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Abstract 

 

Our current understanding of gut hormones is limited by our inability to measure their 

concentration with sufficient specificity and sensitivity. Liquid chromatography tandem mass 

spectrometry (LC-MS/MS) has already been applied to glucagon quantification and offers a potential 

solution. This PhD aimed to develop LC-MS/MS methods for the quantification of five peptide gut 

hormones: glucagon-like peptide-1 (GLP-1) 7-36 amide, GLP-1 9-36 amide, oxyntomodulin, peptide 

YY (PYY) 1-36 and PYY 3-36.  

The optimised extraction of the gut hormones from plasma comprised protein precipitation, 

followed by solid phase extraction using the Oasis MAX µElution plate. Sample extraction was 

customised to reduce protein and lipid interferents, with recoveries of 21-32%. Extraction was into a 

surrogate matrix of 20µg/mL bovine serum albumin, 20% acetic acid and 10% methanol developed 

to minimise non-specific adsorption. 

Stable-isotopically labelled internal standards for each gut hormone were used. The ultra 

performance liquid chromatography method on a Waters Peptide BEH C18 130Å column 

demonstrated good separation of the gut hormones from each other. The mobile phases were water 

(A), and acetonitrile (B), both with 0.1% formic acid. The flow rate was 0.35mL/min and the elution 

gradient 80-65% A over 9 minutes. A Waters Xevo TQ-S triple quadrupole mass spectrometer was 

used in multiple reaction monitoring mode. Ionisation was in positive mode using atmospheric 

pressure electrospray ionisation. Specific precursor and product ions were measured for each gut 

hormone and internal standard. 

Spiked plasma samples for calibration line standards and quality control samples were measured. 

The method was imprecise with coefficients of variation >15%. The method could not be validated. 

Non-specific adsorption of the peptide gut hormones occurred despite optimisation of container 

type, temperature, solvent and sample handling. Specificity was improved in comparison to 

immunoassay. 

Future work will concentrate on PYY species and aim to improve the sample extraction recovery and 

precision. 
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Chapter 1: An introduction to gut hormones and their measurement by 

immunoassay  

1.1 Gut hormones 

Gut hormones are chemical substances, such as peptides, produced in the gastrointestinal tract that 

can control and regulate the activity of other cells or organs. They can be released in response to 

neuronal signals and/or activation of receptors that sense nutrients e.g. glucose, amino acids. Gut 

hormones can act in a synergistic, autocrine, paracrine and/or endocrine fashion and via their 

receptors cause a variety of effects e.g. smooth muscle contraction, further hormone release. In 

addition to their endocrine role, they can also act as neurotransmitters. Gut hormones are involved 

in the control of digestion and appetite (Murphy and Bloom, 2006).  

This thesis will focus on the quantification by liquid chromatography-tandem mass spectrometry (LC-

MS/MS) of three peptide gut hormones; glucagon-like peptide-1 (GLP-1), oxyntomodulin, and 

peptide YY (PYY), and some of their metabolites. As this introductory chapter will show, GLP-1, 

oxyntomodulin and PYY have been chosen because of the challenges involved in their current 

measurement by immunoassay, and the importance of specifically measuring their concentrations 

with regards to their role in increasing satiety, the efficacy of bariatric surgery, and as future 

pharmaceutical agents to treat obesity. The choice of LC-MS/MS as the method for quantification 

will be discussed in chapter 2. 

The gut hormones GLP-1, oxyntomodulin and PYY are synthesised by the enteroendocrine L-cells, 

primarily in the ileum and colon (Ghatei et al., 1983, Habib, 2013, Le Quellec et al., 1992). GLP-1 and 

oxyntomodulin are produced from the selective post-translational processing of the same precursor, 

proglucagon, by proprotein convertase subtilisin/kexin type 1 (PCSK1) (Cho et al., 2014). This PCSK1 

processing also produces glucagon-like peptide-2 which has been shown to have intestinotrophic 

activity, and promote gut mucosa integrity and nutrient absorption (Drucker and Yusta, 2014). As 

figure 1 shows, proglucagon is also synthesised in the pancreas and central nervous system, but in 

the pancreas undergoes a different post-translational processing by proprotein convertase 

subtilisin/kexin type 2 to form glucagon (Cho et al., 2014). Glucagon acts as a counter-regulatory 

hormone to insulin, preventing hypoglycaemia by promoting gluconeogenesis and glycogenolysis in 

the liver (Lapko et al., 2013) and has also been shown to increase satiety and energy expenditure 

(Cegla et al., 2014, Tan et al., 2013). Glucagon is not being considered in this thesis as there are 

already LC-MS/MS methods for its quantification in the literature (Delinsky et al., 2004a, Howard et 

al., 2014, Lapko et al., 2013, Li et al., 2012). 
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Figure 1.1: The post-translational processing of proglucagon in the pancreas and gut/brain. 

GRPP glicentin-related pancreatic polypeptide; IP-1 intervening peptide-1; IP-2 intervening 

peptide-2; GLP-1 glucagon-like peptide-1; GLP-2 glucagon-like peptide-2. 

 

1.1.1 Glucagon-like Peptide-1 

Two forms of GLP-1 are produced, GLP-1 1-37 and 1-36 amide. The amidation signal is a glycine 

residue at the C terminus of GLP-1 1-37. The existence of two forms is because not all of the GLP-1 1-

37 is amidated (Orskov et al., 1994). GLP-1 1-37 and GLP-1 1-36 amide are cleaved by PCSK1 to give 

the biologically active forms GLP-1 7-37 and 7-36 amide respectively (Baggio and Drucker, 2007); the 

most prevalent circulating active form of GLP-1 in humans is 7-36 amide (Orskov et al., 1994). Active 

GLP-1 is degraded by dipeptidyl peptidase-4 (DPP-4) which cleaves off the N-terminal two amino 

acids forming GLP-1 9-37 and GLP-1 9-36 amide (Kieffer et al., 1995, Deacon et al., 1995a). DPP-4 is a 

highly specific enzyme releasing the N-terminal dipeptide from peptides with proline or alanine in 

the penultimate N-terminal position. Within the gut, there are three principal cell types which 

express DPP4: enterocytes, cells of haematopoietic origin, and the endothelial cells lining the 

capillaries of the lamina propria (Mulvihill et al., 2017). Only approximately 10-15% of active GLP-1 

produced in the gut leaves the liver in the active form due to degradation in the gut and hepatic-

portal system and this degradation is predominantly by the endothelial cell DPP-4 (Cho et al., 2014, 

Holst, 2007, Mulvihill et al., 2017). This suggests that measuring total GLP-1 (GLP-1 7-37, GLP-1 7-36 

amide, GLP-1 9-37 and GLP-1 9-36 amide) in the peripheral circulation may give a better idea of the 

release of GLP-1 7-37 and 7-36 amide by the gut in response to a stimulus (Holst, 2007).  

The half-life of GLP-1 7-36 amide in plasma was determined to be less than two minutes by Kieffer et 

al (1995). The metabolites of GLP-1 7-36 amide have been shown to be cleared from blood in less 

RPP GRPP Glucagon 
IP 
-1 

Major proglucagon fragment 

Glicentin GLP-1 GLP-2 IP-2 

Oxyntomodulin GRPP 

Proglucagon 
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than five minutes, in individuals with normal renal function (Baggio and Drucker, 2007, Meier et al., 

2004). The expected fasting concentration of total GLP-1 has been reported to be <20 pmol/L with 

the biologically active form making up 10-20% of this (Kuhre et al., 2015). Tan et al (2017) reported 

the fasting concentration of active GLP-1 to be 3.5±0.6pmol/L using an immunoassay. Chappell et al 

(2014b) reported the fasting concentration of GLP-1 7-36 amide to be 1.5pmol/L and that of GLP-1 9-

36 amide to be 3.9pmol/L using a mass spectrometry based assay. However, as the rest of this 

chapter will show, there are many different assays for GLP-1 which measure the many forms of GLP-

1 with differing specificity. Hence, there is not a defined reference range for GLP-1. It is important to 

exactly define which forms of GLP-1 an assay measures, to allow interpretation of the results 

obtained, as the different forms of GLP-1 have different biological activities. This thesis will focus on 

the measurement of the most prevalent human active form GLP-1 7-36 amide and its major 

metabolite GLP-1 9-36 amide. 

