolve. Instead, as well as monomer and 

oligomer peaks, an apparent large aggregate peak was also observed (see Figure 8.10a for an 

example measurement exhibiting the various peaks). This observation was increasingly apparent 

at lower pH values approaching the isoelectric point of insulin (pI ~ 5.4), with a decreasing 

fraction of the species measured in solution having a radius of <5 nm (an arbitrary point selected, 

with no species close to it in size but representing species smaller than a 100-mer and so those 
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which may be classified as oligomers rather than larger aggregates), as may be seen in Figure 

8.11. (Due to the presence of large species in the measured samples that were dependent on the 

sample preparation and had the potential to sediment, there was a relatively high error of ±10% 

for the data in Figure 8.11a). 

  
Figure 8.10: Example DLS measurements of 0.5 mg/mL insulin 

in pH 7.0 20 mM sodium phosphate with 0 mM sodium chloride (a) immediately and (b) 24 hours 

after dissolution (see Figure 12.12 in Supplementary Materials for correlograms) 

Furthermore, increasing salt concentrations up to approximately 25 mM NaCl increased the rate 

of dissolution of insulin and so the fraction of oligomer species present. However, at 

concentrations of sodium chloride higher than 25 mM, this trend reversed. This was likely due to 

the initial increasing salt concentration “salting-in” the insulin species, enabling their dissolution 

by reducing the strength of attractive electrostatic forces between neighbouring peptides. This 

phenomenon and its effects has previously been discussed in detail by Baldwin [173]. However, 

at even higher concentrations, the increased concentrations of ions may shield all electrostatic 

interactions and enable attractive hydrophobic interactions to become the more dominant 

forces between the dissolving sample peptides, thereby slowing the rate of their dissociation. 

However, as may be observed in Figure 8.11b and c (and supported by the example 24 hour 

measurement in Figure 8.10b), at pH ≥6.5 the insulin, after sufficient time, was able to fully 

dissolve, dissociating into smaller oligomer species, which remained stable over the 24-hour 

incubation. These findings were in agreement with those from Dimitrov et al. who showed the 

slow dissolution kinetics of insulin crystals under stagnant conditions [380]. Below pH 6.5 
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though, the large aggregates remained present throughout the course of the incubation period, 

showing that insulin is not readily soluble under these conditions at 0.5 mg/mL. The reduced 

charge under conditions approaching the isoelectric point resulted in poorer observed solubility, 

due to reduced electrostatic repulsive forces resulting in reduced propensity to separate into 

monomer or smaller oligomer species. This resulted in the individual species maintaining more 

open structural conformations with more increased hydrophobic site availability. 
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Figure 8.11: Plots of fraction of insulin species with a hydrodynamic radius <5 

nm  

at 0.5 mg/mL concentration and 37 °C in various 20 mM sodium phosphate buffers 

(±10%) after (a) 0 hours, (b) 6 hours and (c) 24 hours as measured via Dynamic 

Light Scattering 
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Therefore, attractive hydrophobic forces became the more dominant stabilising interactions 

between neighbouring insulin species resulting in the formation of larger aggregates. 

The species formed upon full dissolution predominantly had an average hydrodynamic radius of 

between 2.5 nm and 3.0 nm (see Figure 8.12), indicative of an insulin hexamer according to 

literature values [370, 371, 381, 382]. The hexamer structure is comprised of three dimers, 

typically stabilised by two divalent metal cations (most prevalently Zn2+). In fact, the propensity 

to form hexamers relative to dimers being 400 times greater in the presence of the Zn2+ ions than 

in their absence [370]. Figure 8.12 does not show measurements recorded immediately after 

dissolution, due to the high variance in accordance with the incomplete dissolution as 

represented in Figure 8.11a. Furthermore, the species recorded for pH <6.5 are only those 

<5.0 nm with the larger aggregates excluded on account of the high degree of variance in their 

size and to focus on the relative difference in the oligomeric structures. Across the pH range, it 

can be observed that the largest species on average were detected in the pH 6.5−7.0 range. 

However, aside from at pH 6.0, where the concentration was lower due to the incomplete 

dissolution, the average sizes reported (~3.0 nm) appear to be approximately the size of (or 

slightly larger than) that of the hexamer. However, Das et al. also discuss the existence off-

pathway oligomer intermediates, which may be of a similar size to the hexamer species [310]. 

This suggests that the reduction in average radius as the pH was increased to pH 8.0 was due to 

the polydispersity of the results, with an increasing fraction of the sample population taking a 

smaller oligomer structure reducing the resultant average size reported. This was assumed to be 

the case since larger stable oligomeric structures of insulin have not commonly been reported. 

Additionally, there appeared to be little variation in the size of the species formed with sodium 

chloride concentration, implying that the relative stability of the apparent hexamer formed was 

not due to monovalent sodium ions but rather was a function of the concentration, charge state 

and the temperature. In fact, the primary difference in the conditions carried out in this 

experiment, relative to size exclusion data reported by Hvidt et al who recorded the presence of 
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predominantly dimers in a zinc-free environment [370], is the temperature being at 37 °C rather 

than at 21 °C. The results of this study contradict this since, whilst smaller species (Rh ~1.5-

2.0 nm) were present in some measurements (see Figure 8.10a), the average species size 

recorded of the polydisperse peak in the Zn2+ free environment was approximately that of the 

hexamer. Therefore, one of the following must be assumed to have caused the difference in 

result: 

1. The sample preparation method and experimental temperature resulted in a change of 

conformation that favoured the formation of a hexamer or a similarly sized off-pathway 

oligomer, as proposed by Das et al. [310], and not the dimer nor larger aggregates 

2. The sample insulin contained divalent metal cationic species such as zinc or calcium 

such that upon dissolution the concentration was sufficient to stabilise the formation of 

the hexamer species 

3. There was consistent error in the Zetasizer data processing software such that there was 

an overestimation of the species size by approximately 1 nm. (However, this seems highly 

unlikely given that DLS data aligned well with SEC data for liraglutide). 
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Figure 8.12: Plots of radius of insulin species (<5 nm) at 0.5 mg/mL concentration 

and 37 °C in various 20 mM sodium phosphate buffers simulating intestinal conditions (±10%) 

after (a) 6 hours and (b) 24 hours (±0.15 nm) 

8.3.2.2. Size Exclusion Chromatography 

Due to DLS measurements showing the presence of large aggregate samples and large 

oligomers, a TSKgel G3000SWXL size exclusion column, typically used for the analysis of 

monoclonal antibodies and large protein aggregates, was selected for analysis of insulin 
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aggregation. Furthermore, measurements were not taken at pH <6.5, due to the recurring 

presence of aggregates in DLS measurements and a resultant increase in column pressure 

during initial sample testing, suggesting that aggregates present may be blocking the column 

packing. Initial analysis of the size exclusion chromatography elution profiles of insulin samples 

incubated in various 20 mM sodium phosphate buffers at 37 °C, indicated similar results to DLS 

with a sharp main peak eluted after approximately 9.5 to 10 mL, followed by a much smaller peak 

at approximately 11.0-11.5 mL (see Figure 8.13 for an example elution profile). These peak ranges 

correlated to species with molecular weights in the range of 28-43 kDa and 8.2 kDa to 12.4 kDa, 

respectively. This was in good agreement with the DLS data, with the higher molecular weight 

species correlating to an oligomer in the 5-mer to 7-mer range and the smaller species accurately 

describing the dimer molecular weight (based on the molecular weight of a human insulin 

monomer being 5808 Da). 

 

Figure 8.13: Example SEC elution profile of 0.5 mg/mL insulin 

incubated in pH 7.0 20 mM sodium phosphate at 37 °C for 24 h (1.0 mL/min 50 mM pH 7.0 sodium 

phosphate + 150 mM sodium chloride) 

Size exclusion chromatography enabled a more accurate analysis of the non-aggregate species 

upon initial dissolution (see Figure 8.14a) due to the absence of the larger aggregate species 

either fragmenting due to the high-pressure shearing forces within the SEC column or not being 
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eluted at all. It was observed that upon initial dilution the hexamer species formed at higher pHs 

and lower sodium chloride conditions were larger in size, likely due to the stronger electrostatic 

repulsion forces between their dimer constituents, the theory of which was discussed in 

Section 2.3.6.1. Although, the structure formed may be an off-pathway oligomer as proposed by 

Das et al., the structure of which may shift with time or varying conditions [310]. However, after 

24 hours (see Figure 8.14c) incubation time the trend was in closer agreement with what was 

observed during DLS experiments with the largest species being observed at approximately 

pH 7.0. At higher pHs, the relative fraction of hexamers was smaller with an increased number of 

smaller species. This resulted in increased peak tailing and a shifted overall apparent peak time, 

and thus a smaller estimated species size. Conversely, at lower pHs the hexamer would likely be 

more stable due to the reduced repulsion forces of the peptides, resulting in a more compact 

structure and a smaller apparent hydrodynamic radius and hence a reduced species size. 

However, it should be noted that the variation may also be in part as a result of the standard 

measurement error which was approximately ±0.1 mL for the triplicate retention volume 

measurements or a molecular weight error of approximately ±2 kDa.
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Figure 8.14: Plots of SEC estimated molecular weights of 0.5 mg/mL insulin  

after being incubated at 37 °C under various simulated intestinal conditions for (a) 

0 hours, (b) 6 hours and (c) 24 hours (±0.8 kDa) 
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8.3.2.3. Self-Interaction Chromatography 

Insulin immobilisation was performed as in Section 5.2.3.1 with initial and final concentration of 

the peptide in the immobilisation solution being measured to be approximately 2.03 mg/mL and 

0.53 mg/mL by UV spectroscopy. This resulted in an estimated 7.50 ± 0.16 mg insulin 

immobilised onto the surface of 100 mg of resin (i.e. 75.0 ± 1.6 mg/g.resin), which represented a 

16.1% molar surface coverage of the surface tresyl-conjugated sites (assuming a one peptide per 

tresyl site). Raman spectroscopy confirmed that insulin had been immobilised onto the resin 

surface, with the same three small additional peaks being observed as for liraglutide. Since more 

insulin was immobilised onto the surface, it had been expected that the peaks would be clearer 

than for liraglutide, but, as may be seen in Figure 8.15, the additional peaks were perhaps even 

less distinct. Furthermore, an additional peak in the region of 425-550 cm-1 had been expected 

to be observed indicating the presence of the disulfide bond of which insulin has three. Its 

absence and the reduced peak sizes relative to liraglutide emphasises that peptide detection 

may be highly measurement site-dependent, especially given a measurement consisted of a grid 

of 16 sites and were repeated in triplicate across three separate beads. This was to be expected 

to a degree, due to a high percentage of the resin surface area being within the porous network 

of the resin rather than the external surface, meaning that the majority of the peptide would not 

have been on the surface readily available to be detected.  
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Figure 8.15: Averaged Raman spectra of tris-end-capped AF-Tresyl-650M resins with (red) and 

without (blue) insulin immobilised onto the surface 

The calculated and measured peptide, resin and column values required for the estimation of 

the second osmotic virial coefficient from the self-interaction chromatography retention 

volumes are tabulated in Table 8.1. The accessible surface area, φ1r, and the effective phase 

ratio, φ3r, were calculated through interpolation of reverse size exclusion data of Dextran 

molecules through the same resin as proposed by DePhillips et al. [214]. The surface density, ρs, 

and the peptide excluded volume, BHS, were calculated as outlined in Section 5.2.5.1.5. The 

insulin monomer hydrodynamic radius was an average of measurements reported in literature 

by Bromberg et al. [383] and Wang et al. [384]. 

Table 8.2: Calculated parameters applied in the calculation of the osmotic second virial coefficient 

(B22) of insulin 

Parameter Value 
Porosity (P) 0.811 

Accessible surface area, φ1r (m2 /mL) 21.2 
Effective phase ratio, φ3r (m2 /mL) 17.7 

Column Volume, V (mL) 0.177 
Peptide Molecular Weight, Mw (kDa) 5.81 

Peptide Monomer Radius, r (nm) 1.34 
Peptide Excluded Volume, BHS (mL) 3.99 x 10-20

 

Volume Immobilised, Vi (mL) 0.0310 
Surface Density, ρs (molecule/m2) 2.56 x 1017 
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0.1 mg/mL insulin samples in water were prepared and filtrated through 0.22 μm low-protein 

binding cellulose acetate filters for use as the injected sample. The aggregation state of the 

sample was checked at hourly intervals via dynamic light scattering. Initially monomers with a 

hydrodynamic radius of 1.26 nm were observed as outlined in Figure 8.16a. However, after 

approximately 10 hours, noticeable peaks with a hydrodynamic radius of 2.62 nm were observed, 

representing the initial formation of oligomers (see Figure 8.16b). Therefore, in future 

experiments the insulin sample was changed for a fresh sample after 10 hours minimise any 

observed elution behaviour changes that would be caused by the presence of oligomers.  

 

 

Figure 8.16: Example dynamic light scattering measurements of 0.1 mg/mL insulin in water 

self-interaction chromatography sample (a) immediately after dissolution and (b) after 6 hours (see 

Figure 12.13 in Supplementary Materials for correlograms) 
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Initial insulin dead column experiments were conducted to establish the interaction strength of 

the peptide with the end-capped stationary phase. As observed in the example elution profiles in 

Figure 8.17b, across the range of conditions the insulin eluted with an acceptable gaussian 

distribution. However, increasing retention was observed as the acidity of the mobile phase 

increased, with more peak tailing suggesting that it was a result of weak non-linear stationary 

phase interactions rather than the species being smaller and therefore size excluded to a lesser 

extent. This was supported by the fact that at pH <7.0 the insulin had a greater retention volume 

than acetone injections. Furthermore, as the acidity  increased, the injection profile detected by 

the pre-column spectrophotometer showed increasing peak splitting of the injected sample (see 

Figure 8.17a) suggesting the presence of poorly-diffusing, large aggregates. This hypothesis was 

supported by the decrease in the fraction eluted, estimated by comparing the peak area 

measured by the pre- and post-column detectors, at the more acidic pHs. At pH 8.0, the peak 

area ratio was 103% that of acetone, whilst at pH 7.0, where peak splitting began, it dropped to 

96.7%, and at pH 6.0 to 82.3%, suggesting a large fraction of the injected insulin was in the form 

of poorly eluting aggregates or a conformation that formed strong interactions with the end-

capped resin surface.  
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Figure 8.17: Dead column (a) injection and (b) elution profiles of 0.1 mg/mL insulin 

(unlabelled) or 2% v/v Acetone  

with 20 mM sodium phosphate mobile phases at example pHs to simulate the intestinal 

environment at 37 °C and a flowrate of 0.05 mL/min 

Upon completion of column packing with insulin-fixated AF-tresyl-650M beads and thorough 

flushing, initial packing quality analysis was performed. Injections of 2% Acetone showed that 

the column was well-packed with a Gaussian peak with minimal tailing and a tailing factor of 

between 0.95 and 1.05. However, by contrast insulin elution varied significantly with mobile 

phase acidity as observed in Figure 8.18. At pH <7.0, there was an absence of an elution profile 

peak, indicating that the insulin injected, observed in the pre-column detector, was fully retained 

in the column, suggesting very strong interactions with the stationary phase functionalised 

insulin. This retention behaviour was confirmed when large elution peaks were observed when 

0 0.25 0.5 0.75 1 1.25 1.5

N
o

rm
a

li
se

d
 I

n
te

n
si

ty

Elution Volume (mL)

0 0.25 0.5 0.75 1 1.25 1.5

N
o
rm

a
li

se
d

 I
n

te
n

si
ty

Elution Volume (mL)

pH6.0 pH7.0 pH8.0 Acetone (pH6.0)

(a) 

(b) 



Page 205 
 

the column was flushed with pH 8.0 mobile phase prior to the subsequent study condition, 

releasing the strongly retained species. The strength of retention interactions decreased 

significantly as the mobile phase acidity decreased from pH 7.0 to pH 8.0, indicated by narrowing 

peaks with lower retention volumes in Figure 8.18. This was likely on account of a change in 

charge state of His-B10 and His-B5 (pKa~6.0), resulting in a change in conformation of the 

stationary phase monomers or mobile phase species, resulting in weaker peptide-peptide 

interactions. Protonation of the His-B10 residue has previously been suggested to result in 

electrostatic repulsions between adjacent monomers in insulin aggregate species [315]. 