The amino acid sequence of GLP-1 7-36 amide, using the one letter symbols for the amino acids 

adopted by the International Union of Biochemistry and Molecular Biology (IUPAC-IUB Commission 

on Biochemical Nomenclature, 1968), is HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR-amide. The 

monoisotopic molecular weight is 3295.7. The monoisotopic molecular weight is calculated by 

considering only the mass of the most prevalent isotope of each element in the molecule. This is the 

most appropriate weight to consider for mass spectrometry as the mass spectrometer sees 

molecules according to their mass-to-charge ratio (m/z), and hence sees each isotope combination 

separately. The most abundant molecule, and hence the highest intensity m/z seen by the mass 

spectrometer, will correspond to an ion formed from the peptide with the monoisotopic molecular 

weight. For the determination of molar concentrations, as detailed in chapters 3 and 4, average 

molecular weight was used as the most appropriate measure when considering the actual number of 

molecules in a sample. A Basic Local Alignment Search Tool (BLAST) search on the Universal Protein 

Resource (UniProt) (www.uniprot.org) was used to identify other human proteins and peptides with 

a similar amino acid sequence which might interfere with an LC-MS/MS assay. All searches were run 

on 8th September 2015. This identified overlap with the amino acid sequences of transmembrane 

protein 45A and COMM domain-containing protein 6 (table 1.1). No known natural variants of the 

GLP-1 7-36 amide amino acid sequence were identified and, as discussed above, this same amino 

acid sequence is present in GLP-1 7-37, GLP-1 1-37, GLP-1 1-36 amide, proglucagon and the major 

proglucagon fragment.  

The amino acid sequence of GLP-1 9-36 amide is EGTFTSDVSSYLEGQAAKEFIAWLVKGR-amide and its 

monoisotopic molecular weight is 3087.6. A UniProt BLAST search to identify other human proteins 
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and peptides with a similar amino acid sequence identified the same as those found for GLP-1 7-36 

amide (table 1.1). No known natural variants of the GLP-1 9-36 amide amino acid sequence were 

identified and, as discussed above, this same amino acid sequence is present in GLP-1 9-37, GLP-1 7-

37, GLP-1 7-36 amide, GLP-1 1-37, GLP-1 1-36 amide, proglucagon and the major proglucagon 

fragment.  

 

Protein or peptide Amino acid sequence (underlined amino acids are those in common 

with GLP-1 7-36 amide) 

GLP-1 7-36 amide      HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR-amide 

Transmembrane protein 45A 

(amino acids 242-250) 

                         …FITWLVKSR… 

COMM domain-containing 

protein 6 

MEASSEPPLDAKSDVSSNLEG    EFSVETGYGCELRHLQIS 

Table 1.1: Table showing human proteins and peptides with amino acid sequences that 

overlap with those of GLP-1 7-36 amide. These were identified by running a Basic Local 

Alignment Search Tool (BLAST) search on the Universal Protein Resource (UniProt) 

(www.uniprot.org) looking only for proteins and peptides found in humans. 

 

1.1.2 Oxyntomodulin 

Oxyntomodulin has a half-life of 8.4±2 minutes in plasma, when measured following infusion, and is 

degraded by DPP-4 and neutral endopeptidases (Druce and Ghatei, 2006, Schjoldager et al., 1988). 

The plasma fasting oxyntomodulin concentration again varies according to the assay used, and its 

specificity, but has been found to be 85.1±5.9pmol/L (mean±standard error) (Field et al., 2010), 

15.8±2.3pmol/L (Tan et al., 2017) and 62±5pmol/L (Cohen et al., 2003). There is again no established 

reference range. 

The amino acid sequence of oxyntomodulin is HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNRNNIA-

OH and its monoisotopic molecular weight is 4446.2. An UniProt BLAST search to identify other 

human proteins and peptides with a similar amino acid sequence identified overlap with the amino 

acid sequences of gastric inhibitory peptide, peptide histidine valine-42, dehydrogenase/reductase 

SDR family member 7, leucine transfer RNA ligase and an uncharacterised human protein J3QKU1 

(table 1.2). No known variants of the amino acid sequence were identified and as discussed above 
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this same amino acid sequence is present in proglucagon and glicentin. Oxyntomodulin also has the 

same amino acid sequence as glucagon, with an additional eight amino acids at the C-terminal 

(Pocai, 2012). This overlap between the amino acid sequences of oxyntomodulin, glucagon, glicentin 

and proglucagon makes specific measurement of oxyntomodulin by antibody based techniques very 

challenging. This thesis will focus on the specific measurement of oxyntomodulin. 

 

Protein or peptide Amino acid sequence (underlined amino acids are those in common 

with oxyntomodulin) 

Oxyntomodulin HSQGTFTSDYSKYLDS RRAQDF VQWLMNTKRNRNNIA-OH 

Gastric inhibitory peptide YAEGTFISDYSIAMDK IHQQDF VNWLLAQKGKKNDWKHNITQ-OH 

Peptide histidine valine-42 HADGVFTSDFSKLLGQ LSAKKY LESLMG KRVSSNISEDPVPV 

Dehydrogenase/reductase 

SDR family member 7 

(amino acids 324-355) 

         …SKFLNS…RKVQNF…VQWLMS… 

Leucine transfer RNA ligase, 

cytoplasmic (amino acids 

207-231) 

     …TTDVNPYYDS      F VRWQFLTLRERNKI… 

Uncharacterised human 

protein J3QKU1 

MEAMADRFPDVLPASATDPNCRTSHS 

               S PRPPGS IQWGISSKRNQTNVFQPLHSVASLCVRKG 

Table 1.2: Table showing human proteins and peptides with amino acid sequences that 

overlap with those of oxyntomodulin. These were identified by running a Basic Local 

Alignment Search Tool (BLAST) search on the Universal Protein Resource (UniProt) 

(www.uniprot.org) looking only for proteins and peptides found in humans. 

 

1.1.3 PYY 

PYY is a 36 amino acid peptide with an amidated C-terminus and a PP-fold tertiary structure. This 

tertiary structure is also seen in pancreatic polypeptide and neuropeptide Y, with which PYY shares 

some sequence homology, and these three peptides are called the PP-fold family of regulatory 

peptides (Nygaard et al., 2006). The PP-fold is characterized by a N-terminal proline-rich segment 

(proline residues 2, 5 and 8), which is folded back on a long amphipathic α-helix and followed by a C-

terminal hexapeptide which is important for receptor recognition (Keire et al., 2000a, Keire et al., 

2000b, Nygaard et al., 2006).  
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PYY was so named because of its N-terminal tyrosine residue and C-terminal tyrosine amide. Y 

represents the amino acid tyrosine in one-letter amino acid nomenclature (IUPAC-IUB Commission 

on Biochemical Nomenclature, 1968). Reverse phase high performance liquid chromatography 

(HPLC) of colonic extracts during initial work on PYY demonstrated two well separated 

immunoreactive peaks, and amino acid sequence analysis and mass spectrometry elucidated the 

structure of two major in vivo forms of PYY; PYY 1-36 and the N-terminal truncated form PYY 3-36 

(Eberlein et al., 1989). DPP-4 mediates the conversion between PYY 1-36 and PYY 3-36 (Mentlein et 

al., 1993). Following infusion with PYY 1-36 or PYY 3-36, their half-lives were calculated to be 5.0±0.3 

and 12.2±1.2 minutes respectively (Toräng et al., 2016). The expected fasting plasma concentration 

for total PYY has been reported to be between 8.3±0.1pmol/L (Batterham et al., 2002) and 

29±1pmol/L (Degen et al., 2005), with again variation between assays and no established reference 

range. 