Furthermore, peak-splitting was observed between pH 7.0 and pH 7.5, despite the injection 

profiles being similar to those observed during the dead column experiments, suggesting that the 

high concentration of insulin immobilised on the resin surface assisted in the formation of larger 

oligomer or aggregate structures. These species were either eluted first due to being size-

excluded from the porous resin structure upon their formation, having less available surface 

immobilised insulin with which to interact or, due to having a slow formation time, were eluted 

more slowly than species retaining the initial injected conformation. However, at pH 8.0, due to 

the increased charge of the insulin species at the higher basicity (further from its isoelectric 

point), the stronger electrostatic repulsion forces resulted in weaker peptide-peptide 

interactions and thus a shorter retention time with an acceptable gaussian peak, as would be 

expected for a poorly-retained sample. Due to the absence of peak-splitting at pH 8.0, it can be 

assumed that its cause was not due to column overloading or column voids, as it would have 

been observed at all conditions. Therefore, it was assumed to be due to the presence of multiple 

conformational forms of the mobile phase peptide. Nevertheless, there was a high tailing factor 

in the range of 1.6-1.8, indicating that the analyte peptide interactions with the stationary phase 

insulin were non-linear.  
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Figure 8.18: Example elution profiles of 0.1 mg/mL insulin through an insulin fixated AF-Tresyl-

650M packed column 

with 20 mM sodium phosphate mobile phases at various pHs to simulate the intestinal environment at 

37 °C and a flowrate of 0.05 mL/min 

Due to the absence of an elution peak for conditions pH <7.0, the second osmotic virial 

coefficient (B22) could not be reasonably estimated using self-interaction chromatography under 

these conditions as the value produced was negative infinity. Furthermore, due to the large 

difference in retention volumes between pH 7.0 and pH 8.0, the resultant B22 values differed by 

orders of magnitude and therefore were not all plotted on one chart, since the trends in variance 

with changing salt concentration would be lost. Furthermore, due to the peak-splitting observed 

between pH 7.0 and pH 7.5, the second osmotic virial coefficient was calculated for both peaks 

to analyse if these peaks represented two different peptide conformations and the different 

trends in their interaction strength with the immobilised monomer.  

As may be observed in Figure 8.19a and b, the two peaks observed at pH 7.0 and pH 7.5, 

displayed very similar trends in their second osmotic virial coefficients with changing salt 

concentration: increasing salt concentration showed stronger peptide-peptide interactions 

(more negative B22 values) due to increased charge shielding and so reduced electrostatic 
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repulsion between peptides. The second peak’s value was more negative due to its higher 

retention volume, inherent with it being the second peak, but this difference in value remained 

relatively constant with changing sodium chloride concentration. This suggests that the ionic 

strength of the mobile phase affected the interaction strength of the two different mobile phase 

peptide conformations with the immobilised peptide by not the same relative amount but the 

same amount. Therefore, the two peaks shift overall as one peak with changing salt 

concentration, with little change in the relative splitting of the peak, implying that the mobile 

phase insulin had one conformation injected, some of which formed a second conformation 

upon interaction with the stationary phase insulin. This species was size excluded upon 

formation, hence changes in salinity have the same effect on interaction strength, as it was the 

same initial conformational species. Nevertheless, despite this the aggregational propensity 

(scale of the negativity of the B22 value), as observed in the scales in Figure 8.14a-c, appeared to 

be predominantly pH-dependent, with the salt concentration accounting for only minor 

differences. However, at pH 8.0, the effects of salt concentration were in complete contradiction 

to those at more acidic conditions, with increasing concentrations of sodium chloride resulting 

in more positive B22 values. This indicated that the immobilised or mobile phase insulin 

conformation changed as the pH increased from pH 7.5 to pH 8.0, likely caused by a 

deprotonation of the B1-Phe N-terminal amino group. The pH is too high for the structural change 

to be cause by protonation of Histidine groups as discussed by Noormagi et al. [315]. The 

resultant structure was perhaps such that the increase in Cl- ions between 0 mM and 50 mM 

more effectively shielded the remaining local positively charged A1-Gly, B22-Arg and B29-Lys 

groups than the Na+ groups shielded local negatively charge groups. Therefore, the result was 

that there was an overall net increase in electrostatic repulsion between the immobilised and 

mobile phase peptide groups reducing retention volume and so estimated B22 value. 
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Figure 8.19: Plots of the change in the second virial coefficient of insulin with NaCl 

concentration  

at (a) pH 7.0, (b) pH 7.5 and (c) pH 8.0 as measured via self-interaction chromatography (177 μL 

column, 0.05 mL/min flowrate, 20 mM sodium phosphate mobile phase, Temperature 37 °C) 
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8.4. Conclusions 

The physical stability of liraglutide and insulin were measured under a range of simulated 

intestinal conditions from pH 6.0-8.0 and varying sodium chloride concentrations from 0-50 mM. 

DLS was applied to measure the radius of the species, which were correlated to molecular 

weights using SEC. The results were then compared to SIC measurements of the peptides’ 

second osmotic virial coefficient (B22). 

Liraglutide was observed to form 12- or 13-mers with a radius of 3.0-3.5 nm instantaneously upon 

dissolution. However, repeated measurements made after incubation times of 6 hours and 24 

hours found that at pH ≥7.0, the radius of the species began to decrease suggesting the 

oligomers began to transition to form 8-mers. Conversely, B22 values measured via SIC showed 

the opposite trend, with positive values at pH <7.0 indicating stability, and negative values at pH 

≥7.0. This was suggested to be due to the B22 measurements indicating the interaction strengths 

between the monomer and the two different oligomers. The effect of sodium chloride 

concentration by contrast seemed to be much less than that of pH. 

Insulin was observed to be poorly soluble forming large aggregates at pH <6.5, whilst almost 

entirely forming oligomers at all other conditions, predominantly hexamers with a radius 

between 2.5 nm and 3.0 nm. These hexamers were observed to be most stable under more basic 

conditions with sodium chloride concentration not having a major effect on their size. SIC 

measurements were only obtainable at pH ≥7.0 due to poor elution quality and were highly 

negative indicating a high propensity to aggregate, which was observed by the formation of 

oligomers at all conditions. However, the trends did not align well with what was observed via 

DLS and SEC. 

The overall results indicated that SIC can be a useful tool for outlining the trends in physical 

behaviour of the peptides under simulated intestinal conditions. However, in this current state it 

requires prior detailed understanding of the aggregation behaviour of the peptide in order to 
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interpret the results. Therefore, unless reduced concentrations or formulations which maintain 

the monomeric structure of the peptide are employed, the method is likely not the most well-

suited for studying readily aggregating or oligomerising peptides under a wide range of 

conditions.  
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CHAPTER 9  

9. GASTRIC PROTEOLYTIC DIGESTION OF 

PEPTIDES VIA IMMOBILISED PEPSIN REACTORS 

9.1. Introduction 

Gastric delivery is not the typical route targeted by oral drug formulations primarily for three 

reasons: the wall of the gastric mucosa is thick thereby limiting the rate of drug absorption; the 

stomach itself has a low absorption area to volume ratio with a surface area of approximately 

0.1 m2 [226], resulting in a low concentration gradient for absorption;  the highly acidic gastric 

conditions averaging pH <2 [229] under fasted conditions  are not ideal for long term stability nor 

ensuring high hydrophobicity, and so drug permeability. Therefore, to bypass these constraints 

and target intestinal delivery, formulation strategies aim to protect the active pharmaceutical 

ingredient (API) from the gastrointestinal (GI) environment. Such strategies include enteric 

coatings which are typically composed of pH-dependent polymers, which maintain their 

structure at low pH but upon exposure to increased pH, dissolve to release the API payload [50]. 

Similarly, in oral peptide drug delivery research, a sodium alginate and calcium chloride hydrogel 

was shown by Ren et al to effectively shield insulin from the harshly acidic gastric conditions 

[385]. Nevertheless, since of the approximately 10 orally delivered peptide therapeutics 

available, only the oral formulation of semaglutide, Rybelsus, perhaps the most prevalent within 

media currently, targets a gastric absorption pathway. Understanding the barriers that the gastric 

conditions may provide to oral peptide therapeutic absorption remains of relevant research 

importance [68]. Included within these barriers to the gastric delivery of oral peptide drugs are 

the proteolytic enzymes present within the stomach, which act to degrade proteins and peptides 

into smaller peptides and amino acids. The primary of these enzymes is pepsin which is secreted 
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by gastric chief cells and mainly functions as an endopeptidase cleaving at the carboxyl side of 

hydrophobic residues as discussed in Section 5.1.5 [40].  

Therefore, developing methods to measure the rate of peptide proteolytic degradation under 

simulated gastric conditions for therapeutic peptides targeting gastric peptide delivery remains 

of importance within research. Typically, the rate of proteolytic digestion of sample proteins or 

peptides is measured in solution via exposing the specific substrate to pepsin under gastric 

conditions followed by timepoint sampling and immediate deactivation of the enzyme via 

precipitation, prior to centrifugation and further analysis [259].  One of the drawbacks of this 

technique is the fact that pepsin, being a protein, has a similar structure to the substrate peptides 

and proteins, and so will likely precipitate under similar conditions, thereby resulting in either 

incomplete separation or product loss prior to analysis at insufficient or excessive precipitant 

concentrations, respectively. The use of immobilised enzymes in a packed bed reactor set-up 

removes the necessity for post reaction separation or time-controlled sampling, since, provided 

there is minimal sample resin interaction. The flowrate dictates the residence time and 

automatically separates the substrate from the enzyme. Additionally, immobilisation of the 

enzymes allows their repeated reusage under identical conditions whilst maintaining their 

activity [386] potentially reducing experimental error. Moreover, they may also show greatly 

improved stability with a storage time of 3-6 months [250]. The major drawbacks, however, are 

that immobilisation may result in a reduction in activity or change in selectivity of the enzyme, 

thereby rendering the immobilised enzyme as an inferior model to solution reactions [250]. 

However, previously developed immobilised pepsin reactors have been shown to maintain 

reasonable activity and maintain similar selectivity [348, 386-388].  

Immobilised pepsin reactors have been used sparingly in the field for studying the stability of oral 

peptide therapeutics targeting gastric delivery. Nevertheless, workflows have previously been 

described to develop successful immobilised enzyme reactors, specifically focussing on 
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matching enzymes and resins based on their properties [389]. Therefore, three primary aims were 

established for the work carried out in this Chapter: to establish a method of pepsin 

immobilisation that enable high pepsin loadings onto a resin suitable for prolonged exposure to 

the harsh simulated gastric environments; to determine qualitatively and quantitatively how 

immobilisation affected, most importantly, the selectivity, but also the activity and stability of the 

enzyme; and finally, to examine the peptide-dependency of the proteolytic activity of pepsin in a 

mock study. This current work aims to build upon previous work carried out using immobilised 

pepsin reactors, but attempts to develop an improved immobilisation procedure and 

methodology.  

9.2. Materials and methods 

All experiments in this Chapter were carried out using a propylamino silica resin as described in 

Section 5.1.7. Within the same section, descriptions of the monoethanolamine, glutaraldehyde, 

potassium phosphate, sodium sulfate, sodium citrate, citric acid, hydrochloric acid and formic 

acid used are described as well as the buffer preparation procedure. Additionally, the porcine 

pepsin used as the proteolytic species throughout is that which is described in Section 5.1.5, 

whilst all the substrate peptides are described in Sections 5.1.1 - 5.1.4.  

Pepsin immobilisation and resin end-capping procedures were performed as outlined in 

Sections 5.2.3.3 and 5.2.3.4. Raman Spectroscopy of the resin surface was carried out as in 

5.2.3.5. The column packing procedures are outlined in Section 5.2.4.2. Chromatographic 

experiments were carried out on a Nexera high-performance liquid chromatography (HPLC) 

system from Shimadzu, the configuration of which is described in 5.2.1. The immobilised and 

solution pepsin reactions were performed as outlined in Sections 5.2.6.1 and 5.2.6.2, 

respectively. Liquid chromatography-mass spectrometry (LC-MS) analysis of the degradation 

products was performed as outlined in Section 5.2.6.3. 
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9.3. Resin selection and pepsin immobilisation 

Covalent immobilisation via the surface amine groups onto the resin particles was selected as 

the preferred strategy for the immobilisation of porcine pepsin primarily due to the ease with 

which orientation of the enzyme may be controlled to ensure accessibility of the active site. As 

may be observed in Section 5.1.5, the only surface arginine, lysine and N-terminal residues of 

porcine pepsin are all located on the opposite side of its 3-dimensional conformation to the 

active site. Therefore, immobilisation via these groups ensures the active sites are orientated 

towards the mobile phase and available for substrate interaction. Moreover, a Schiff’s base 

mechanism of immobilisation allows for these surface amine groups to be targeted during 

immobilisation without operating at conditions that would result in denaturation of pepsin. The 

additional reasons for choosing a covalent immobilisation strategy are the increased stability it 

provides relative to other immobilisation strategies [270] and the prior expertise that the Surfaces 

and Particle Engineering Laboratory (SPEL)  at Imperial College has in protein immobilisation.  

There are three primary desired properties of a resin for use as the support phase of an 

immobilised pepsin reactor: first and most importantly, stability under the highly acidic 

simulated gastric conditions to which it will be consistently exposed; second, a surface that will 

interact minimally with substrate peptides under the aforementioned conditions; third, high 

porosity and surface coverage to allow for high loading of sterically available and active enzyme 

species. Typical polymer resins used as substrates for enzyme immobilisation are comprised of 

polymeric matrices, such as the styrene-divinylbenzene copolymer from Sunresin or the 

methacrylate resins from Purolite. These resins, whilst being highly non-interactive, typically 

have a stability range from pH 3-10, which is not sufficient for gastric condition testing. Therefore, 

a propylamino-silica resin was selected as it fulfilled the previous desired criteria: first, silica is 

highly stable under a wide range of conditions including resistant to acidic conditions; second, 

given the lowest pKa values of chromatographic silanol groups is estimated to be in the 3.5-4.6 

range, since the operating pH is lower, the groups will be protonated and provide reduced relative 
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interactions; third, the resin selected had a high amine loading of 1 mmol/g with a surface area 

of 550 m2/g and a microporous structure with a pore size of 60 Å. In addition to this, the silanol 

groups that may remain available during immobilisation, may provide additional sites for 

physisorption, as is the primary route of immobilisation for enzymes onto mesoporous silicates, 

and thus increase potential pepsin loading [389].  

Initial immobilisation experiments were conducted in triplicate and resulted in an average pepsin 

coverage of 185 mg/g.resin ± 5.4 mg/g.resin according to the change in concentration of the 

reaction solution as measured via UV-Vis spectroscopy. This constituted a molar surface 

coverage of only 0.54% of the available surface amino groups. Raman spectroscopic analysis of 

the resin surface was subsequently carried out, after the resin was sufficiently washed and dried 

to remove any potential physisorbed enzyme, to confirm the competition of a covalent 

immobilisation reaction. The results comparing a Glutaraldehyde-activated (without subsequent 

pepsin immobilisation) and pepsin-functionalised propylamino silica resins are outlined in 

Figure 9.1. There were two primary differences between the two spectra: first, the presence of a 

small peak at approximately 1650 cm-1 in the glutaraldehyde-fixated spectrum, representing the 

C=N of the imine bond formed between glutaraldehyde and the amine surface group; second, 

the presence of the large peak at approximately 990 cm-1, due to aromatic breathing vibrations, 

indicating the presence of Phe, Tyr or Trp residues. The imine bond peak was absent from the 

pepsin-functionalised resin, which is expected due to its degradation to an amine via NaCNBH3. 

However, it would have been expected that there would be a small amide bond peak in a similar 

location. Nevertheless, the spectra provided clear confirmation of completion of the 

immobilisation reaction. 
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Figure 9.1: Raman Spectra of Glutaraldehyde-activated and pepsin-functionalised propylamino 

silica resin 

with labelled peaks to establish completion of reaction 

9.4. Initial qualitative analysis of immobilised pepsin activity 

After packing approximately 0.45 g (±0.01 g) resin into the column (approximately 0.341 mL 

empty volume), initial experiments aimed to first establish that the immobilised pepsin had 

maintained activity and that the activity observed was qualitatively similar to that in solution 

reactions. Therefore, the reversed-phase high-performance liquid chromatography (RP-HPLC) 

peptide retention standards (see Section 5.1.3) were selected as qualitative reference standards 

for the proteolytic activity of the immobilised pepsin. This selection was made due to the fact that 

pepsin, as discussed in Section 5.1.5, is an endopeptidase, the action of which is specifically 

promoted via the presence of aromatic or hydrophobic residues, including Leucine. Therefore, 

with the increasing Leucine content within the peptide structure from P1 to P6, an increasing rate 

of proteolytic degradation would be expected, due to the increasing number of proteolytic sites. 

However, due to the decreasing length of the peptide chain from P1 to P5 and pepsin’s 

preference to bind to seven-residue sequence sites, the sequences may allow for investigation 

of this aspect. Finally, P2-P6 each also contain a Phenylalanine group at the penultimate residue, 

since pepsin is an endopeptidase and the C-terminal is an arginine group which due to its positive 
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charge may inhibit the proteolytic rate, it would not be expected for this group to react. However, 

P1 does not contain this Phenylalanine group and therefore may be used as a comparison to P2 

in this event. Based on these reasons, this hydrophobic peptide library was deemed a suitable 

selection for analysing the qualitative activity of the immobilised pepsin relative to in solution. 

Each were first eluted at 0.1 mL/min through a column packed with propylamino-silica end-

capped with ethanolamine (hereafter referred to as a dead column) but without pepsin 

functionalisation to establish whether the peptides were eluted through the resin without any 

reaction or shearing, which may be conflated with proteolytic degradation. Mass spectra of the 

collected fractions were then compared to that of the pure diluted peptides. 
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Figure 9.2: Mass spectra of hydrophobicity standard peptides P1-P6 (A-F) 

with subscript 1 representing the pure initial sample dissolved in pH 2.0 formic acid and subscript 2 

the sample after elution through a 30 mm L x 4.6 mm ID column packed with end-capped 

propylamino-silica resin at 0.1 mL/min in pH 2.0 HCl 

For each of the hydrophobicity standard peptides, a single peak was observed for both the initial 

sample and after elution through a dead column. The mass spectra corresponding to these peaks 

are illustrated in Figure 9.2. The initial observation from each of these spectra is that the peptides 

fragmented during the nanoelectrospray ionisation process. This was confirmed by the fact that 

each of the peaks corresponded to a fragment of the peptide sequences, but were coeluted with 

the peptide through the PepMap C18 column, confirming that they were not present in the 

original sample. The primary peak in each mass spectrum was the [M+2H]2+ peak clearly 

D1 

F1 

E1 E2 

F2 

D2 



Page 219 
 

indicating the peptide sample, whilst the fragment peaks were each present in the MS2 spectra. 

Nevertheless, this may have complicated future spectral analysis of the proteolysis of peptides 

in the event that a degradation product coeluted with the original peptide substrate. However, 

when comparing the samples eluted through the dead column to the initial samples mass 

spectra, the fragmentation patterns remained relatively consistent. Therefore, due to this 

consistency, a significant change in these fragmentation patterns may be reasonably considered 

as the result of the coelution of proteolytic degradation products. Furthermore, the lack of 

difference between the mass spectra and the observation of only a single elution peak illustrates 

that the dead column resin alone did not react or catalyse any reaction involving the peptide 

substrates which resulted in the changes in molecular weight. 

As previously mentioned in Section 9.3, an initial pepsin immobilisation procedure was carried 

out resulting in 0.5 g of resin with a surface coverage of approximately 185 ± 5.4 mg/g.resin 

pepsin as determined via UV-Vis spectroscopic concentration measurements of the reaction 

solution. This resulted in a column with approximately 83.4 mg (± 1.5 mg) pepsin at a 

concentration of 245 mg/mL (± 8.1 mg/mL). Initial injections of the peptide substrates were 

carried out to establish whether any reaction was observed, and any qualitative trends were 

captured by the immobilised pepsin column. For each of P1-P3 peptides only one clear peak was 

eluted, the mass spectra of which are outlined in Figure 9.3. As may be noted from the similarity 

of the results in Figure 9.2, it was clear that the immobilised pepsin caused no observable 

proteolytic degradation of the mobile phase P1-P3 peptide substrates. This aligned well with 

experiments in solution which similarly showed no reaction of the same peptide substrates even 

after 30 minutes of reaction, as also illustrated in Figure 9.3. This was expected proteolytic 

behaviour as P1, P2 and P3, the most hydrophilic of the hydrophobicity standard library, have the 

fewest leucine residues which are susceptible to degradation from pepsin and emphasised that 

the immobilisation of pepsin via this method did not result in a drastic decrease in specificity. 

The only primary difference in the spectra being the reduced sample to noise ratio of the post-
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solution reaction P1 spectra. This was due to the high hydrophilicity  of P1 and the increased 

hydrophobicity of the injection solution (80% ethanol for pepsin precipitation) into the LC-MS 

resulting in a lower fraction of the sample being concentrated in the PepMap trap column. This 

change in injection solution also explains the difference in the relative fragmentation patterns 

and charge distribution of the peptide within the mobile phase of the solution-reaction mass 

spectra relative to those previously in Figure 9.2 and the column-reaction spectra. 

  

  

  

Figure 9.3: Mass spectra of P1-P3 (A-C)  

after elution at 0.1 mL/min in pH 2.0 HCl through a 30 mm L x 4.6 mm internal diameter (ID) column 

packed with silica resin functionalised with 185 mg/g.resin pepsin (subscript 1) and after 30 minutes 

of reaction at 0.1 mg/mL in 0.5 mg/mL pepsin solution in pH 2.0 HCl (subscript 2) 
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By contrast P5 and P6 showed complete reaction after 30 minutes incubation solution and after 

elution at 0.1 mL/min through the immobilised pepsin reactor with insufficient remaining 

substrate to readily discern from spectral noise. The labelled base peaks for P5 and P6 for each 

condition are outlined in Figure 9.4. (Henceforth, due to the number of mass spectra, base peaks 

with labelled peaks shall primarily be presented). It should be noted that whilst the LDFR and 

LLDFR groups in Figure 9.4A1 and Figure 9.4B2 respectively appear to be mislabelled, since both 

m/z values refer to the sequences with one fewer Leucine residues, in fact both short peptides 

also fragmented during the nanoelectrospray ionisation process. This resulted in the fragment 

without one Leucine (approx. -113.1 m/z) being the major peak in both cases. The mass spectra 

of the two peaks are outlined in Figure 9.5. For both peptides, as would be expected, both the 

immobilised and free pepsin preferentially cleaved with Leucine at the P1 position (see Section 

5.1.5 for reference) and more specifically at an internal residue site, since pepsin is an 

endopeptidase. This was exemplified by the primary peaks for the P5 proteolytic degradation 

products being that of the tri- and tetra-Leucine peptides (see Figure 9.4A). However, the 

corresponding DFR and (in the case of the free enzyme reaction and both P6 degradation sets) 

the LDFR peptides were not observed as readily. For the DFR tripeptide, this was suggested to be 

due to the fact that it is relatively hydrophilic and therefore was less readily concentrated in the 

PepMap C18 trap column. However, for the LDFR peptide, this may have also been the case for 

the solution reactions but due to the increased hydrophobicity of the injection solvent the sample 

may have less readily been retained in the column. Additionally, the tetrapeptide may have been 

lost during the pepsin precipitation procedure due to its increased hydrophilicity. The limitations 

of the Velos Pro setup are that it was poorer at identifying peaks with an m/z value significantly 

less than 200, despite having a range of 50 to 2000, due to the increased noise. However, despite 

Leucine monomer peaks being indeterminable, due to the absence of their C-terminal partner 

fragments from the mass spectra, it could safely be assumed that neither the immobilised nor 

free pepsin readily degraded P5 or P6 at that position or any other unobserved fragment position. 



Page 222 
 

Therefore, despite the relative abundance of the various fragments differing between the 

immobilised and solution degradation products, due to the presence of the same proteolytic 

degradation products within each sample, it could be concluded that there was not a significant 

change in the selectivity of pepsin upon immobilisation via this method. The difference in relative 

abundances may have been in part due to the more complex procedure required for solution 

reactions. 

  

  

Figure 9.4: Mass spectra of P5-P6 (A-B) 

after elution at 0.1 mL/min in pH 2.0 HCl through a 30 mm L x 4.6 mm ID column packed with silica 

resin functionalised with 185 mg/g.resin pepsin (subscript 1) and after 30 minutes of reaction at 

0.1 mg/mL in 0.5 mg/mL pepsin solution in pH 2.0 HCl (subscript 2) 
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Figure 9.5: Mass spectra to illustrate the fragmentation patterns of proteolytic degradation 

products  

(A) LDFR from P5 and (B) LLDFR from P6 highlighting that the primary peak is not the same as the 

[M+H] +peak 

P4 by contrast showed very minimal proteolytic degradation at pH 2.0 after both elution at 

0.1 mL/min (approx. 3.5 minute reaction time) through the immobilised enzyme column and after 

exposure at 0.1 mg/mL to 0.5 mg/mL pepsin solution for 30 minutes. Under both conditions, a 

split peak was observed which predominantly consisted of the original peptide in both parts of 

the peak, as represented in Figure 9.6. However, in the second peak in both cases, there was an 

additional fragment with an m/z of 587.6, which corresponded to the first 6 residues of the 

octamer as highlighted in Figure 9.6A2 and Figure 9.6B2. This difference may be noted by 

comparison to the spectra displayed in Figure 9.2D1 and D2, in which this additional mass 

fragment was absent. From this, two qualitative conclusions may be drawn. Firstly, Glycine at 

the P1′ position inhibited the proteolytic cleavage at the Leu-3 residue relative to Asp at the P1′ in 

P5 and P6, resulting in no tri-Leucine product being observed. Secondly, whilst the relative 

amount of reaction in the immobilised column was lower, the same observation of very limited 

reaction was still observed, highlighting that the immobilisation procedure resulted in no 

significant reduction in selectivity of the enzyme. Since there was significantly more pepsin 

within the immobilised column relative to free solution but the reaction time was significantly 

shorter, initial observations were purely qualitative hence there is no mention of the relative 

activity of the enzyme. 

A B 
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Figure 9.6: The LC-MS base peak profiles of the pepsin proteolytic degradation profiles of P4 

(1) after elution at 0.1 mL/min in pH 2.0 HCl through a 30 mm L x 4.6 mm ID column packed with 

silica resin functionalised with 185 mg/g.resin pepsin (A) and after 30 minutes of reaction at 0.1 

mg/mL in 0.5 mg/mL pepsin solution in pH 2.0 HCl (B) with the mass spectrum of the second half of 

the split peak (2) highlighting the different m/z value 

9.5. Expanding to a complex peptide structure - Semaglutide 

After establishing that the proteolytic degradation selectivity of the immobilised pepsin 

qualitatively exhibited similar behaviour to that of the free enzyme for a library of simple peptides 

with primarily Leucine target sites, it was necessary to briefly assess the immobilised pepsin 

performance with a more complex structure. Semaglutide was selected due to its prevalence 

within research interest at the current time and due to the glucagon-like peptide-1 (GLP-1) 

analogue sequence containing an expected seven residue sites susceptible to proteolytic 

cleavage, which may be increased or decreased by the presence of the stearic acid side chain. 

Similar to P1-P6, semaglutide was first eluted through a dead column to ensure that there was 

no structural degradation during the experimental process other than proteolytic cleavage. The 

mass spectra of the collected dead column fractions and of the diluted original peptide solution 
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are illustrated in Figure 9.7. Unlike P1-P6, semaglutide did not fractionate under the LC-MS 

operating conditions, with two peaks representing the [M+3H]3+ and [M+4H]4+ primarily being 

observed, the former being the more prominent.  

  

Figure 9.7: Mass Spectra of semaglutide 

(A) diluted in 0.6 M pH 2.0 formic acid and (B) after elution 0.1 mg/mL through an end-capped 

propylamino silica packed column at 37 °C and 0.1 mL/min in 0.6 M pH 2.0 formic acid 

Unlike for P1-P6, the comparison between the activity of the free and immobilised enzyme 

experiments required more detailed analysis. This was for two primary reasons: firstly, due to the 

increased size and complexity of the peptide structure, differences in the selectivity of the 

enzymes would result in drastically different degradation product distributions, whilst secondly, 

due to the difference in product separation required for free enzyme reactions, some products 

may have been lost to a greater extent than others, thereby affecting the relative product 

distributions. The first of these issues may compromise the ability of the setup to be used as a 

strategy to replace free enzyme analysis of peptide degradation stability, whilst the latter may 

actually represent why the setup is an improvement. However, there may be difficulty in 

differentiating the two.  