 

Protein or peptide Amino acid sequence (underlined amino acids are those in common with 

PYY 1-36) 

PYY 1-36 YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY-amide 

PYY 1-36 rs229969 YPIKPEAPREDASPEELNRYYASLRHYLNLVTRQRY-amide 

putative PYY-2 MATVLLALLVYLGALVDA 

YPIKPEAPGEDAFLG 

Neuropeptide Y YPSKPDNPGEDAPAEDMARYYSALRHYINLITRQRY 

Pancreatic Polypeptide APLEPVYPGDNATPEQMAQYAADLRRYINMLTRPRY 

putative PYY-3 MVSVCRPWPAVAIALLALLVCLGALVDTC 

 PIKPEAPGEDESLEELSHYYASLCHYLNVVTRQWWEGADMW 

Table 1.3: Table showing human proteins and peptides with amino acid sequences that 

overlap with those of PYY 1-36. These were identified by running a Basic Local Alignment 

Search Tool (BLAST) search on the Universal Protein Resource (UniProt) (www.uniprot.org) 

looking only for proteins and peptides found in humans. 

 

In the fasted state PYY 1-36 is the main species present in the circulation whereas postprandially it is 

PYY 3-36 (Grandt et al., 1994). PYY 3-36 has a different biological activity to PYY 1-36, as it has a 

higher affinity for the Y2 receptor (Batterham et al., 2002, Keire et al., 2000b, Nygaard et al., 2006). 

The Y2 receptor mediates the anoretic effect of PYY 3-36 (Manning and Batterham, 2014). However, 
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the majority of immunoassays for PYY measure total PYY and are unable to distinguish between PYY 

1-36 and PYY 3-36. This affects their use in understanding the anoretic effect of PYY 3-36. This thesis 

will focus on the separate measurement of PYY 1-36 and PYY 3-36. 

The amino acid sequence of PYY 1-36 is YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY-amide and its 

monoisotopic molecular weight is 4307.2. An UniProt BLAST search to identify other human proteins 

and peptides with a similar amino acid sequence and identified overlap with the amino acid 

sequences of putative PYY-2, neuropeptide Y, pancreatic polypeptide and putative PYY-3 (table 1.3). 

Putative PYY-2 and PYY-3 have been identified in the human genome and are likely a result of 

duplication of the PYY gene. No corresponding peptide has been identified in man but in the cow, 

the PYY-2 gene is expressed as seminalplasmin, a biologically active component of semen (Michael 

Conlon, 2002). A variant of PYY 1-36, rs229969, where a glycine is replaced by an arginine was 

identified but its significance is unknown. 

The amino acid sequence of PYY 3-36 is IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY-amide and its 

monoisotopic molecular weight is 4047.1 (Eberlein et al., 1989). As with PYY 1-36 there is a known 

variant, rs229969 and some overlap with other human proteins and peptides as shown in table 1.3. 

1.2 Human infusion studies 

Human infusion studies have shown the roles of GLP-1, oxyntomodulin and/or PYY in increasing 

satiety (Batterham et al., 2002, Batterham et al., 2003, Cegla et al., 2014, Cohen et al., 2003, De Silva 

et al., 2011, Degen et al., 2005, Field et al., 2010, Flint et al., 1998, Flint et al., 2001, Gutzwiller et al., 

1999a, Gutzwiller et al., 1999b, le Roux et al., 2006b, Naslund et al., 1999, Neary et al., 2005, 

Schmidt et al., 2014, Sloth et al., 2007, Tan et al., 2017, Wynne et al., 2005). This is hypothesised to 

be brought about via their vagal and central nervous system effects, including delayed gastric 

emptying (Little et al., 2006, Manning and Batterham, 2014).  

However, as well as these studies showing the importance of GLP-1, oxyntomodulin and PYY in 

increasing satiety, the assays used in these studies are of particular interest to this thesis. The 

characteristics of these assays, and any advantages and disadvantages, should be identified and 

taken into account during the development of a LC-MS/MS method for the quantification of PYY 1-

36, PYY 3-36, GLP-1 7-36 amide, GLP-1 9-36 amide and oxyntomodulin. This will enable the 

development of a method that is fit for purpose and can be used to measure gut hormone 

concentrations in clinical research.  

1.2.1 Oxyntomodulin 
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Studies involving oxyntomodulin infusion have been complicated by the difficulty in specifically 

measuring oxyntomodulin by immunoassay due to its previously discussed amino acid sequence 

overlap with glucagon, glicentin and proglucagon (section 1.1.2). This sequence overlap means that 

finding an antibody which only recognises an epitope on oxyntomodulin and not glucagon, glicentin 

and proglucagon is challenging. The radioimmunoassay (RIA) method used in the two oxyntomodulin 

infusion studies below (Ghatei et al., 1983), utilises a subtraction technique to counter the glucagon 

cross-reactivity. Antibodies raised to porcine pancreatic glucagon were observed to have two types 

of cross-reactivity: pancreatic origin glucagon-like immunoreactivity (C-terminal directed glucagon 

antiserum RCS5) and, pancreatic and intestinal origin glucagon-like immunoreactivity (N-terminal- to 

midmolecule-directed glucagon antiserum R59). By subtracting the result for RCS5 from that for R59 

an approximation of the intestinal origin glucagon-like immunoreactivity can be made. This intestinal 

origin glucagon-like immunoreactivity, also known as enteroglucagon or oxyntomodulin-like 

immunoreactivity (OLI), consists primarily of oxyntomodulin and glicentin (Pocai, 2012). The use of 

two assays however increases the error in the overall method, as the square of the error of the 

subtraction method equals the square of the error for the RCS5 antiserum method plus the square 

of the error for the R59 antiserum method. There is also in these oxyntomodulin infusion studies the 

need for an additional gel permeation experiment, to verify it is the infused oxyntomodulin that is 

being measured. 

Cohen et al (2003) infused intravenous oxyntomodulin (3.0pmol/kg/min) into 13 lean subjects in a 

randomized, double-blind, placebo-controlled, cross-over study and this led to a reduction in ad 

libitum energy intake at a buffet meal, meal duration, hunger scores and cumulative 12 hour energy 

intake. The infusion of oxyntomodulin increased the measured OLI concentration from 62±5pmol/L 

to a peak of 907±32pmol/L. The peak OLI level measured postprandially, with no infusion, was 

151±18pmol/L. Gel permeation analysis of plasma samples during the infusion demonstrated a 

single immunoreactive peak eluting in the same position as synthetic oxyntomodulin confirming that 

oxyntomodulin, and not a metabolite, caused the elevated OLI concentration. The intra-assay 

coefficient of variation (CV) was 5.7%. The CV is equal to the standard deviation of the results 

divided by the mean of the results and is expressed as a percentage. All samples were assayed in 

duplicate and within one assay to prevent inter-assay variation. This is a recurrent problem with RIAs 

in that the intra-assay CV is often smaller than the inter-assay CV and hence comparison between 

assay batches is not always valid (Kuhre et al., 2015). Many other studies have followed this example 

and measured all samples in one batch in duplicate (Batterham et al., 2002, Batterham et al., 2003, 

Field et al., 2010, Naslund et al., 1999, Wynne et al., 2005). This has the disadvantage of the plasma 
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samples being stored for different time periods, which may have an impact on the level of 

degradation seen, and it also limits the number of samples which can be measured. 