Example mass spectrometry (MS) base peaks of the free and immobilised pepsin proteolytic 

degradation products of semaglutide are shown in Figure 9.8. What was immediately observed 

was the difference between the two elution profiles, with the immobilised enzyme degradation 

products displaying more identifiable peaks. In particular the profile of the 1062.9/532.4 peak in 

A B 
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the elution profile of the free enzyme degradation products was significantly more noisy. (The 

difference in the charge of this peak was associated with the higher acidity of the immobilised 

enzyme sample, since it did not require base neutralisation nor enzyme precipitation with 

ethanol). This peak in fact correlated to an Ala-25 - Glu-27 fragment, the smallest species 

containing the lipid side chain, hence it being the latest eluted from the reversed-phase liquid 

chromatography (RPLC) column. Additionally, this was suggested to be the cause for the 

staccato peak, as  the species was being poorly nebulised on account of its lower volatility 

relative to the solvent. However, upon closer viewing of the spectra, what was noticed was that 

both contained the 626.8 (His-7 – Ser-18), 708.3 (His-7– Tyr-19) and 536.5 (Phe-28 – Trp-31) m/z 

peaks in addition to the aforementioned Ala-25 - Glu-27 fragment, with each exhibiting similar 

relative peak heights proportional to each other. In fact, three primary peaks were observed to be 

missing from Figure 9.8A which were present in Figure 9.8B, namely those pertaining to m/z 

values of 675.6 (His-7 – Phe-12), 458.2 (Ala-24 – Gly-31) and 453.5 (Phe-12 – Tyr-19). (Other 

fragments were also eluted but were coeluted with others such that they were never the 

dominant peak, hence the presence of broad overlapping peaks in each spectrum). Given the 

presence of the His-7 - Tyr-19 fragment in both spectra, it seemed unlikely that both the His-7 – 

Phe-12 and the Phe-12 – Tyr-19 fragments were both lost during the free enzyme precipitation, 

centrifugation and filtration processes. Therefore, appeared that the immobilised enzyme 

showed higher proclivity to cleave semaglutide at the Thr-Phe and Phe-Thr sites relative to the 

free enzyme. However, this did not explain why the relative abundance of the Phe-12 – Tyr-19 

fragments relative to the other fragments present in both spectra remained relatively unchanged, 

unless equivalent amounts of each other peak were lost during the separation process too.  
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Figure 9.8: Example LC-MS base peaks of proteolytic degradation products of 0.1 mg/mL 

semaglutide 

by (A) 0.5 mg/mL free pepsin for 5 minutes and (B) immobilised pepsin at 37 °C and in pH 2.0 HCl at 

0.1 mL/min (highlighted only 20-28 min elution time for peak clarity) 

Timepoint analysis of the solution reaction and varied flowrate analysis for the immobilised 

pepsin reactions for the various peaks observed for both conditions was carried out to establish 

whether the reaction profiles for each product and the initial sample were similar. From those 

results, it may be possible to determine whether any unobserved products from the free enzyme 

reactions were being lost or were not being produced. Therefore, three fragment m/z values were 

selected in addition to the unreacted semaglutide to analyse their relative formation and 

degradation kinetics. The three selected fragments were Ala-25 – Glu-27, as initial analysis of the 

various peaks present had established that it was a peak present in both samples that was not 

further degraded after initial reaction; His-7 – Ser-18, as previously discussed, it was present in 

both spectra but also contained the His-7 – Phe-12 fragment absent from the free pepsin product 

profiles, and finally, His-7 – Ala-24, as similarly it contained both peaks absent from the free 

pepsin product profiles, but also was more prevalent in the free enzyme samples.  

As may be observed in Figure 9.9, the profiles of the substrate and products previously specified 

followed similar but not identical trends. Two general observations were immediately apparent. 

Firstly, product fragment fractions did not reach as high a relative abundance for the immobilised 

pepsin proteolysis (Figure 9.9B) than the free enzyme (Figure 9.9A). This was on account of other 

peaks that had higher relative abundances which were observed in the immobilised pepsin 

A B 
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product samples but not the free enzyme sample, as discussed previously. These may be 

observed in Figure 9.8. Secondly, the trends for the 7-18 and 7-24 product profiles appeared to 

be relatively produced and degraded at a much higher rate for the immobilised pepsin than the 

free enzyme solution. However, the relative abundance of the 25-27 fragment increased at a 

much slower rate by comparison. By contrast, the degradation of semaglutide itself followed a 

highly similar trajectory. These factors are all explained again by high and increasing relative 

abundances of fragments which were not present in the free enzyme spectra (see Figure 9.10 for 

example production profiles of two of these species).  This caused lower relative amounts of all 

samples, resulting in more rapid reduction in 7-18 and 7-24 fragments and slower relative 

increase in the 25-27 fragment. However, this may have also been coupled with greater rates of 

reaction for the immobilised pepsin for the 7-18 and 7-24 fragments, since the 7-24 fragment was 

no longer observed after a space time of 80 s. However, the relative rate of reduction of the 

abundance of the m/z relating to semaglutide would have been expected to be higher too if this 

were solely the case.  
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Figure 9.9: Reaction profiles of semaglutide and three of its proteolytic degradation fragments 

upon exposure of 0.1 mg/mL semaglutide at 37 °C and in pH 2.0 HCl to (A) 0.5 mg/mL pepsin and (B) 

elution through a 0.34 mL immobilised pepsin reactor at various flowrates 

A 

B 
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Figure 9.10: Reaction profiles of two of the proteolytic degradation fragments of semaglutide 

upon elution of 0.1 mg/mL semaglutide at 37 °C and in pH 2.0 HCl through a 0.34 mL immobilised 

pepsin reactor at various flowrates 

As may be observed in Figure 9.9B and Figure 9.10, the degradation of His-7 – Ser-18 and His-7 – 

Ala-24 correlated very well with the formation of fragments His-7 – Phe-12 and Tyr-19 – Ala-24, 

respectively. The latter two smaller fragments were not observed at all upon elution of 

semaglutide at 1 mL/min (~20 s spacetime). Conversely, at the same flowrate, the larger 

fragments, the presence of which was partially dependent on the low rate of formation of the 

smaller fragments, were observed in their highest relative abundances. However, in Figure 9.9A, 

it may be observed that the relative abundance of both the His-7 – Ser-18 and His-7 – Ala-24 

proteolytic degradation fragments reduced with increasing solution reaction time, but the His-7 

– Phe-12 and Tyr-19 – Ala-24 fragments, expected upon their degradation, were unobserved in 

those reaction solutions. However, since in Figure 9.9A, the formation of His-7 – Ser-18 

correlated strongly with the reduction in His-7 – Ala-24, Tyr-19 – Ala-24 production would also be 

expected unless this was also rapidly being degraded. Therefore, it can be concluded with a 

relatively high degree of certainty that for the Tyr-19 – Ala-24 fragment, it was either rapidly further 

degraded, (which was unlikely due to the fact that it is only a hexamer peptide species with only 

one hydrophobic residue at Leu-20 that would promote pepsin proteolytic cleavage), or that the 
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concentration of this sample fragment was lost during the pepsin separation procedure, perhaps 

due to reduced solubility in ethanol of this peptide fragment. 

 The suggestion of the loss of fragment sample peptides during pepsin precipitation was further 

supported by Figure 9.11. This figure shows an LC-MS base peak profile of the solution pepsin 

degradation products of semaglutide, which was required to be repeated due to the high loss of 

peptide fragments. The abundance of the Ala-25 – Glu-27 fragment was observed to be 

significantly higher than all others, likely due to their precipitation or aggregation during the 

pepsin precipitation with ethanol, skewing the relative abundances. This idea is supported by the 

use of ethanol as a precipitating agent for several short peptides by Chang et al., whilst the 

lipidated peptide fraction may have much higher solubility in ethanol [390]. If the Ala-25 – Glu-27 

fragments were lost at a similar rate, then greater sample injection volumes may have been used, 

whilst ensuring not to  overload the trap column. However, this may just be one of the difficulties 

with using a lipidated peptide and as such a different procedure may be required. 

 

 

Figure 9.11: Example base peak of semaglutide proteolytic degradation products after 30 minutes 

incubation 

at 0.1 mg/mL in 0.5 mg/mL pepsin at 37 °C in pH 2.0 HCl 
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9.6. Varied Column Loading  

To further establish the relationship between the amount of proteolytic degradation and the 

observed semaglutide fractions, the pepsin immobilisation was repeated with varying 

concentrations to provide reactors of varying coverages. The reaction conditions and resultant 

enzyme coverages, as measured by UV-Vis spectroscopy of the reaction sample, are outlined in 

Table 9.1. Since the immobilisation was observed to proceed initially very quickly before slowly 

tending to an equilibrium, the initial concentrations of pepsin were varied rather than reaction 

time for ease of control and to establish optimised immobilisation conditions. However, it 

demonstrated that initially the loading yield decreased with initial concentration before 

increasing again at 40 mg/mL. This suggested that either aggregation of the enzyme on the 

surface or an increase in physisorption were being observed above a specific concentration. 

Once packed into a column, the resultant immobilised pepsin reactors aimed to establish the 

relationship between enzyme loading and the qualitative rate of reaction to semaglutide in terms 

of the species observed. Furthermore, this would aid in confirming whether the species not 

observed after solution reactions had indeed been lost during the precipitation separation. 

Table 9.1: Varied reaction conditions and resultant pepsin loading concentrations 

Immobilisation Pepsin 
Concentration (mg/mL) 

Pepsin Resin Loading 
(mg/g.resin) 

Error 
(mg.g/resin) 

0 0.00 0.00 
2 56.6 1.1 

10 119 1.4 
20 199 3.7 
40 445 11.0 

The relative abundance of a selection of the resultant observed peptide fragments after elution 

of 0.1 mg/mL semaglutide through each of the immobilised pepsin reactors of various loadings 

at 0.1 mL/min are outlined in Figure 9.12. Regardless of coverage, the larger fragments, such as 

the original substrate and the His-7 – Ala-24 fragment, that were readily observed in solution, 

were observed for none of the loadings. This was assumed to be due to the immobilised enzyme 
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still being in a large excess relative to the solution reactions, despite the reduced coverages 

tested. Therefore, specific species that required only one or two interactions to form, such as the 

His-7 – Ala-24 fragment, were readily degraded further and so required significantly lower loading 

than those tested to be observed. This evidence was further supported by the decreasing amount 

of the large His-7 – Ser-18 fragment observed with increasing enzyme loading. This observation 

suggested that the increase in pepsin loading perhaps increased the probability of an interaction 

between the substrate and the surface immobilised enzyme occurring and so the average 

number of interactions of a given fragment. Nevertheless, this probability may have remained 

sufficiently high at a coverage of 56.6 mg/g.resin pepsin, such that there was limited observation 

of His-7 – Ala-24 or the original substrate. However, it was unexpected that a short fragment, 

such as the Ala-25 – Phe-28 peptide, was observed to decrease in relative abundance, as the 

amount of Ala-25 – Glu-27 fragment increased with increasing pepsin loading. This suggests that 

either the increased crowding of the resin surface resulted in preferential fragmentation and 

binding at the Glu-27 – Phe-28 bond or that the proximity to the conjugated lipid species at the 

Lys-26 group provided an increased relative hydrophobicity and so stabilised binding at the 

active site to enable pepsin to display exopeptidase action. 
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Figure 9.12: Variation in LC-MS detected relative abundance of semaglutide fragments 

fractionally collected after elution of 0.1 mg/mL solution through immobilised pepsin reactors of 

various loadings at 0.1 mL/min 

Unfortunately, however, issues with LC-MS at the time prevented this study from being expanded 

into a more detailed analysis of how the enzyme coverage affected the relative activity of the 

enzyme. 

9.7. Immobilised versus Free Solution Activity 

To establish the change in proteolytic activity after immobilisation, the relative rates of 

proteolytic cleavage of P6 and semaglutide (the two peptides most susceptible to degradation of 

those previously tested), were eluted through three 30 mm L x 4.6 mm ID immobilised enzyme 

reactors (with pepsin loadings of 210.6 ± 8.6 mg/g.resin). They were also exposed to 0.5 mg/mL 

pepsin solutions at varying concentrations. The resultant rates of proteolytic degradation were 

calculated via measuring the change in concentration of the original substrate after 30 s in 

solution and after elution at 0.5 mL/min (~41 s residence time) for the immobilised pepsin 

reactors. These values were then used in the Lineweaver-Burk plots in Figure 9.13 to establish 
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the maximum velocity and Michaelis-Menten constants of the pepsin under each condition to 

each substrate via the following equations: 

 𝑦 − 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  
1

𝑉𝑚𝑎𝑥,𝑎𝑝𝑝
 

Equation 9.1 

 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 =  
𝐾𝑚

𝑉𝑚𝑎𝑥,𝑎𝑝𝑝
 

Equation 9.2 

 

  

  

Figure 9.13: Lineweaver-Burk plots to establish the proteolytic activity of (A) free solution and (B) 

immobilised pepsin 

to varying concentrations of (1) semaglutide and (2) P6 

From an initial analysis of Figure 9.13, by noting the difference in scale of the y-axes by orders of 

magnitude, it is apparent that there was a significant loss in pepsin activity after immobilisation. 

The apparent maximum velocity of proteolytic activity of pepsin reduced from approximately 3.51 

and 2.98 mM/min/mg.pepsin in solution to 0.086 and 0.01298 mM/min/mg.pepsin after 

immobilisation for semagltuide and P6, respectively. The reaction velocity parameters were 

normalised via the estimated mass of enzyme to account for the significantly higher enzyme 

concentration in the immobilised enzyme reactor relative to the solution reactions, which aimed 
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to mimic the gastric environment concentrations. Furthermore, the Michaelis-Menten constant 

increased from 0.34 and 0.36 mM in solution to 3.07 and 1.95 mM after immobilisation for 

semaglutide and P6, respectively. This indicated an over 5-fold increase in the substrate 

concentration required to reach half of the maximum rate of proteolytic activity and as such 

highlighted the a significant reduction in binding-affinity of pepsin to the substrates.  

The reduction in activity was primarily on account of three potential factors: first, the 

concentration of the immobilised enzyme being orders of magnitudes higher relative to in 

solution, leading to potential overcrowding, which has been a discussed potential issue in 

glutaraldehyde immobilisation procedures [281]; second, a potential reduction in mobility or 

binding capacity of the pepsin subsites and active site, caused by structural changes during 

immobilisation; and thirdly potential interactions between the resin and the substrate, reducing 

the strength and number of enzyme-substrate interactions. The various effects the enzyme 

immobilisation strategy may have on the immobilised enzyme activity have been reviewed by 

Holyavka and Artyukhov [391], but these were seen as most likely due to the high coverage, use 

of glutaraldehyde-mediated covalent immobilisation procedure and a silica support phase with 

hydrogen-bond forming surface, silanol groups. When considering the effects of the 

concentration of the immobilised enzyme, it must first be noted that the value used for the pepsin 

loading throughout was that which was estimated via UV-Vis analysis immediately following the 

immobilisation reaction. Therefore, it did not factor in any reduction due to enzyme leaching from 

the resin surface. Since the apparent maximum reaction velocity was normalised by the amount 

of pepsin immobilised, any reduction in pepsin-loading from this initial measurement throughout 

the experimental process was not factored into the final reaction velocities. However, the 

leaching was not likely to be sufficient to account for the entire reduction in activity relative to in 

solution. As previously mentioned, due to the high concentration of the enzyme, there was likely 

to be crowding of the pepsin molecules on the resin surface, thereby reducing availability of 

active sites and binding subsites. Furthermore, due to the high pepsin loading, it was assumed 
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that there was a significant amount of physisorption, for which, unlike the covalent 

immobilisation, it cannot be guaranteed that the immobilisation is in an orientation which leaves 

the active site available for proteolytic action. Additionally, whilst it was assumed that there was 

an even dispersion of substrate through the column upon sample injection, the high pepsin 

loading may result in specific pores and so diffusion pathways being blocked, thereby reducing 

the amount of immobilised enzyme available relative to the estimated total amount immobilised. 