Wynne et al (2005) subcutaneously injected 400nmol oxyntomodulin three times a day over four 

weeks into overweight or obese volunteers in a randomized, double-blind, parallel-group protocol 

and demonstrated significant weight loss and decreased energy intake. The mean baseline OLI 

concentration was 97.4±5.5pmol/L and thirty minutes after oxyntomodulin injection the peak OLI 

concentration was 972±165pmol/L. The peak postprandial OLI concentration was 116.5±10.4pmol/l 

at 150 minutes. Gel permeation analysis of plasma samples from the treatment group demonstrated 

a single immunoreactive peak eluting at the same position as synthetic oxyntomodulin, with no 

indication of any degradative fragments. There was also no antibody formation at the end of the 

study, as assessed by plasma binding of the oxyntomodulin label.  

1.2.2 PYY 

Studies using PYY infusion have been affected by the inability of the majority of the immunoassays 

used, to distinguish between different forms of PYY. This in particular makes it difficult to compare 

postprandial levels of PYY with post infusion levels of PYY, as discussed in the study of Degen et al 

(2005) below.  

Batterham et al (2002) infused 0.8pmol/kg/min PYY 3-36 into healthy, non-obese, fasted subjects in 

a double-blind, placebo-controlled, crossover study and this led to a reduction in hunger scores, 

calorie intake at 2 hours, and food intake in the first 12 hours post infusion. PYY levels were 

measured by in-house RIA which detected both PYY 1-36 and PYY 3-36 (antiserum Y21) with an intra-

assay CV of 5.8%. PYY levels during infusion reached the previously observed postprandial 

concentration of 43.5±3pmol/L from a baseline concentration of 8.3±1.0pmol/L.  

Batterham et al (2003) then infused, over 90 minutes, 2nmol/m2 of body surface area PYY 3-36 into 

healthy, lean and obese, fasted subjects in a double-blind, placebo-controlled, crossover study and 

this led to a reduction in hunger scores, calorie intake at 2 hours and food intake in the first 12 hours 

post infusion for both groups. PYY levels during infusion were not different between groups either; 

57.1±3.8pmol/L in the obese group and 53.7±3.5pmol/L in the lean group. The RIA used was as in 

the prior study (Batterham et al., 2002). This indicates that obese subjects are not resistant to the 

satiety effects of PYY infusion. Wynne et al (2005) showed that obese subjects are not resistant to 

the satiety effects of oxyntomodulin infusion (section 1.2.1). Resistance in obese subjects has 

however, been observed with leptin (Chicurel, 2000) and this has led to a decreased interest in leptin 

for management of obesity.  
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Sloth et al (2007) gave 0.8pmol/kg/min PYY 1-36 or PYY 3-36 intravenously to lean or overweight 

men in a randomised, blinded, placebo-controlled, crossover study which led to 5/9 PYY 3-36 

infusion subjects not completing due to side effects of severe malaise or nausea, and no response in 

the PYY 1-36 group. 0.2pmol/kg/min of PYY 3-36 and 1.6pmol/kg/min of PYY 1-36 were therefore 

also trialled. There was a significant decrease in energy intake with 0.8pmol/kg/min PYY 3-36 only. 

The inability of PYY 1-36 to decrease energy intake was postulated to be due to slow and incomplete 

conversion to PYY 3-36 by DPP-4 (Toräng et al., 2016) but this could not be proven with the assay 

available. An in-house RIA was used with intra-assay CV <5% which detected PYY 1-36 and PYY 3-36 

(antiserum 8421-211). For 0.8pmol/kg/min infusions the peak concentrations of PYY were 

214±48pmol/L after PYY 1-36 and 190±27 pmol/L after PYY 3-36 from a baseline of 28±5pmol/L. 

Discussion by the study authors postulates that the dose of PYY infused may not correlate with the 

plasma PYY concentration due to non-specific adsorption of PYY to infusion bags/tubing. A PYY 

infusion study in 1986 (Adrian et al., 1986) additionally measured the PYY concentration (by in-house 

RIA using antiserum Y21) of a sample of infusate collected from the venous end of the infusion 

catheter and concluded that there were PYY losses of approximately 40%, presumed to be due to 

non-specific adsorption of the PYY to the plastic surfaces. This was despite using a saline diluent with 

the addition of 150µmols/L human albumin. Infusion studies have varied in adding Haemaccel 

(Batterham et al., 2002, Batterham et al., 2003, Cohen et al., 2003, le Roux et al., 2006b, Neary et al., 

2005), Gelofusine (Field et al., 2010), human serum albumin (Degen et al., 2005) and in Sloth’s study 

the subjects’ own plasma to the solution with the infusate. These additions act as carrier proteins 

and their role is to occupy any non-specific binding sites thus reducing the loss of the infusate to 

non-specific adsorption. This use of different carrier proteins may make it difficult to draw 

comparisons between amounts of PYY infused unless the carrier protein used is the same. For 

example Batterham et al (2002), using the same infusion rate but a different carrier protein, did not 

see the level of side effects observed by Sloth et al (2007). They also got a different PYY 

concentration of 43.5±3pmol/L post infusion, as compared with 190±27pmol/L for Sloth et al (2007), 

but they did use a different assay. Differences in the experimental procedures between groups 

should also be considered. One study noted degradation of the infusate PYY 1-36, to PYY 3-36, in the 

infusion bag (Toräng et al., 2016). On investigation DPP-4 activity was detected in the albumin being 

used as the carrier protein. 

Infusion of 0.2, 0.4, or 0.8pmol/kg/min PYY 3-36 into lean men reduced the amount of food eaten, 

calories consumed, fluid ingestion and meal duration in a dose-dependent manner (Degen et al., 

2005). PYY in this study was measured with a commercially available RIA kit (Linco Research Inc, St 

Charles, MO) with 100% cross-reactivity with human PYY 1-36 and human PYY 3-36. The plasma PYY 
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concentrations observed increased in a dose-dependent manner, and the mean fasting plasma PYY 

concentration was 29±1pmol/L. In the literature, Degen et al (2005) discuss the fact that 

postprandially 60% of circulating PYY is PYY 3-36, whereas after their infusion it would only be the 

PYY 3-36 concentration that was increased. This difference between the forms of PYY present, after 

infusion versus postprandially, may affect the biological response to infusion versus physiological 

release after food. However, the assay they used could not distinguish between the PYY forms 

present so they could not investigate this further. However they felt the forms present may be 

important in predicting the side effects which were observed, particularly when plasma PYY 

concentrations were above 70pmol/L. These side effects included nausea, fullness, abdominal 

discomfort, and sweating.  

Infusions of PYY 3–36 and/or oxyntomodulin were given to 12 healthy volunteers in a randomized, 

double-blind, placebo-controlled crossover protocol (Field et al., 2010), the hypothesis being that 

using a lower dose of two agents would reduce side effects such as nausea without reducing the 

efficacy of reduction in energy intake. Energy intake was significantly reduced with combined 

administration of PYY 3-36 and oxyntomodulin at low dose but not with either agent individually at 

low dose. Plasma PYY and OLI concentrations were measured using the established in-house RIAs 

previously mentioned in this section; the PYY assay (Batterham et al., 2002) had an intra-assay CV of 

11.5% and the OLI assay (Ghatei et al., 1983) an intra-assay CV of 5.7%. At baseline fasting PYY was 

21.6±0.98pmol/L (compare with 8.3±1pmol/L for Batterham et al (2002) using the same assay) and 

fasting OLI was 85.1±5.94pmol/L (compare with 62±5pmol/L for Cohen et al (2003) using the same 

assay). Side effects of nausea were seen with high dose PYY 3-36 infusions (0.5pmol/kg/min) in the 

Field et al (2010) study, which corresponded to a mean peak plasma PYY concentration of 

156.5±56.9pmol/L. This should be compared to Batterham et al (2002) where no side effects were 

reported using a higher infusion rate of 0.8pmol/kg/min. However, significantly the carrier proteins 

in the PYY infusate for Field et al (2010) and Batterham et al (2002) were different. For Batterham et 

al (2002) using the same assay the mean peak plasma PYY concentration was 43.5±3 pmol/L. For 