However, this was the case with all chromatographic resin surfaces. Furthermore, without 

detailed computational analysis estimating the number of potential substrate-enzyme 

interactions per column volume, it is not possible to truly quantify these effects.  

In addition to the high enzyme loading, by increasing the rigidity of the enzyme structure, 

immobilisation, especially covalent immobilisation, reduces the mobility and flexibility of the 

enzyme subsites and active sites to bind to the substrate for proteolytic action [267]. Therefore, 

this provides additional explanation for the reduction in relative activity of the enzyme, and in 

particular the great increase in the observed Michaelis-Menten constants. Other factors that are 

not often discussed but may be relevant are the effects of the immobilisation resin. Firstly, whilst 

there appeared to be little to no retention of the peptide substrate during dead column 

experiments, nor any significant size exclusion effects, it cannot be ruled out whether 

interactions in the resin environment resulted in a change in conformation or orientation of the 

peptide substrates. Such changes may have resulted in reduced accessibility or exposure of their 

hydrophobic residues. Since pepsin preferentially cleaves at these hydrophobic sites, any such 

change in conformation would result in a reduction in apparent proteolytic action. Since the 

propylamino silica surface was assumed to be highly hydrophilic even after end-capping with 

ethanolamine, this may have resulted in an increase in peptide secondary structure 

conformational-folding to reduce the exposure of hydrophobic sites relative to solution 

reactions, and so reduced the observed pepsin activity. 
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9.8. Column Ageing Study 

To establish the temporal stability of pepsin after its immobilisation, three new columns were 

prepared and at varying concentrations (0.05-1.00 mg/mL),P4-P6 and semaglutide were eluted 

through the columns at 1-4, 8 and 12 weeks after the initial preparation of the pepsin 

immobilisation reaction. The calculated maximum reaction velocity and Michelis-Menten 

numbers for the proteolytic activity of the immobilised pepsin to each substrate at each 

timepoint are plotted in Figure 9.14. Upon analysis of the graphs, three clear trends were 

apparent. Firstly, the Michaelis-Menten constant of the immobilised pepsin action to the P4 

substrate increased greatly over the course of the initial weeks; second, between weeks 1 and 2 

the greatest decrease in maximum reaction velocity was observed for all substrates; third, the 

reduction in maximum reaction velocity and increase in Michaelis-Menten constant (aside from 

P5 between weeks 8 and 12) were relatively linear with time. The first of these observations was 

assumed to be due to the poor activity of the immobilised pepsin to P4 (as discussed in Section 

9.4); therefore, any reduction in activity resulted in a much greater observed change in the 

relative amount of original substrate remaining. Therefore, after week 4, the previously low level 

of activity observed reduced to being undetectable due to the poor binding of the enzyme to the 

substrate peptide as indicated by the increasing Michaelis-Menten constant. The second 

observation was assumed to be due to enzyme leaching from the propylamino silica resin, on 

account of a potentially significant fraction of the immobilised enzyme being physisorbed onto 

the highly hydrophilic surface, densely-populated with hydrogen-bonding silanol groups. This 

limitation of adsorbed enzymes species has been previously discussed by Robescu and Bavaro 

[280] and has been widely observed even for enzymes adsorbed and entrapped within the 

support phase [288]. Therefore, whilst the physisorbed species may have maintained their 

relative proteolytic activity to a greater extent than the covalently-bound species, as their 

structure had been altered to a lesser degree, unlike the covalently-bound enzymes, they may 

have leached from the column with time and repeated cycles of exposure to increased pressures 
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and highly acidic conditions (pH 2.0), breaking the intermolecular forces. However, since there 

were not high levels of pepsin detected in the eluted sample fractions, it was perhaps more likely 

that since physisorption did not provide the same stabilising effects as the increased rigidity 

caused by covalent immobilisation, a fraction of the immobilised pepsin denatured or 

deactivated with time, as reviewed by Iyer and Ananthanarayan [392], thereby reducing the 

observed overall activity.  It may have also been due to column fouling or blocking of the pepsin 

active sites by substrate build-up, degradation products or impurities in the mobile phase or the 

sample injections. This final suggestion seemed more likely to be representative of the cause of 

third observed property of the results, the approximately linear reduction in activity and increase 

in Michaelis-Menten constant exhibited between weeks 2 and 12, since the column was 

consistently being used at the same rate over the course of the entire period of work. Analysing 

the linear region, between week 2 and week 8, with 57 samples being eluted through each column 

per week, the Michaelis-Menten constant was observed to increase by on average 5.9% (±0.3%), 

whilst the maximum reaction velocity decreased by 4.8% (±0.8%). These results were similar to 

those observed by Zhang et al. [386], who observed a retention of 95.9% activity after 40 runs. 

However, given these results were over a greater number of runs and a longer time period, it may 

be that this technique of immobilisation shows even greater stability. 

  

  

Figure 9.14: Variation in (A) maximum reaction velocity and (B) Michaelis-Menten constant of 

immobilised pepsin 

with substrates P4, P5, P6 and semaglutide 

0.000

0.020

0.040

0.060

0.080

0.100

0 2 4 6 8 10 12

M
ax

im
u

m
 R

ea
ct

io
n

 V
el

o
ci

ty
 

(m
M

/m
in

/m
g
.e

n
zy

m
e)

 

Time since Pepisn Immobilisation (Weeks)

Semaglutide

P6

P5

P4

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

0 2 4 6 8 10 12

M
ic

h
el

is
-M

en
te

n
 C

o
n

st
an

t 

(m
M

) 

Time since Pepisn Immobilisation (Weeks)

Semaglutide

P6

P5

P4

A B 



Page 240 
 

9.9. Expanded Peptide study 

Upon evaluating the activity of the immobilised pepsin under various conditions with respect to 

specific reference peptides and semaglutide, the study was broadened to a wider range of 

peptide substrates (as outlined in Sections 5.1.1, 5.1.2.1 and 5.1.4). These species included 

peptides with specific sequences or structural motifs that are suggested by literature to inhibit 

enzymatic degradation. They were selected to establish whether the immobilisation of pepsin 

results in a change in the selectivity to these structures. Therefore, pepsin was immobilised 

again, and three further columns were packed to study the susceptibility of these additional 

peptides to proteolytic degradation via immobilised pepsin. The results and the relevance of their 

structures are outlined in the following sections. 

9.9.1. GLP-1 Analogues 

In addition to semaglutide, two additional GLP-1 analogues, namely liraglutide and taspoglutide, 

were later eluted through the immobilised pepsin reactors. The differences in amino acid 

sequence from semaglutide and both new peptides were not anticipated to have a major impact 

in the enzymatic degradation pathway for one of two reasons. Firstly, they are proximal to the N- 

(Aib-8 to Ala-8 in liraglutide) or C-terminals (Gly-35 to Aib-35, loss of Gly-37 and amidation of C-

terminal Arg-36 in taspoglutide) and since pepsin is an endopeptidase, the specific residue 

differences would likely not significantly impact enzyme binding at potential cleavage sites [340]. 

Secondly, the change from Arg-34 to Lys-34 in taspoglutide was not expected to provide 

sufficient change to the enzyme degradation pathway due to both amino acids being inhibitory 

to pepsin activity (as outlined in Table 5.3). However, the difference in lipidation of these peptides 

relative to semaglutide was considered to be relevant since large lipid motifs may sterically 

hinder the enzyme from readily binding to the peptide substrate. However, since pepsin is more 

selective to proteolytic degradation at more hydrophobic amino acid residues and the lipid motif 

may also increase the relative hydrophobicity of the sequence via the positive inductive effect, 

the presence and length of the lipid chain may also affect the selectivity of the protease.  
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Figure 9.15: LC-MS base peak chromatogram of semaglutide after elution through an immobilised 

pepsin reactor 

(A) full and (B) magnified view of the subsection with elution time 21.95-28.50 mins 

Table 9.2: Observed MS peaks of semaglutide after elution through an immobilised pepsin reactor 

and their corresponding fragment sequences in order of their retention time 

m/z (M+nH)n+ Fragment Sequence Fragment Mw (g/mol) 
708.3 His-7 – Tyr-19 1414.4 
871.7 Thr-13 – Leu-20 870.9 
764.9 His-7 – Leu-20 1527.6 
536.6 Phe-28 – Trp-31 535.6 
649.6 Phe-28 – Leu-32 648.8 
532.3 Ala-25 – Glu-27 1062.9 
605.9 Ala-25– Phe-28 1208.9 

 

As previously observed and indicated in Figure 9.15, after elution through the pepsin immobilised 

column, several semaglutide fragments were detected indicating its proteolytic degradation. 

Exemplary individual mass spectra of each labelled peak in Figure 9.15B are represented in 

Figure 12.14. These spectra and their corresponding MS2 fragmental analysis were utilised to 

identify the fragment correlating to each individual MS peak. These fragments and their 

molecular weights are outlined in Table 9.2 and show good consistency with previous 

experimental analysis of semaglutide degradation.  

A B 
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Figure 9.16: LC-MS base peak chromatogram of liraglutide after elution through an immobilised 

pepsin reactor 

(A) full and (B) magnified view of the subsection with elution time 21.75-30.15 mins 

Table 9.3: Observed MS peaks of liraglutide after elution through an immobilised pepsin reactor 

and their corresponding fragment sequences in order of their retention time 

m/z (M+nH)n+ Fragment Sequence Fragment Mw (g/mol) 
701.3 His-7 – Tyr-19 1400.3 
871.7 Thr-13 – Leu-20 870.9 
757.8 His-7 – Leu-20 1513.5 
536.6 Phe-28 – Trp-31 535.6 
649.6 Phe-28 – Leu-32 648.8 
550.8 Glu-21 – Glu-27 1099.3 
714.8 Ala-25 – Glu-27 713.9 

 

The LC-MS base peak chromatogram of the fraction collected after liraglutide elution through the 

immobilised pepsin reactor showed very similar results to semaglutide, as may be observed by 

the similarity in number and retention times of each of the peaks in Figure 9.15B and Figure 9.16B. 

Furthermore, the m/z of the peaks observed were in some cases identical and in other cases, as 

observed in Table 9.2 and Table 9.3, related to the same cleavage sites but with differing mass 

values, due to the Ala-8/Aib-8 substitution and the shorter conjugated lipid motif at the Lys-26. 

In fact, the only major difference was the distinct observation of a Glu-21-Glu-27 fragment in 

liraglutide and absence of a clear Ala-25 – Phe-28. This indicated that either perhaps the 

susceptibility of the Ala-Ala or Phe-Ile bonds to proteolytic cleavage were reduced by the more 

hydrophobic, but shorter, lipid chain in liraglutide relative to semaglutide or that the structure 

A B 
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adopted resulted in increased steric hinderance of the binding of the protease active site to these 

sites. Nevertheless, given the proteolytic cleavage still occurred at the Glu-27 – Phe-28 bond, it 

is more likely that the shorter more hydrophobic chain resulted in an increased rate of proteolysis 

at this site reducing the relative amount of cleavage at the other sites. This is based on the fact 

that upon proteolytic cleavage at the Glu-21 – Phe-22 due to the other sites in question being 

proximal to the new C- or N-terminal, the immobilised pepsin significantly reduced binding 

capacity to those substrate sites.  

  

Figure 9.17: LC-MS base peak chromatogram of taspoglutide after elution through an immobilised 

pepsin reactor 

(A) full and (B) magnified view of the subsection with elution time 22.00-25.50 mins 

Table 9.4: Observed MS peaks of taspoglutide after elution through an immobilised pepsin reactor 

and their corresponding fragment sequences in order of their retention time 

m/z (M+nH)n+ Fragment Sequence Fragment Mw (g/mol) 
708.3 His-7 – Tyr-19 1414.4 
871.7 Thr-13 – Leu-20 870.9 
764.9 His-7 – Leu-20 1527.6 
536.6 Phe-28 – Trp-31 535.6 
649.6 Phe-28 – Leu-32 648.8 

 

As may be observed through comparisons of Figure 9.15B and Figure 9.17B, all the primary LC-

MS peaks observed for the elution of taspoglutide were similarly detected for semaglutide. Prior 

to this point, the absence of any peaks containing fragments Val-33 to the C-terminal for both 

liraglutide and semaglutide has not been discussed. This was on account of the fact that the 

cause of this was assumed to be the high charge and hydrophilicity of this fragment resulting in 
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it being poorly retained and concentrated in the PepMap-100 trap column during sample loading 

and due to its high charge resulting in a lower m/z value in the range of high noise. However, in 

the case of taspoglutide there was also an absence of any primary peaks containing the amino 

acids in the fragment Glu-21 – Glu-27, as may be observed in Table 9.4. This absence was due to 

the fact that species containing this fragment were coeluted with other species and as such were 

not observed as primary labelled peaks in the base peak curve. For example, m/z values of 867.0 

and 579.2, indicating Thr-7 – Phe-28 and Tyr-19 – Phe-28 fragments were observed in the mass 

spectra of 764.9 and 708.3 m/z primary peaks, respectively. However, this established that there 

was limited proteolytic cleavage between the Ala-24 – Ala-25 in the absence of a lipid motif 

conjugated to Lys-26, indicating that the group rather than inhibiting degradation via steric 

hinderance, may have actually increased the proclivity of neighbouring sites, specifically the Ala-

25 – Ala-26 site, to proteolytic cleavage.  

The effect of the addition of the lipid motif and the consistency in the selectivity of the 

immobilised pepsin to specific proteolytic sites were in agreement with suggested theory and 

were clear when the observed and predicted cleavage sites for each of the three GLP-1 

sequences were juxtaposed as outlined in Figure 9.18. All other cleavage sites aligned very well 

with the literature suggestions of promoting and inhibiting residues (as outlined in Table 5.3). 

However, the only slight discrepancy is that proteolytic cleavage of liraglutide would perhaps be 

expected to have preferentially occurred at the Phe-28 – Ile-29 peptide bond rather than the Glu-

27 – Phe-28 peptide bond. This is due to the fact that Ile due to its higher hydrophobicity may have 

been expected to promote pepsin binding at the S′1 substrate site more than Glu at the S1 site. 

However, given the proximity of these sites of proteolytic cleavage to the conjugated lipid motif, 

the difference in preferential binding may have been due to steric hinderance or increased 

hydrophobicity due to positive inductive effects. 
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Figure 9.18: Amino acid sequences with immobilised pepsin proteolytic cleavage sites highlighted 

of GLP-1 analogues  

Predicted by sequence analysis (see Table 5.3 for rules) and observed after elution through 

immobilised pepsin reactor for (A) semaglutide, (B) liraglutide and (C) taspoglutide  

9.9.2. Insulin 

In addition to GLP-1 analogues, insulin was also eluted through the immobilised pepsin reactors. 

Given its importance in the treatment of type-1 diabetes and the significant amount of research 

that has been invested into its oral stability, including from companies such as Oramed 

Pharmaceuticals, understanding the gastric degradation pathway of insulin is of great interest. 

Furthermore, its structure, consisting of two amino acid chains linked by two cysteine disulfide 

bonds with an additional disulfide bond on chain A linking Cys-6 and Cys-11 groups, provides a 

complex cyclic-like scaffold which may inhibit pepsin binding and so proteolytic cleavage. 

Therefore, it is of interest to study the stabilising effects of the disulfide cyclic-like properties of 

its structure and establish their inhibiting effects. In addition, due to insulin being large for a 

peptide (51 amino acids), it is important to establish whether the increase in size-exclusion 
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effects would result in it diffusing more poorly into the porous structure of the immobilised 

enzyme reactor packing and therefore from being able to access the full enzyme coverage.  

  

Figure 9.19: LC-MS base peak chromatogram of insulin after elution through an immobilised 

pepsin reactor 

(A) full and (B) magnified view of the subsection with elution time 22.50 -24.0 mins 

Table 9.5: Observed MS peaks of insulin after elution through an immobilised pepsin reactor  

and their corresponding fragment sequences in order of their retention time 

m/z (M+nH)n+ Fragment Sequence Fragment Mw (g/mol) 
869.8 Chain A: Gly-1 - Leu-13 +  

Chain B: Phe-1 - Leu-11 
2606.4 

709.9 Chain A: Gly-1 - Leu-13 +  
Chain B: Phe-1 - Glu-13 

2834.1 

691.8 Chain A: Gln-15 - Asn-21 + 
Chain B: Leu-17 - Tyr-26 

2071.0 

755.9 Chain A: Gly-1 - Leu-13 +  
Chain B: Phe-1 - Leu-15 

3018.4 

746.3 Chain A: Gln-15 - Asn-21 + 
Chain B: Tyr-16 - Tyr-26 

2234.3 

784.0 Chain A: Gln-15 - Asn-21 + 
Chain B: Leu-15 - Tyr-26 

2347.3 

1045.0 Chain A: Gly-1 - Asn-21 + 
Chain B: Phe-1 - Phe-25 

5218.6 

 

An example LC-MS base peak chromatogram of the fraction collected after a 10 μL injection of 

0.1 mg/mL insulin into the immobilised pepsin reactors is outlined in Figure 9.19A, with the 

relevant peak region focused on in Figure 9.19B. It was firstly evident that the RPLC method or 

the PepMap-100 column applied to separate the fragments may not have been entirely 

appropriate for these samples since they were almost all eluted within 1.5 minutes of each other 
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in a 50 minute method. However, the similarity in sequence of several of these fragments must 

be noted, as they would likely have required a more tailored separation approach to provide 

greater clarification. This work would be appropriate when applying the technique for the study 

of an individual peptide’s proteolytic cleavage, but since the purpose of this work was to 

establish the activity of the column for a range of peptides, it was deemed an unnecessary effort. 

The poor separation also implied that some of the less concentrated species may not have been 

observed as clearly, since they were obscured by the more concentrated (higher peak) fractions. 

However, it was possible to identify other coeluting fragments since they had large molecular 

weights and high charges resulting in multiple m/z peaks correlating to the same species. For 

example, m/z values of 969.4 and 727.6, correlating to a two-chain species of Gly-A1 – Leu-A13 

+ Phe-B1 – Ala-B14, were observed to coelute with the 709.8 peak. Additionally, 649.1 and 973.5 

m/z peaks correlating to another two-chain species of Leu-A16 – Asn-A21 + Leu-B17 – Tyr-B26 

was also observed to coelute with the 746.3 peak. Therefore, despite being a greater challenge 

due to the lack of MS2 spectra, it was still possible to identify specific lower concentration 

species.  Nevertheless, as observed in Table 9.5, the fragments correlating to each of the MS 

peaks aligned with the literature statements on pepsin preferential cleavage sites (as outlined in 

Section 5.1.5), with the majority of proteolytic cleavage occurring at hydrophobic residues.  
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Figure 9.20: Human and bovine insulin sequences and their proteolytic degradation sites 

as predicted by sequence analysis (see Table 5.3) and observed for human insulin after elution 

through immobilised pepsin reactor and using bovine insulin as a comparison with results from 

Kolinski et al. [393] 

Figure 9.20 outlines more clearly each of the identified proteolytic cleavage sites observed after 

elution of insulin through the immobilised pepsin reactor. Firstly, it is evident that insulin was 

preferentially cleaved by pepsin at the hydrophobic residue sites aligning with literature theory 

and so some of the sites predicted by sequence analysis.  However, proteolytic cleavage did not 

occur at all hydrophobic sites predicted as may be observed by the differences between the 

sequence analysis and observed experimental results. This was primarily due to the 

conformation of insulin. Firstly, Phe-B1 is in too close proximity to the N-terminal for sufficient 

enzyme binding to ensure it was readily cleaved. Additionally, residues such as Tyr-A19 and Leu-

B6, despite being located in the random coil secondary conformation segments of their 

respective chains, which generally allow for high substrate flexibility and stronger active site 

binding, exhibited no observed cleavage since they are located directly next to cysteine-bridges. 

These disulfide bonds result in a more rigid structure with increased steric hinderance of the 
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enzyme to bind to the bond due to the proximity of the second amino acid chain shielding the 

specific residues on one side, as such these two factors resulted in reduced substrate binding at 

these sites and so a lower rate of proteolytic cleavage. Similar reasoning can be applied to 

explain why there was limited/no proteolytic cleavage observed at the Tyr-A19 and Leu-B18 

residues. Furthermore, based on the amino acid sequence alone, it would be predicted that 

pepsin degradation at Phe-B24 at the P1 site would occur, especially due to the presence of Phe-

B25 residue at the P′1 site. However, it was not readily observed. This was likely due to a 

combination of three factors: first, the relatively higher rate of proteolytic activity at the Phe-B25 

and Tyr-B26 sites, resulting in the Phe-B24 residue being at the penultimate or C-terminal residue 

and as such having limited enzyme binding; second, the Arg-B22 at the P3 may have slightly 

inhibited enzymatic binding [340, 341]; third, in insulin’s native conformation, it is located at the 

beginning of the random coil secondary conformation in a pocket between Asn-A21, Tyr-B16 and 

Val-B12, resulting in there being potential significant steric hinderance to pepsin binding. The 

second of these factors likely contributed the least since Pro-B28 should have also inhibited 

pepsin proteolytic cleavage the Phe-B25 and Tyr-B26 residues, which was not observed clearly 

in the results.  

Typically, the Glu-B13 and Ala-B14 sites would not be expected to be readily cleaved by pepsin, 

since these amino acids are not suggested to bind strongly to pepsin substrate at the P1 or P′1 

residue sites. However, upon analysis of the conformation of insulin (as seen in Figure 5.1), it 

may be observed that these two residues are in the middle of the alpha helix segment of the 

insulin B chain, with highest conformational flexibility due to their distance from the disulfide 

bridges. Therefore, it may be that these residues were simply the least sterically hindered from 

effectively binding to the active site, and so resulted in the maximal rate of proteolytic 

degradation. This observation was supported by observations from Kolinski et al. who observed 

proteolytic cleavage by pepsin at the same respective site on bovine insulin (see Figure 9.20) 

[393]. To conclude, the results observed, whilst they may not have been immediately those that 
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would have been predicted simply based on the amino acid sequence, were easily explained 

upon a more detailed examination of the peptide’s conformation. 

9.9.3. Oxytocin and Vasopressin Analogues 

 

Figure 9.21: Lys8-vasopressin, terlipressin and oxytocin sequences and their predicted pepsin 

proteolytic cleavage sites 

As predicted by sequence analysis (see Table 5.3) 

To further evaluate the activity and selectivity of the immobilised pepsin, three neuropeptides 

with disulfide-bridged cyclic structures were also eluted through the immobilised pepsin reactor. 

The rigidity of cyclic structures, especially in short peptides typically results in poor binding at 

the enzyme active site and as such limited degradation. Additionally, the similarity in the 

sequences may allow for increased understanding of the factors that affect the susceptibility of 

cyclic peptides to pepsin degradation. The substitution of Lys-8 for Leu-8 from [Lys8]-vasopressin 

to oxytocin on the linear peptide trimer near the C-terminal and not within the disulfide-bridged 

ring should increase the probability of cleavage at this site since leucine promotes pepsin activity 

at the site whilst lysine inhibits it. However, given the proximity to the C-terminal and the proline 

residue at P2 residue, this substitution is not likely to result in a significant change [340, 341]. The 

addition of the N-terminal triglycine in terlipressin relative to [Lys8]-vasopressin, increases the 

likelihood of pepsin binding at the pepsin activity promoting Tyr-5 and Phe-6 residues. 

Lys8-Vasopressin:

Terlipressin:

Sequence Predicted Proteolytic 

Cleavage Sites

Oxytocin:
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Figure 9.22: LC-MS base peak chromatograms of (A) oxytocin, (B) [Lys8]-vasopressin and (C) 

terlipressin 

after elution through a column packed with (1) an unfunctionalised and (2) a pepsin immobilised 

propylamino silica resin 

The labelled base peaks LC-MS chromatograms of the fractions collected after elution of each 

of the cyclic neuropeptides through both a dead column and a pepsin immobilised reactor are 

outlined in Figure 9.22. Upon initial examination of the spectra, it was apparent that no species 

detected after exposure to the immobilised pepsin was not observed after elution through an 

unfunctionalised column. In the case of oxytocin (Figure 9.22A1-2), a single 1008.0 m/z value 

representing the peptide monomer was detected, but for both [Lys8]-vasopressin and 

terlipressin, multiple peaks were observed. In the case of vasopressin (Figure 9.22B1-2), the 529.3 

and 550.2 m/z values represented the 2+ monomer peak both without and with an acetonitrile 

A1 A2 

B1 

C1 C2 

B2 



Page 252 
 

adduct, respectively, whilst the 699.8 m/z value represented a reacted dimer. The difference 

between the dead and pepsin functionalised column results were assumed to be due to the 

difference in time between column elution and LC-MS analysis allowing for dimerization and 

forming of configurations that resulted in increased acetonitrile binding. Terlipressin was 

observed to show no difference between elution through the pepsin-functionalised and 

unfunctionalised columns (Figure 9.22C1-2). The 737.8 m/z value was representative of the 5+ 

charge of the terlipressin trimer; however, several other oligomers were observed to coelute with 

that species. It was assumed that their observation is due to the presence of the peptide building 

up in the detector causing the misdetection of several different oligomers. The subsequent 813.9 

and 635.8 m/z values were, similarly to vasopressin, the reacted dimer 3+ and the 2+ charge of 

the monomer with acetonitrile adduct, respectively. Therefore, it can be simply assumed that 

their cyclic structures prevented pepsin proteolytic degradation, since the presence of the 

immobilised pepsin had no effect on the observed species. 

9.9.4. Bradykinin Fragments 

In addition to previous tested peptides, two bradykinin fragment variants were also eluted 

through the immobilised pepsin reactor. The species were of interest to study the activity and 

selectivity of the immobilised pepsin as they are of similar size, in terms of primary amino acid 

sequence length, to P5 and P6, whilst containing a Phe-Ser peptide bond which should promote 

pepsin cleavage. The difference in position of the Phe-Ser peptide bond, change in location of the 

arginine and the additional lysine should allow for the study to establish the impacts of these 

structural changes on the peptide structure susceptibility to pepsin enzymatic cleavage. 

However, due to the fact that both bradykinin fragments are rich in proline and contain an 

arginine residue, both of which inhibit pepsin binding, it is predicted that there may be limited 

observed reaction.  
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Figure 9.23: LC-MS base peak chromatogram of (A) bradykinin(2-9) and (B) Lys-des-Arg9-

bradykinin after elution through an immobilised pepsin reactor 

As observed in the exemplary LC-MS base peak chromatograms in Figure 9.23A and B, neither 

bradykinin fragment displayed any noticeable reaction upon elution through the immobilised 

pepsin reactor, with the 2+ m/z value of the original peptide being the most abundant peak for 

both peptides. As previously discussed, this was likely due to the inhibiting effects of both the 

positively charged arginine (and lysine in the case of lys-des-arg9-bradykinin) and the three 

proline residues [340, 341]. Given their presence and similar location in both sequences, the 

proline residues were the most likely cause of the lack of enzyme activity on the peptide 

structures, due to the absence of a hydrogen-bonding proton within its amide bond and the lack 

of rotational flexibility of its N-Cα bond [342]. Furthermore, the location of the Pro-Phe bond in 

both species despite being a potential cleavage site as observed in Figure 9.24 in both cases was 

too close to the C-terminus, resulting in poorer pepsin binding at this site. 

 

Figure 9.24: Bradykinin (2-9) and Lys-des-Arg9-bradykinin sequences and their predicted pepsin 

proteolytic cleavage sites 

as predicted by sequence analysis (see Table 5.3) 

Lys-des-Arg9-Bradykinin:

Bradykinin (2-9):

Sequence Predicted Proteolytic 

Cleavage Sites
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9.9.5. Substance P 

Substance P was also eluted through the immobilised pepsin reactor to provide a comparison to 

the bradykinin fragments, wherein it similarly contains two proline and two positively charged 

(arginine and lysine) residues; however, they are all located in sequence towards the N-terminus, 

separated from the hydrophobic residues in proximity to the C-terminus by two glutamine 

residues. It is further of interest due to its amphipathic structure, which is similar to cell-

penetrating structures that may be employed in oral peptide delivery strategies. Therefore, 

understanding the susceptibility of these sequences to enzymatic degradation and as such their 

stability within the gastrointestinal (GI) tract may be of importance to peptide delivery strategies. 

  

Figure 9.25: LC-MS base peak chromatograms of substance P after elution through a column 

packed with (A) an unfunctionalised and (B) a pepsin immobilised propylamino silica resin 

As seen in Figure 9.25, relative to elution through an unfunctionalised resin, after which only the 

2+ monomer m/z is detected, substance P undergoes a reaction when exposed to the 

immobilised pepsin. The two primary products observed were the 3+ charge of an Arg-1 – Phe7 

dimer (m/z = 600.8) and the associated remaining fragment Phe-8 – Met-11 (m/z = 466.6). This 

was the point where pepsin cleavage would have been expected to occur, given the Phe-7 and 

Phe-8 residues at the P1 and P′1 sites respectively, both promote pepsin amide bond cleavage. 