Field et al (2010) the peak OLI concentration was 505.3±68.3pmol/L with an infusion rate of 

3.0pmol/kg/min. The study authors note that the peak plasma OLI concentrations were substantially 

lower than the 907±32pmol/L achieved previously (Cohen et al., 2003) and that this may reflect the 

difference in the carrier proteins used in the oxyntomodulin infusate, as per PYY. However, the 

difference between the baseline fasting results for these three studies (Batterham et al., 2002, 

Cohen et al., 2003, Field et al., 2010) which would not be altered by the infusion preparation, is most 

likely to be an illustration of the high inter-assay CVs between RIA batches meaning that 

comparisons between batches of results are not valid. 
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1.2.3 GLP-1 

Studies involving GLP-1 infusion have been complicated by the large number of forms of GLP-1 and a 

lack of consensus on the correct form(s) to measure. A perfect assay may be one that only measures 

the biologically active GLP-1 7-36 amide and GLP-1 7-37. However, given the rapid conversion to 

GLP-1 9-36 amide and GLP-1 9-37 an assay for all four forms has been suggested to be the best 

indication of gut GLP-1 secretion and action (Holst, 2007, Falkén et al., 2011). This may also be 

supported by the indication that GLP-1 9-36 amide and 9-37 may not be completely inactive (Elahi et 

al., 2008, Sharma et al., 2013).  

Flint et al (1998) infused GLP-1 7-36 amide (50pmol/kg body weight/hour) into twenty lean male 

volunteers, in 0.9% saline solution containing 1% human serum albumin, in a placebo-controlled, 

randomized, blinded, crossover study. The GLP-1 infusion significantly increased satiety and fullness, 

and decreased hunger and prospective food consumption. The RIA used (Orskov et al., 1994) 

measured GLP-1 using antiserum code 89390, which is specific for the amidated C terminal of GLP-1 

and therefore reacts mainly with GLP-1 7-36 amide. It does however cross-react 83% with GLP-1 9-

36 amide but does not react with GLP-1 7-37 and GLP-1 9-37. The intra-assay CV was <6% at 

20pmol/L. The GLP-1 7-36 amide infusion increased the plasma concentration of GLP-1 to 60–

90pmol/L. This was higher than peak postprandial levels, determined with the same assay, in normal 

subjects given an appetizing high-energy mixed meal (range 32–76pmol/L). The assay used will have 

worked well for the measurement of the concentrations achieved with the GLP-1 7-36 amide 

infusion because it is specific for amidated GLP-1. However, the result for the post prandial 

stimulation of endogenous GLP-1 may not be accurate as all forms of GLP-1 will have been released 

including GLP-1 7-37 and 9-37, and these will not have been measured. 

Naslund et al (1999) infused GLP-1 7-36 amide (0.75pmol/kg/min) into eight obese male subjects, in 

0.9% saline solution containing 1% albumin, in a randomised, blinded, cross-over study and there 

was reduced hunger and calorie consumption. This showed that for GLP-1, as for PYY and 

oxyntomodulin, there was no resistance in obese subjects in terms of the effects on food intake. 

GLP-1 was measured using two RIAs specific for each terminus of the molecule. GLP-1 7-36 amide 

and GLP-1 7-37 were measured using antiserum 93242 which has N-terminal immunoreactivity 

(Deacon et al., 1995a, Gutniak et al., 1996) and a cross-reactivity of approximately 10% with GLP-1 1-

36 amide and 0.1% with GLP-1 9-36 amide. Antiserum 89390 (Orskov et al., 1994), as for the 

previous study, was used to measure C-terminal immunoreactivity. For both assays, the intra-assay 

CV was <6%. Infusion of GLP-1 7-36 amide resulted in a 6-fold elevation of C-terminal plasma GLP-1 

concentrations (approx. 20 vs 120pmol/L), and a 2.5-fold elevation of the biologically active N-
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terminal GLP-1 (approx. 6 vs 16pmol/L). In this study the authors discuss how the C-terminal 

sequence is required for GLP-1 receptor binding (affinity) whereas an intact N-terminal sequence is 

required for second messenger release (efficacy) (Deacon et al., 1995a). Assays that do not 

distinguish on the basis of the N-terminal may thus be overestimating the concentration of 

biologically active peptide. Also N-terminally degraded forms of GLP-1 may act as competitive 

antagonists at the receptor and hence quantification of these forms is recommended. They 

additionally showed how HPLC separation preRIA gave lower GLP-1 concentrations hypothesising 

that both the C-terminal and N-terminal assays must therefore measure other forms of GLP-1.  

Further studies have also shown that GLP-1 infusions increase satiety (Flint et al., 2001, Gutzwiller et 

al., 1999a, Gutzwiller et al., 1999b) and these have used a variety of RIAs (Orskov et al., 1994, Schirra 

et al., 1996) and carrier proteins for the infusion e.g. subjects plasma, human serum albumin. This 

use of different assays and carrier proteins makes them incommensurable to each other and the 

only comparison to be made is against the placebo in the study.  

Other studies have looked at infusions of GLP-1 7-36 amide and PYY 3-36 simultaneously and shown 

a synergistic effect and reduced energy intake (Neary et al., 2005, Schmidt et al., 2014). A 

randomized, single-blinded, placebo-controlled study with crossover arms looked at co-infusion of 

4pmol/kg/min GLP-1 7-36 amide, 0.4pmol/kg/min PYY 3-36 and 4pmol/kg/min oxyntomodulin in 

non-diabetic obese volunteers and showed a significant reduction in food intake (Tan et al., 2017). 

The three gut hormones were administered subcutaneously via a pump and were dissolved in 0.9% 

saline, although the pump and tubing were rinsed with Gelofusine prior to addition of the gut 

hormones. Total PYY and active GLP-1 were measured by the Milliplex MAP Human Metabolic 

Hormone Magnetic Bead Panel on the Luminex 200 platform (Millipore, Missouri, USA). This 

immunoassay platform allows the multiplexing of active GLP-1 and total PYY saving time during 

analysis, although this assay does have the disadvantage of only allowing measurement of active or 

total GLP-1 and not both simultaneously. There is no indication as to what active GLP-1 consists of, 

and any cross-reactivity, although it is assumed to be an antibody specific for the N-terminal and 

hence detecting GLP-1 7-36 amide and GLP-1 7-37. Oxyntomodulin was measured by enzyme-linked 

immunosorbent assay (ELISA) (Mercodia A/S, Uppsala, Sweden). The oxyntomodulin ELISA had been 

validated by a mass spectrometry method and shown to have a 92±11% specificity for 

oxyntomodulin with 89±7% recovery (Lee et al., 2016). It had a lower limit of quantification of 

5pmol/L and cross-reacted 14±3% with glicentin but not at all with glucagon. The intra- and inter-

assay CVs for each analyte were 10%. Fasting baseline concentrations for active GLP-1, total PYY and 

oxyntomodulin were 3.5±0.6pmol/L, 26.3±4.0pmol/L and 15.8±2.3pmol/L respectively.  
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1.3 Bariatric surgery  

Long term excess energy intake versus energy expenditure leads to weight gain. This is measured via 

the body mass index (BMI) (normal BMI 18.5-25kg/m2) and an elevated BMI>30kg/m2 is classified as 

obesity. Obesity increases the risk of cardiometabolic disease, dementia, kidney disease, cancer, 

respiratory disease and osteoarthritis (Jones and Bloom, 2015). Twenty seven percent of the UK 

population are obese (NHS Digital, Health Survey for England 2015) so this is a significant health 

issue, and even moderate weight loss (5-10%) can result in improvement in these obesity-related 

pathologies (Heymsfield and Wadden, 2017). There is however currently a lack of effective 

pharmacological treatments (Jones and Bloom, 2015) and bariatric surgery is the best treatment for 

sustained weight management in obese patients at this time (Nguyen and Varela, 2017). There are 

three different types of bariatric surgery commonly performed; Roux-en-Y gastric bypass (RYGB), 

laparoscopic sleeve gastrectomy (LSG), laparoscopic adjustable gastric banding (LAGB). The RYGB 

involves dividing the stomach, and then joining the remaining small proximal pouch to the jejunum, 

thereby bypassing most of the stomach, the duodenum and the proximal jejunum. This bypassed 

section is anastomosed to the jejunum, allowing intestinal, biliary and pancreatic secretions to enter 

the lower intestine. The LSG involves removing more than three quarters of the lateral aspect of the 

stomach in a vertical fashion, leaving a tubular gastric pouch. LAGB involves an adjustable silicone 

band being placed around the upper stomach creating a small gastric pouch. The size of opening 

between this pouch and the rest of the stomach can be adjusted if required.  