Furthermore, these residues are sufficiently distanced from the proline and positively charged 

residue-rich region at the N-terminal to prevent their inhibition and are not at the C-terminus 

allowing for binding at all seven subsites of pepsin. Furthermore, similar proteolytic degradation 
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of substance P using an immobilised pepsin reactor was observed by Vorauer et al. [394]. This 

supports the observation that the preferred Phe-Phe cleavage site resulted in little observed 

degradation at the Gln-Phe bond, whilst the other sites are theorised to be too close to the C-

terminal. However, the additional 455.8 m/z peak observed was the 3+ residue of the remaining 

original sample with an additional water adduct close to the N-terminus. Similar limited activity 

was observed by Vorauer et al. supporting the idea that despite the higher activity relative to the 

bradykinin fragments, there perhaps remained some relative enzymatic inhibiting action of the 

N-terminus residues. 

 

Figure 9.26: Substance P amino acid sequence and its proteolytic degradation sites 

as predicted by sequence analysis (see Table 5.3) and observed after elution through immobilised 

pepsin reactor and by Vorauer et al. [394] 

9.9.6. Gonadotropin-releasing hormone analogues 

Finally, gonadotropin (luteinizing hormone) releasing hormone (LHRH) and its synthetic analogue 

Goserelin were also eluted through the immobilised enzyme reactor. This was to establish 

whether any stabilising effects would be observed due to the insertion of a tert-butylated d-amino 

acid close to the predicted cleavage site Tyr-5. Given the substitution of glycine with aza-glycine 

occurs at the C-terminal residue, it was not expected to greatly impact proteolytic cleavage rate 

since pepsin is an endopeptidase and the residues in proximity are Arg-8 and Pro-9, at which 

proteolytic cleavage was not expected. Furthermore, these residues may also inhibit the 

pepsin’s action at the Leu-7 promoting residue, whilst the N-terminal pyroglutamic acid and 

subsequent histidine residues may inhibit proteolytic cleavage at the Trp-3 promoting residue 

due to their reduced hydrogen bonding capacity (due to the pyrrole ring similar to proline) and 

positive charge, respectively. Furthermore, the proximity of the Trp-3 residue to the N-terminus 

Substance P: 

Sequence Analysis Experimental Observation Literature Observation 
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likely inhibits proteolytic action by pepsin at this residue (contrary to sequence predictions 

observed in Figure 9.28). Therefore, the Tyr-5 – Gly-6 bond was the primary predicted site of 

proteolytic action, and so comparison with Goserelin should provide valuable feedback on the 

stabilising effects of the amino acid substitution to proteolytic action. 

  

Figure 9.27: LC-MS base peak chromatogram of (A) Luteinizing Hormone releasing hormone 

(LHRH) and (B) Goserelin after elution through an immobilised pepsin reactor 

As observed in Figure 9.27, after elution through the immobilised pepsin reactor, only one 

species was detected for both species. In the case of Goserelin (Figure 9.27B), the single 635.9 

m/z value was indicative of the (M+2H)2+ peak of the original peptide. By contrast, for LHRH the 

703.6 m/z value was representative of Pyr-1 – Tyr-5, indicating proteolytic action of pepsin at the 

Tyr-5 – Gly-6 amide bond, the site predicted to be most susceptible. Therefore, this clearly 

establishes the stabilising effects that the substitution of Gly-6 in LHRH for d-Ser(tBu)-6 in 

Goserelin, likely due to the significantly reduced binding capacity of the enzyme due to the 

change in rotational bond angle of the amide bond for the d-amino acid. D-amino acid 

substitution has previously been shown to stabilise peptide protease degradation by Zhao et al. 

[257]. However, the additional tert-butyl group likely also sterically hindered pepsin’s proteolytic 

action despite the increase in hydrophobicity that it provides, which (as previously outlined in 

Table 5.3) typically increases pepsin site proclivity. This reduction in activity due to tert-

butylation, whilst not previously reported may be similar to the means by which methylation of 

alanine sterically hinders the proteolytic activity of dipeptidyl peptidase IV on semaglutide 

compared to native GLP-1 [140]. 
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Figure 9.28: LHRH and Goserelin sequences and their proteolytic degradation sites 

as predicted by sequence analysis (see Table 5.3) and observed after elution through immobilised 

pepsin reactor 

9.9.7. Summary of Observations 

Table 9.6: Summary of observed immobilised pepsin reactions with each peptide compared to 

sequence analysis 

Peptide Sequence 
Analysis 

Experimental 
Results Comment on Differences 

Semaglutide ☑ ☑  

Liraglutide ☑ ☑  

Taspoglutide ☑ ☑  

Insulin ☑ ☑  

Oxytocin ☑ ⮽ Cyclisation stabilises potential 
sites 

Vasopressin ☑ ⮽ Cyclisation stabilises potential 
sites 

Terlipressin ☑ ⮽ Cyclisation stabilises potential 
sites 

Bradykinin (2-9) ☑ ⮽ Predicted site too close to 
C-terminus 

Lys-des-Arg9-
Bradykinin ☑ ⮽ Predicted site too close to 

C-terminus 
Substance P ☑ ☑  

LHRH ☑ ☑  

Goserelin ☑ ⮽ Stabilised by D-amino acid 
 

The results comparing the observation and prediction of proteolytic cleavage by the immobilised 

pepsin reactor for each peptide tested in Section 9.9  are summarised and compared in  Table 

9.6. Based on the differences in cleavage sites observed for each peptide (other than those where 

it was assumed that reaction was not observed due to a higher rate of degradation at a nearby 

residue inhibiting cleavage), the inhibiting and promoting effects outlined in Table 5.3, may be 

updated to incorporate the suggested reasons. Therefore, an updated list of the effects of the 

LHRH:

Goserelin:

Sequential Analysis Experimental Observation
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amino acids within the sequence have on pepsin activity was produced and is outlined in Table 

9.7 

Table 9.7: Updated list of the effects substrate residue location has on the likelihood of proteolytic 

activity of pepsin 

Residue Promoting Inhibiting 

P4 - - 
P3 Lys-Lipid Arg, Lys, His, Cys-Cys 
P2 - Pro, Cys-Cys 
P1 Phe, Tyr, Trp, Leu, Met Lys, His, Arg, Pro, n<4, n>N-3, Cys-Cys 
P′1 Phe, Tyr, Trp, Leu d-Xxx, Cys-Cys 
P′2 Lys-Lipid Pro, Cys-Cys 
P′3 - Pro 

n = residue number, N = total number of residues, Xxx = Any amino acid 

9.10. Conclusions 

The work in this Chapter developed and determined the applicability of a pepsin immobilised 

reactor to study the stability of peptides to pepsin proteolytic degradation under gastric 

conditions. UV-Vis spectroscopy first established that pepsin could be immobilised onto a 

propylamino silica resin with a very high loading (>150 mg/g.resin) with it being confirmed that it 

was at least in part due to covalent immobilisation via Raman spectroscopy. Initial studies with 

peptide hydrophobicity standards showed that the immobilised pepsin exhibited similar 

selectivity to solution reactions with the most hydrophobic peptides exhibiting the greatest 

proteolytic degradation at the same sites. Further qualitative studies with semaglutide showed 

that whilst similar cleavage site observations were made, some fragments were not observed 

from the solution reactions which were present in the immobilised enzyme reactions. These were 

assumed to be lost during enzyme precipitation of the solution reactions and so not observed 

during LC-MS analysis. Columns of various loadings between 0 and 450 mg/g.resin were 

synthesised by varying the initial concentration of pepsin in the reaction solution. These were 

applied to semaglutide to establish if any showed a similar product profile to the solution 

reactions was observed, although none did, which confirmed that the previous difference was 
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due to fragment loss during precipitation. However, the correlation between the loading and the 

product profile established that higher loadings, possibly exhibited lower overall activities, but 

increased the probability of additional substrate fragment enzyme interactions and so exhibited 

greater relative abundancies of smaller degradation fragments.  

Quantitative comparison of the reaction velocity and Michaelis-Menten constant of the 

immobilised and free pepsin to P6 and semaglutide showed a greater than 50-fold decrease in 

the relative activity of the enzyme with a greater than 5x reduction in affinity for the substrate. 

However, due to the >500x increase in relative concentration of the enzyme when immobilised, 

this reduction in activity was compensated for. The affinity for and activity to P5, P6 and 

semaglutide of the immobilised pepsin columns were further found to decrease over the course 

of 12 weeks, with an initial larger decrease followed by a relatively linear reduction between 

weeks 2 and week 8 after pepsin immobilisation, represented by an average increase of 5.9% in 

the Michaelis-Menten constant and decrease of 4.8% in the maximum reaction velocities. 

However, the activity to P4 was observed to be almost undetectable after only 3 weeks. An 

expanded peptide study using the immobilised pepsin reactor showed other GLP-1 analogues 

exhibited similar proteolytic degradation site specificity to semaglutide, with the conjugated lipid 

increasing the susceptibility of the Ala-24-Ala-25 amide bond. Insulin was also observed to be 

degraded. However, cyclic species oxytocin and vasopressin exhibited resistance to proteolytic 

degradation. Similarly, proline and lysine rich positively charged species such as bradykinin 

fragments and the amphipathic structure of substance P exhibited stability to pepsin 

degradation. D-amino acid substitution was found to be important in protecting Goserelin from 

proteolytic degradation relative to LHRH, which was proteolytically cleaved at the specific 

substitution site.  

Therefore, the immobilised pepsin reactor showed good potential for the basis of a high-

throughput method to analyse the gastric stability of peptides over an extended period of time 
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with a similar activity profile to solution reactions but without the requirement for enzyme 

separation post reaction. However, in the future a more detailed study of different conditions to 

establish its applicability under more detailed gastric conditions may be required to examine if it 

maintains its good correlation with solution reactions. Furthermore, since insufficient data was 

collated during the varied pepsin loading experiments to study the changes in relative activity of 

the enzyme with increased immobilisation levels, these experiments may require repeating to 

correlate Km and Vmax with pepsin loading. An additional future study of the immobilised pepsin 

reactor to establish whether it permanently loses its activity after exposure to enzyme inhibitors 

would also be beneficial to determine whether the method may be applicable to the study of 

complex formulations. The method nevertheless shows potential and could in future be 

optimised by being integrated directly into an LC-MS set-up to remove the requirement for 

fractional collection, such that reaction, separation and analysis all occur in one step.  
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CHAPTER 10 

10. CONCLUSIONS AND FUTURE WORK 

10.1. Summary and Conclusions 

This thesis examines the feasibility and accuracy of chromatographic and packed-bed methods 

to assess the physical and proteolytic stability of peptide therapeutics under gastrointestinal 

conditions. 

The thesis begins with a review of the literature pertaining to mechanisms of peptide aggregation, 

the factors affecting it and the methods of detecting it. This Chapter helps to establish the 

applicability of self-interaction chromatography in the research of peptide aggregation 

propensity, outlining the advantages of its automated data collection for multiple conditions, 

lower peptide sample consumption. The subsequent Chapter reviews the literature regarding the 

conditions within the gastrointestinal tract with a focus on the proteolytic enzymes present and 

the methods of measuring their activity. The various techniques of enzyme immobilisation and 

the benefits of immobilised enzyme reactors compared to solution reactions are outlined: the 

lack of requirement for substrate separation, the reduced sample consumption and automated 

processing.  

In Chapter 5, the materials consumed throughout the experimental work of the thesis are 

described with particular focus on the structures of insulin, the glucagon-like peptide-1 (GLP-1) 

analogues, semaglutide and liraglutide, and pepsin, including a detailed description of its 

mechanism. The Chapter then continues to describe the experimental procedures carried out to 

collect data including the HPLC setup, peptide and protein immobilisation, self-interaction 
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chromatography second virial coefficient calculation and the liquid chromatography-mass 

spectrometry (LC-MS) methods.  

The experimental section of the thesis begins in Chapter 6, in which the development of the self-

interaction chromatography protocol is discussed. It was found that the AF-Tresyl-650M resin 

with Tris end-capping, which has been applied in previous self-interaction chromatography 

studies on monoclonal antibodies, showed applicability as a stationary phase for a model 

peptide, semaglutide. The difference in retention times of the various end-capping methods 

tested established that 60 μL column volume was sufficient for semaglutide self-interaction 

chromatography, whilst a superficial flowrate of 0.12 mm/s was optimal. These results would be 

carried forward to the future self-interaction chromatography (SIC) experiments and provide 

understanding in the development of immobilised enzyme reactors. 

Chapter 7, builds upon the previous, testing self-interaction chromatography of semaglutide 

under various intestinal conditions. The second virial coefficient results showed a similar trend 

to size distribution data collected via dynamic light scattering with pH showing the greatest effect 

on stability, with pH 8.0 being most optimal for minimising semaglutide aggregation. Higher lipid 

and lower salt concentrations were also found to stabilise the lipid conjugated peptide. However, 

there was a discrepancy between the magnitude of the SIC and dynamic light scattering (DLS) 

values, as the second virial coefficients predicted monomeric structures, whilst oligomers were 

measured after a few hours in solution. This was assumed to be due to SIC measuring the 

strength of the interactions between the immobilised monomer and the solution oligomers, 

rather than monomer-monomer interactions. Therefore, it was deemed that the technique 

showed potential to be applied in predicting the formation of larger aggregates but required prior 

understanding of the solution conformation to understand the results. The unexpected 

challenges in understanding the SIC data sets, was significantly linked the complexity of the 

peptide solution association processes. 
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Chapter 8 follows on from this work, assessing whether self-interaction chromatography would 

show comparable results and limitations with another GLP-1 peptide, liraglutide, and a larger 

peptide of interest, insulin. In the case of liraglutide, the technique predicted more negative 

second virial coefficients (increased aggregation propensity) at pH ≥7.0, which contradicted size 

exclusion and dynamic light scattering data, which showed the presence of 8-mers, which began 

to dissociate at pH <7.0 to form 13-mers. This was hypothesised to be due to the monomer 

interacting more strongly with the 8-mer than the 13-mer in the mobile phase, since what was 

being calculated was not the monomer second virial coefficient but the oligomer interaction 

strength with the monomer. Therefore, the results, similarly to those for semaglutide, agreed with 

those using standard techniques and those in literature, since liraglutide is known to adopt those 

two oligomeric structures prior to aggregation, with the octamer being more stable but with 

increased interaction strength with the monomer. By contrast, since insulin was observed to 

form hexamers instantly upon dissolution and large aggregates at pH <6.5, self-interaction 

chromatography was found to be an unsuitable technique. The results did not correlate well with 

dynamic light scattering and size exclusion chromatography particle size distributions. Peak 

splitting and strong retention were observed increasingly at lower pHs such that there was no 

observable peak at pH <7.0. However, for pH >7.0, the correct trend of increasing stability with 

pH, was observed via SIC, despite the differences in overall predicted values.  

Therefore, the overall results from Chapters 7 and 8 suggest that whilst SIC may be a useful tool 

in analysing the stability of a peptide therapeutics under given conditions, it requires detailed 

understanding of the molecular association processes for specific peptides, including the 

relationship to the solution conditions especially pH. Therefore, at concentrations where the 

peptides are known to maintain a monomeric structure under intestinal conditions, the 

technique may show more proficiency. However, in its current form, this is not the case and 

much of the SIC data generated was difficult to interpret reliably. Nevertheless, with further 
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development the technique may still be applicable as a higher throughput method that may be 

applied during early-stage oral peptide formulation screening. 

In Chapter 9, the work focused on the use of immobilised pepsin reactors to study the proteolytic 

stability of peptides under gastric conditions. A propylamino silica resin was functionalised with 

pepsin via a Schiff’s base reaction as quantified and confirmed via UV-Vis and Raman 

spectroscopy, respectively.  Initial experiments showed that qualitatively the immobilised 

pepsin showed similar selectivity to the free solution enzyme for a library of peptide 

hydrophobicity standards. However, for a larger peptide, semaglutide more products were 

observed relative to solution-based approaches, assumed to be due to specific sample loss 

during precipitation of solution enzymes and showing a benefit to the immobilised reactor setup. 

A greater than 50x decrease in maximum reaction velocity per mass enzyme and a 5x increase in 

the Michaelis-Menten constant, and so reduction in enzyme affinity were observed after 

immobilisation. However, this was compensated for by the >500x increase in concentration that 

immobilisation allowed for. The immobilised pepsin was shown to still show respectable levels 

of activity after 12 weeks, with an average reduction of 5.9% in maximum reaction rate and 

increase of 4.8% in the Michaelis-Menten constant occurring per week (57 sample elutions). 

Furthermore, the immobilised pepsin exhibited strong proteolytic reaction predicative behaviour 

for a range of peptides including the stability of cyclic and proline-rich peptides and the 

importance of the d-amino acid substitution which stabilises Goserelin relative to luteneizing 

hormone releasing hormone. Therefore, the method was shown that it had good promise to be 

used as a more high-throughput technique for studying peptide susceptibility to pepsin-

catalysed degradation, which maintains selectivity but removes the requirement for sample-

enzyme separation post-reaction. 
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10.2. Future Work 

As outlined previously in the conclusions, this thesis discusses testing and developing the 

application of self-interaction chromatography and immobilised enzyme reactors in studying 

peptide species under gastrointestinal conditions. However, both methods could still be 

developed substantially further. 

One of the major studies that would need to be carried out to improve self-interaction 

chromatography as a method for determining peptide aggregation propensity is analysing the 

effects of peptide coverage and injection sample concentration. From the experimental work 

carried out in Chapters 7 and 8, it was evident that whilst the technique could detect changes in 

peptide physical behaviour, under slightly unstable conditions the high concentration of peptide 

immobilised within the column initiated oligomerisation or aggregation of the mobile phase 

species. Therefore, as outlined in Chapter 8 with respect to insulin, this in-column aggregation 

resulted in peak splitting or a lack of peptide elution entirely at the concentration injected and 

surface coverage tested. Since peptides are more sensitive than larger proteins (such as 

monoclonal antibodies) to abrupt changes in aggregation propensity with changing conditions, 

due to their stronger interactions for their respective sizes, the technique needs to be adjusted. 

This would ensure the column fixated with peptide maintains the ability to differentiate between 

stable monomer species and slow aggregation or the formation of oligomers without initiating 

large-scale aggregation. Therefore, as previously mentioned, this would require a study analysing 

the effects of column loading and injected sample concentration. The injected sample would 

need to be in the concentration range which is sufficiently above the limit of detection but 

significantly below that which instantaneously forms aggregates under the range of conditions 

being tested. This concentration would then be eluted through columns of several different 

loadings under various conditions from stable to slightly unstable to highly unstable. This would 

assist in establishing the level of loading that is not so low that it does not resolve the differences 

in stability and so may not reliably measure the change in second virial coefficient for differing 
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conditions. It would also determine the level of loading which is too high resulting in 

oversensitivity of the column due to rapid aggregation due to interaction with the monomer 

species on the surface.  

To confirm whether the hypothesis of in-column oligomerisation or aggregation was in fact what 

was being observed during previous experiments in this thesis, future experiments could be 

performed to study the secondary and tertiary structures of the sample pre- and post-injection. 

Circular dichroism could be performed on the original injection sample and fractionally collected 

self-interaction chromatography eluted peaks. However, an assumption that the initial sample 

concentration measurement is accurate and that the total injected amount is collected in the 

fractionally collected peak to ensure that the concentration of the fractionally collected sample 

is accurate. Furthermore, due to salt concentration limitations of circular dichroism, this may 

only be performed on conditions at low salt concentrations. Nevertheless, since the buffer 

concentrations were only 20 mM in most cases, this would allow for changes in secondary 

structure of the peptide during column elution to be established. For example, if a decrease in 

negative signal at 208 nm or 222 nm is observed and replaced by a slight positive peak at 212 nm 

between the original and fractionally collected sample, then a transition from more α-helix 

behaviour to more random coil structures has been observed. Furthermore, this could be 

correlated to the aggregation behaviour by analysing the hydrodynamic radii of the fractionally 

collected species via dynamic light scattering. Changes in the tertiary structure of the peptide 

may be outlined via nuclear Overhauser effect spectroscopy nuclear magnetic resonance 

experiments which indicate molecular protons that are in proximity to each other and so the 

folding structure of the peptide. However, if details of the tertiary structure aren’t required and 

only the relative amount of folding, then heteronuclear single quantum coherence nuclear 

magnetic resonance experiments may be carried out instead. The relative amount of chemical 

shift dispersion for amide protons will indicate the diversity of the environments they are in, and 

so the relative amount of peptide folding. 
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To optimise the self-interaction chromatography setup further, a longer column of lower loading 

may be applied to provide sufficient surface peptide interaction for peak resolution but not 

sufficiently high to initiate rapid aggregation. To ensure that the self-interaction chromatography 

method is adaptable, this experiment would need to be performed for a range of varied peptide 

structures, to create a tabulated range of loadings appropriate for various different peptide 

structures such that the study is not required for each new entity. After establishing optimal resin 

loading for specific peptide structure types, the method may then be ready to screen 

formulations for a specific peptide under various simulated gastrointestinal conditions 

depending on the target absorption site. However, since it will have been tuned to potentially 

rapid aggregation conditions, it may require further analysis prior to use. Therefore, there is still 

a large amount of work that is required before self-interaction chromatography may be ready for 

oral peptide formulation screening. Nevertheless, in its current state it may still be a useful tool 

for studying peptide physical stability under a specific condition for which the peptide 

aggregation is well-understood, but these experiments are required to allow for more versatile 

implementation with the potential view to being used in screening oral formulations as described 

in Chapter 1. 

To further establish the efficacy of the propylamino silica fixated pepsin reactor, a few further 

experiments need to be explored to ensure a detailed understanding of its predicative ability. 

Initially more detailed gastric conditions, including variations in osmolytes (e.g. sugars to remain 

suitable for mass spectrometry) and higher pHs to represent fed state conditions. These 

experiments have already been initiated but are not reported in this thesis. They will aim to 

establish whether the fixated pepsin maintains activity and selectivity relative to the free solution 

enzyme such that it may be applied more reliably. Furthermore, the stability of the immobilised 

pepsin will as in Chapter 9 be tested for an extended time period under this more broad range of 

conditions to establish whether the various conditions affects the rate of loss of activity and what 

the limits of the range of conditions are. In addition to these studies, it would be apt to study in 
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more detail (more quantitatively) the effects varied pepsin loadings have upon the activity of the 

enzyme and its stability with time. Additional studies comparing the columns performance 

against any commercially available or previously reported in literature may also be carried out to 

verify the pros and cons of different stationary phases and immobilisation techniques. 

Furthermore, the entire study, as outlined in Chapter 9 may be repeated to investigate the 

immobilisation of intestinal proteolytic enzymes and their respective conditions. Initial studies, 

not reported in this thesis, have begun on the immobilisation of trypsin to establish the effect 

covalent immobilisation has on its activity. 

Upon completion of studying the effects various parameters have on the quality of the 

immobilised pepsin reactor, it may then be applied to study  various formulations for a given 

peptide targeting gastric delivery including those with pepsin inhibitors. These studies would 

allow for it to be established whether any of the additives would permanently, especially any 

pepsin inhibitors, cause a loss of proteolytic activity and if the activity could be regenerated. If 

the immobilised enzyme shows a similar drop in activity to the free enzyme upon exposure to 

formulation additives but its activity is able to be regenerated or the loss is not permanent, then 

the reactor would be ideal as a potential screening tool for oral peptide formulations targeting 

gastric delivery. 

 An additional idea would be then to investigate whether the size of the immobilised pepsin 

reactor could be reduced to form a microscale reactor, thereby requiring less sample and so 

reducing potential costs further. This would require fewer experiments to establish its 

effectiveness as a range of conditions could be tested and compared to previous data to 

determine any changes in proteolytic activity. However, it may require a pre-packed column or a 

different packing procedure if very low diameter, microvolume reactors are being applied. 

Nevertheless, this strategy could be then further implemented directly into an LC-MS or nano-

LC-MS setup so as to remove the requirement for fractional collection. It would require a system 
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with a mobile phase switching valve such that the injected sample may pass through the reactor 

under a simulated gastric condition and being adsorbed onto the reversed-phase column, prior 

to the mobile phase switching to an acetonitrile/water gradient to separate the degradation 

products. In this way, the immobilised pepsin would not be exposed to organic solutions likely 

resulting in its permanent loss of activity but would enable an all-in-one reaction, separation and 

detection setup.  
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APPENDICES 

12. SUPPLEMENTARY MATERIALS 

12.1. Calibration curves 

12.1.1. Peptide immobilisation solutions 

  

 

Figure 12.1: Plotted calibration between UV-

Vis absorption at 280 nm and concentration of 

(a) semaglutide, (b) liraglutide and (c) insulin 

in immobilisation solution 

(as described in Section 5.2.3.1) 

 

12.1.2. Pepsin immobilisation solutions 

 

Figure 12.2: Plotted calibration between UV-Vis absorption at 280 nm and concentration of pepsin 

in 50 mM  pH 4.4 sodium citrate (as described in Section 5.2.3.3) 
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12.1.3. Peptide self-interaction chromatography concentrations 

  

 

Figure 12.3: Plotted calibration between UV-

Vis absorption at 280 nm and concentration of 

(a) semaglutide, (b) liraglutide and (c) insulin 

in deionised water 

(as described in Section 5.2.5.1.1) 

 

12.2. Example elution curves 

 

Figure 12.4: Example elution profile of 0.1 mg/mL semaglutide in pH 5.0 mobile phase 

through a tris-functionalised HW-65 AF-Tresyl-650M stationary phase at 0.05 mL/min in 20 mM 

sodium citrate (see Section 6.3) 

0

10

20

30

40

50

60

0 0.5 1 1.5

In
te

n
si

ty
 (

a.
u

)

Elution Volume (mL)

Pre-Column

Post-Column

(a) 



Page 297 
 

12.3. Size-exclusion chromatography calibration curve 

 

Figure 12.5: Plotted calibration between protein standard mixture molecular weights and retention 

time in a TSKgel G3000SWXL column 

 

12.4. Example raw dynamic light scattering correlograms 

12.4.1. Semaglutide  

  
Figure 12.6 Correlograms from dynamic light scattering measurements of 0.5 mg/mL semaglutide 

at (a) pH 4.0 and (b) pH8.0 corresponding to Figure 7.1(a) and (b) 
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Figure 12.7: Correlograms from dynamic light scattering measurements of 0.1 mg/mL semaglutide 

in water (a) immediately after dissolution and (b) after 24 hours corresponding to Figure 7.5 

(a) (b) 
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Figure 12.8: Raw correlograms of dynamic 

light scattering of 0.5 mg/mL semaglutide 

in 20 mM pH 8.0 sodium phosphate with 500 

mM sodium chloride and (a) 0.05 mM and 

(b) 0.1 mM soybean lecithin concentration, and 

(c) 0.05 mM soybean lecithin in the absence of 

semaglutide corresponding to Figure 7.8 

12.4.2. Liraglutide 

 
Figure 12.9: Correlogram of dynamic light scattering measurements of 0.5 mg/mL liraglutide 

in pH 8.0 20 mM sodium phosphate buffer with 0 mM sodium chloride corresponding to Figure 8.1 

(a) (b) 

(c) 
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Figure 12.10: Correlograms of dynamic light scattering measurements of 0.5 mg/mL liraglutide  

after 24 hours incubation 

in (a) pH 6.0 and (b) pH 8.0 20 mM sodium phosphate corresponding to Figure 8.3(a) and (b) 

  

Figure 12.11: Correlograms from dynamic light scattering of 0.1 mg/mL liraglutide in water 

self-interaction chromatography sample (a) immediately after dissolution and (b) after 6 hours 

corresponding to Figure 8.7 

(a) (b) 

(b) (a) 
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12.4.3. Insulin 

  
Figure 12.12: Correlograms of dynamic light scattering measurements of 0.5 mg/mL insulin 

in pH 7.0 20 mM sodium phosphate with 0 mM sodium chloride (a) immediately and (b) 24 hours 

after dissolution corresponding to Figure 8.10(a) and (b) 

  
Figure 12.13: Correlograms of dynamic light scattering measurements of 0.1 mg/mL insulin  

in water self-interaction chromatography sample (a) immediately after dissolution and (b) after 6 

hours 

(b) 

(a) (b) 

(a) 
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12.5. Exemplary Mass Spectra 

  

  

  

 

 

Figure 12.14: Mass spectra of the major peaks of semaglutide after elution through an immobilised 

pepsin reactor 

(A-G) in order of retention time as outlined in Figure 9.15B 
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E F 
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Figure 12.15: LC-MS (A) Base peak chromatogram and (B) primary peak spectrum of liraglutide 

after elution through an end-capped propylamino silica packed column 

A B 



Page 304 
 

  

  

  
 

 

 

Figure 12.16: Mass spectra of the major peaks of liraglutide after elution through an immobilised 

pepsin reactor 

(A-G) in order of retention time as outlined in Figure 9.16B 

A B 

C D 

E F 
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Figure 12.17: LC-MS (A) Base peak chromatogram and (B) primary peak spectrum of taspoglutide 

after elution through an end-capped propylamino silica packed column 

  

  

 

  

Figure 12.18: Mass spectra of the major peaks of taspoglutide after elution through an immobilised 

pepsin reactor  

(A-E) in order of retention time as outlined in Figure 9.17B 
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Figure 12.19: Mass spectra of the major peaks of insulin after elution through an immobilised 

pepsin reactor 

(A-E) in order of retention time as outlined in Figure 9.19 
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Figure 12.20: Exemplary mass spectra of the major peaks of vasopressin after elution through a 

column packed with ethanolamine end-capped propylamino silica resin (A-C) 

in order of retention time as outlined in Figure 9.22B1 

 

  

 

 

Figure 12.21: Mass spectra of the major peaks of terlipressin after elution through an immobilised 

pepsin reactor  

(A-C) in order of retention time as outlined in Figure 9.22C2 
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Figure 12.22: Mass spectra of the major peaks of substance P after elution through (A) a column 

packed with ethanolamine end-capped propylamino silica resin and (B-D) an immobilised pepsin 

reactor 

in order of retention time as outlined in Figure 9.25 
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