The RYGB is the most effective at causing sustained weight loss and improvement in obesity-related 

co-morbidities e.g. remission of diabetes mellitus. Some of the improvements in obesity-related co-

morbidities manifest before significant weight loss has occurred and this is hypothesised to be due 

to postsurgical changes in gut hormone concentrations (le Roux et al., 2006a). The specific and 

sensitive measurement of gut hormone concentrations in pre- and post-surgical subjects is therefore 

required to further study this, and also to understand the dramatic effect of bariatric surgery on 

weight. The already known effects of bariatric surgery on PYY, GLP-1 and oxyntomodulin are 

discussed below, again with particular reference to the assays used and any challenges identified 

which can feedback into LC-MS/MS method development. 

Numerous studies have confirmed that gut hormone concentrations are altered by bariatric surgical 

procedures (Meek et al., 2016, Michalakis and le Roux, 2012). In particular RYGB, and to a lesser 

extent LSG, has been shown to increase postprandial concentrations of GLP-1 and PYY (Abdeen and 

le Roux, 2016, Basso et al., 2011, Beckman et al., 2010, Peterli et al., 2012). This increase is not seen 

in comparable weight loss by diet (Olivan et al., 2009, Valderas et al., 2010) or LAGB (Korner et al., 
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2007, Rodieux et al., 2008). A larger increase in the postprandial concentrations of GLP-1 and PYY 

post-surgery, among other factors (Livhits et al., 2012), has been suggested to help identify those 

patients who will have a good weight loss response to RYGB (Dirksen et al., 2013b, le Roux et al., 

2007, Meguid et al., 2008, Morinigo et al., 2008). However, pre-operative assessment of total PYY 

and GLP-1 has so far not shown an association with subsequent weight loss after RYGB (Werling et 

al., 2014). Some studies have looked specifically at PYY 3-36 concentrations (Bose et al., 2010, 

Korner et al., 2006) and GLP-1 7-36 amide concentrations (Jacobsen et al., 2012, Yousseif et al., 

2014), and found the same pattern as that observed for non-specific PYY or GLP-1. 

The use of PYY neutralising antibodies in a rodent model of intestinal bypass, and PYY infusion in 

sham operated rats, has confirmed the importance of increased PYY concentration in reducing the 

food consumed (le Roux et al., 2006a). The use of octreotide to generally inhibit gut hormone 

responses, including PYY, GLP-1, and oxyntomodulin, has been shown to restore appetite and 

increase food intake in RYGB patients (le Roux et al., 2007). Blockade of GLP-1 and conversion of PYY 

1-36 to PYY 3-36 also led to increased food intake after RYGB but only when they were both blocked, 

otherwise the other hormone just increased in compensation (Svane et al., 2016). GLP-1 was blocked 

by the receptor antagonist Exendin 9-39, and conversion of PYY 1-36 to PYY 3-36 by a DPP-4 

inhibitor, sitagliptin. 

In the studies (Bartolomé et al., 2002, Basso et al., 2011, Borg et al., 2006, Bose et al., 2010, Chan et 

al., 2006, Chronaiou et al., 2012, Clements et al., 2004, Dar et al., 2012, Dirksen et al., 2013a, Dirksen 

et al., 2013b, Falkén et al., 2011, Jacobsen et al., 20 2,  aramanakos et al., 2008,  orner et al., 2005, 

 orner et al., 2006,  orner et al., 2007, Laferr re et al., 2007, Laferr re et al., 2008, le  oux et al., 

2006a, le  oux et al., 2007, Mor nigo et al., 2006, Morinigo et al., 2008,  livan et al., 2009, Peterli et 

al., 2012, Pournaras et al., 2010, Ramón et al., 2012, Reinehr et al., 2007, Rodieux et al., 2008, 

Romero et al., 2012, Stratis et al., 2006, Svane et al., 2016, Tsoli et al., 2013, Valderas et al., 2010, 

Werling et al., 2013, Werling et al., 2014, Yousseif et al., 2014) used to show the effects of bariatric 

surgery on PYY and GLP-1 concentrations there have been a number of different assays used. Assays 

for GLP-1 include in-house RIAs (Kreymann et al., 1987, Orskov et al., 1994), and RIAs from Millipore 

(Watford, UK), Linco Research (St Charles, MO, USA) and Phoenix Pharmaceutical (Belmont, CA). 

Assays for active GLP-1 include ELISAs from Millipore and Linco Research, a RIA from Linco Research 

and an in-house two-site sandwich assay (Vilsbøll et al., 2003, Wilken et al., 1999). Assays for total 

PYY include RIAs from Linco Research, Millipore and Phoenix Pharmaceuticals, an in-house RIA 

(Batterham et al., 2003) and an ELISA from Diagnostic Systems Laboratories (Webster, TX). Assays for 

PYY 3-36 include RIAs from Linco Research and Millipore. Only one of the assays used is able to 
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multiplex and measure total or active GLP-1 and total PYY, as well as other hormones. This 

previously mentioned Milliplex MAP Human Metabolic Hormone Magnetic Bead Panel on the Luminex 

200 platform was used in at least three studies (Evans et al., 2012, Gerner et al., 2014, Khoo et al., 

2014). Unsurprisingly with all these different assay types, study authors discuss the difficulty of 

comparing their studies to similar ones and advocate larger studies or standardised measurement 

(Chan et al., 2006). 

One study was affected by the unavailability of one of the assays during the study period. Total PYY 

and GLP-1 concentrations were to be measured postprandially in subjects who had undergone RYGB 

(Korner et al., 2009). Total plasma levels of PYY were to be measured using a DSL ELISA (Diagnostic 

Systems Laboratories, Webster, TX, USA) that measures PYY 1-36 and PYY 3-36. The intra-assay CV 

was 10.1%. However due to discontinuation of the production of the DSL assay during this study, 

≈ 5% of the samples were assayed for PYY using an ELISA from Linco Research (St Charles, MO, 

USA). There was significant correlation between assays (r=0.9, P<0.001). However, absolute values 

were lower in the Linco Research assay. The following equation was found by an ordinary least 

squares solution to calculate a comparable DSL value: -58.3+2.8(Linco value). The study showed a 

significant (p=0.003) increase in total PYY concentration postprandially in subjects who had 

undergone LAGB, at week 26 but not at week 52. It was postulated by the study authors that the 

lack of effect at week 52 was because of the change of assay for the measurement of the later 

samples. Total GLP-1 in this study was measured by RIA (Linco Research) but owing to the large 

number of samples and requirement of alcohol extraction, only plasma collected pre-meal and at 30 

minutes was analysed. This low measurement frequency was postulated by the study authors to be 

the possible cause as to why the postprandial GLP-1 concentration was not observed to be raised in 

the LAGB subjects. The assays used in this study therefore significantly affected the results obtained. 

In the work on oxyntomodulin, different studies have also used different assays. Oxyntomodulin 

concentration was shown to significantly increase 30 minutes after a 50g oral glucose load in 

morbidly obese, diabetic women one month after they had undergone RYGB surgery versus before 

surgery  Laferr re et al., 20 0 . This was not true for women who had achieved a similar amount of 

weight loss through diet. In this study oxyntomodulin was measured by a RIA for oxyntomodulin 

(Phoenix Pharmaceuticals Inc., Belmont, CA) with a reported cross-reactivity of 100% with human 

oxyntomodulin and 0% with human glucagon. The intra-assay CV was 11.6%. This reported 

specificity however, was not confirmed in a study comparing different oxyntomodulin immunoassays 

(Bak et al., 2014b). Other studies (Borg et al., 2006, Falkén et al., 2011, Kellum et al., 1990, Meryn et 

al., 1986) have measured OLI concentration after bariatric surgery. Falkén et al (2011) measured OLI 
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concentration using a subtraction technique by measuring total glucagon concentration (sum of 

glucagon, glicentin, and oxyntomodulin) using a RIA with an antibody directed against the 

midsequence (residues 6-15) of the glucagon molecule and subtracting the result of a RIA for 

glucagon which has an antibody against the C terminal (antiserum 430S). Their study showed a 

significant rise in postprandial OLI concentration after RYGB.  

1.4 Pharmaceutical treatment of obesity  

Bariatric surgery however, is not a suitable universal treatment for obesity and has an associated 

cost, mortality and morbidity as well as being not easy to reverse (Miras and le Roux, 2014). The 

observed effects of PYY, GLP-1 and/or oxyntomodulin infusions on satiety, and bariatric surgery on 

PYY, GLP-1, and oxyntomodulin concentrations, has led to the consideration of these gut hormones 

as potential pharmaceutical agents in the treatment of obesity (Field, 2014, Scott et al., 2014). 

This is supported by studies showing differences in PYY and GLP-1 concentrations between lean and 

obese subjects. In the saline control group of the Batterham et al (2003) study basal PYY levels were 

10.2±0.7pmol/L and 16.9±0.8pmol/L, rising to 14.4±1.2pmol/L and 23.5±0.9pmol/L postprandially, in 

the obese and lean groups respectively. These basal levels are significantly different (p<0.001), and 

there was a negative correlation between fasting PYY concentration and BMI. Also the postprandial 

release of PYY in the obese group was significantly lower despite this group consuming more calories 

at the buffet lunch two hours post infusion. Obese subjects were again found to have a significantly 

(p<0.001) lower fasting PYY (7.1±1.3pmol/L) compared to normal weight subjects (9.3±0.6pmol/L) by 

Le Roux et al (2006b). Obese subjects were also found to have a lower peak PYY response to six 

different calorie intakes compared to normal weight subjects. PYY levels were measured by in-house 

RIA which detected both PYY 1-36 and PYY 3-36 with an intra-assay CV of 5.8% for both Batterham et 

al (2003) and Le Roux et al (2006b). Guo et al (2006) also found an inverse association between 

fasting PYY concentration and BMI (range studied 19.7-45.5 kg/m2). This study additionally showed a 

negative correlation between fasting PYY concentration and resting metabolic rate. Postprandial PYY 

concentrations showed a positive correlation with subjective satiety ratings, and a negative 

correlation with 24 hour respiratory quotient and weight change after a 10.8±.4 months follow up. 

The study used an in-house RIA which measured both PYY 1-36 and PYY 3-36. The intra-assay CV was 

7.7% and 8.2% respectively at 50 and 200pg/mL.  

Obese subjects have also been shown to have a reduced postprandial GLP-1 response (le Roux et al., 

2006a). In a study looking at lean subjects, obese subjects and then the same obese subjects after a 

mean weight loss of 18.8kg, the area under the curve for postprandial GLP-1 was significantly 



41 
 

(p<0.05) higher for lean subjects (Verdich et al., 2001). There was an improvement in the obese 

subjects after weight loss but they did not achieve the lean subjects levels. However, it should be 

noted that the obese subjects after weight loss did not reach the weight of the lean subjects either. 

GLP-1 was measured using antiserum 89390 which is specific for the amidated C-terminus of GLP-1. 

The intra-assay CV was <6% at 20pmol/L. The inclusion of GLP-1 9-36 amide measurement was felt 

to be important by the study authors because of the rapid conversion of GLP-1 7-36 amide to GLP-1 

9-36 amide. They therefore measured both, to give the most accurate representation of the 

physiological GLP-1 response to food, however this does not allow for any contribution of the 

biologically active GLP-1 7-37 or its metabolite GLP-1 9-37. The study authors also discuss the 

emerging hypothesis that GLP-1 produced in the intestine may act directly on vagal nerve endings in 

the intestinal wall, and therefore how important it is to accurately measure the intestinal 

concentration of GLP-1 which may or may not be represented by the peripheral blood 

concentration, no matter how good the assay is (Kuhre et al., 2015). 

Another study confirmed this lower postprandial GLP-1 in obese subjects. Carr et al (2010) looked at 

“intact” GLP-1, determined by a N-terminal specific assay (Linco Research) and “total” GLP-1, which 

was determined using the C-terminally directed antiserum 89390. Intact GLP-1 therefore consists of 

GLP-1 7-36 amide and GLP-1 7-37, and total GLP-1 of GLP-1 1-36 amide, GLP-1 7-36 amide and GLP-1 

9-36 amide. This study also looked at DPP-4 activity, which was shown to be higher in the obese 

subjects, and thus enhanced breakdown of active GLP-1 was postulated to be the cause of the 

reduced postprandial response in obese subjects. However, for obese subjects the use of the two 

assays allowed the authors to show that the total and intact GLP-1 were reduced by the same 

amount and that there was no evidence for accelerated breakdown. Equivalence for the ratio of PYY 

1-36 to PYY 3-36 has also been demonstrated in lean and obese subjects (le Roux et al., 2006b). Here 

the plasma was first separated into fractions by reverse-phase fast protein liquid chromatography 

and then PYY concentration in each fraction measured using the Y21 antiserum. So although the 

assay used was not specific to PYY 1-36 versus PYY 3-36, the pre-analytical processing led to 

separation of these two forms so they could be measured separately. 

When thinking about the peptide gut hormones PYY, GLP-1 and oxyntomodulin as potential 

pharmaceutical agents the method of delivery is an important consideration as peptides are 

digested in the gastrointestinal system and therefore are best delivered parenterally. This is a 

particular disadvantage for these gut hormones as oral administration probably best corresponds 

with their physiological state of production from the gut (De Silva and Bloom, 2012). Initial work with 

stable oral preparations of PYY 3-36 and GLP-1 has shown good absorption although only when the 
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two were given together was the effect on appetite significant (Steinert et al., 2010). Combined 

formulations are also attractive because lower doses of each gut hormone can be used due to their 

synergistic effect (Schmidt et al., 2014) and this may help to prevent side effects and potential 

physiological escape (Steinert et al., 2010, Svane et al., 2016). 

Subcutaneous injection of GLP-1 for five days has been shown to cause weight loss (Naslund et al., 

2004). Agonists of GLP-1 are in routine use in the management of diabetes mellitus for their incretin 

effect (Schmidt et al., 1985) and have the beneficial side effect of weight loss (Astrup et al., 2012, 

Niswender et al., 2013). This has led to the formulation of Saxenda, a high dose GLP-1 agonist that is 

administered subcutaneously, which was licensed in March 2015 by the European Medicines Agency 

for treatment of obesity (Davies et al., 2015, Wadden et al., 2013). 

PYY 3-36 analogues should reduce food intake and therefore work is underway to develop stable 

analogues with the correct receptor selectivity (De Silva and Bloom, 2012). One particular issue with 

the use of PYY analogue therapies will be preventing the side effect of nausea which reduces 

compliance.  

Analogues of oxyntomodulin have been synthesised (Druce et al., 2009, Muppidi et al., 2016, Pocai, 

2012) and shown to have enhanced stability, and anoretic and antihyperglycaemic effects in rodents, 

encouraging further study. 

1.5 Measurement of gut hormones by immunoassay 

1.5.1 Preanalytical conditions 

Preanalytical conditions must be considered due to the short half-lives of GLP-1, oxyntomodulin and 

PYY in plasma. The studies so far described have varied as to whether the plasma is collected in 

lithium heparin (Cohen et al., 2003, Wynne et al., 2005) or ethylenediaminetetraacetic acid (EDTA) 

(Flint et al., 1998, Sloth et al., 2007) tubes, which protease (Batterham et al., 2003, Field et al., 2010) 

and DPP-4 inhibitors  Laferr re et al., 20 0  are added to the plasma to prevent enzymatic 

degradation and the storage temperature for the plasma (Cohen et al., 2003, Sloth et al., 2007). 

Some studies have been carried out looking at the effect of these preanalytical factors on 

concentrations measured for the peptide gut hormone, glucagon. Cegla et al (2017) and Emmen et al 

(2015) showed no difference between lithium heparin and EDTA tubes, no effect of protease and 

DPP-4 inhibitors and stability after two freeze-thaw cycles at -80°C. This freeze-thaw stability was 

confirmed by Hillebrand et al (2017). Di Marino et al (2011) looked at preanalytical factors for GLP-1 

and concluded that it did not matter whether aprotinin (a protease inhibitor) and/or a DPP-4 

inhibitor was added and that for freeze-thaw stability defrosting from -70°C should occur at 4°C and 
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not room temperature. Chandarana et al (2009) on the other hand found that a DPP-4 inhibitor was 

required for active GLP-1 but not for total PYY or PYY 3-36. Wewer Albrechtsen et al (2015) looked at 

glucagon and GLP-1, using a RIA and an ELISA respectively, and concluded that a DPP-4 inhibitor was 

needed for active GLP-1 measurement, samples should not spend more than one hour at room 

temperature for either analyte and glucagon was significantly degraded on freezing. Cegla et al 

(2017) postulated that older glucagon assays may have been more sensitive to the preanalytical 

conditions because their antibodies were less specific and cross-reacted with glucagon-like peptides.  

The RAPID study (Stengel et al., 2009) demonstrated the effect of completely different preanalytical 

conditions on peptide recovery. They compared standard processing with EDTA tubes kept on ice 

until centrifugation, against the RAPID (reduced temperatures, acidification, protease inhibition, 

isotopic exogenous controls and dilution) method. Improved recovery was observed for GLP-1, PYY 

1-36 and PYY 3-36, from ≤60% with standard processing, to ≥75% for  APID. The RAPID approach 

was aimed at reducing the enzymatic degradation in plasma but the study authors also felt that the 

acidification may reduce non-specific adsorption, to surfaces or proteins in the blood, by protonating 

aspartate, glutamate, histidine and C-terminal carboxylic acid groups. 

Investigating the effect of preanalytical conditions on the concentrations of GLP-1, oxyntomodulin 

and PYY is beyond the scope of this thesis. However, the concentrations obtained by a LC-MS/MS 

assay will also be affected by these factors and that must be taken into consideration.  

1.5.2 Immunoassays 

The majority of GLP-1, PYY and oxyntomodulin measurement is done by RIA and ELISA. As shown in 

the preceding sections of this chapter, measuring GLP-1, oxyntomodulin and PYY raises specific 

challenges which immunoassays have sought to overcome. 

For GLP-1 there are multiple forms which can be detected (Deacon and Holst, 2009) and there is no 

consensus on which forms are the most important to measure (Falkén et al., 2011, Holst, 2007, 

Naslund et al., 1999). It is almost certain that the exact form of GLP-1 present determines the 

physiological response. If we want to replicate bariatric surgery effects pharmacologically we need 

an assay to accurately and precisely measure which GLP-1 forms have their concentration changed 

by bariatric surgery. Antibodies differ in their ability to detect the amidated C-terminal or the N-

terminal and so GLP-1 7-37, GLP-1 7-36 amide, GLP-1 9-37 and GLP-1 9-36 amide have been 

detected with differing analytical sensitivities. HPLC purification preRIA has been shown to decrease 

the concentrations detected (Naslund et al., 1999) and so it may be that there are additional 

degradation products being measured as well e.g. GLP-1 1-36 amide (Orskov et al., 1994). To obtain 
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specific measurement of the GLP-1 forms, immunoassays have used various methods (Wilken et al., 

1999). Orskov et al (1994) in their RIA used three antibodies; antiserum 2135 a side viewing antibody 

which measures all molecules containing the GLP-1 sequence, antiserum 89390 which is specific for 

the C-amidated terminal and antiserum 92071 which is specific for the glycine extended C-terminal. 

Deacon and Holst (2009) only used two antibodies, antiserum 2135, and antiserum 91022 which is 

specific for the N-terminal sequence of GLP-1 7-36 amide and GLP-1 7-37. Vilsbøll et al (2003) used a 

two-site sandwich immunoassay to measure only GLP-1 7-36 amide. This was based on two 

monoclonal antibodies; C-terminally directed GLP1F5 as a catching antibody and N-terminal specific 

Mab26.1 as a detecting antibody. The assay had <0.1% cross-reactivity with N-terminally truncated 

or extended forms of GLP-1, the detection limit was 1pmol/L, and the intra-assay CV <5%. The use of 

multiple experiments however, as discussed previously, increases error. The papers describing these 

assays also discuss how the production of the desired antibody is a very involved process with not all 

animals producing the desired antibody response e.g. 2 out of 190 rabbits immunised responded 

appropriately (Ghatei et al., 1983) and the need to maintain a supply of the antibody. The quality of 

the standards available for immunisation into the animal can also affect the quality of the antibodies 

produced (Lapko et al., 2013).  

For PYY as with GLP-1, there are multiple forms to detect, and again it is very important if we want 

to replicate bariatric surgery, to be able to determine which forms of PYY have their concentrations 

changed. Although not previously mentioned, there is also the additional complication of C-terminal 

degradation of PYY leading to PYY 1-34 and PYY 3-34 which are detected by some of the total PYY 

assays but have no biological activity (Toräng et al., 2016). A RIA for PYY 3-36 has been developed 

which uses a N-terminal specific antibody (T-059-02; Phoenix Peptide, California, USA) that would be 

subject to cross-reactivity with PYY 3-34 although having the advantage of not cross-reacting with 

PYY 1-36 and 1-34 (Toräng et al., 2016). It requires an ethanol extraction step prior to RIA to remove 

what are described as “unspecific cross-reacting species”, and the recovery for the extraction and 

assay is 61.5±5.5%. The lower limit of quantification is 5pmol/L and the intra-assay CV is <6% at 

40pmol/L. 

For oxyntomodulin, as previously discussed in this chapter, it is the similarity between 

oxyntomodulin, glicentin and glucagon that causes problems with measurement by immunoassay 

(Albrechtsen et al., 2014, Pocai, 2012). Immunoassay methods have relied on subtraction of results 

from two assays with an associated increase in error (Ghatei et al., 1983, Schjoldager et al., 1988) or 

development of a C-terminal specific antibody (Le Quellec et al., 1992) to exclude glucagon 

measurement. However neither approach excludes glicentin.  
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The current gold standard method for measuring gut hormones, RIA, is time consuming with long 

incubation periods (Adrian et al., 1985) and also involves radioactively labelled substrates. The 

quality of the standard available for the radiolabelling can affect the assay (Lapko et al., 2013) and 

these radiolabelled standards have a finite lifetime (Howard et al., 2014). RIAs have a small dynamic 

range and samples often need to be rerun with dilution to bring them within range. The dynamic 

range of an assay is the range of analyte concentrations over which the analyte can be reliably 

detected. 

ELISAs have the advantage of not requiring radioactive isotopes, generally use lower sample volumes 

than RIA and can be automated which can lead to higher throughput. They are also often quicker 

than RIAs, as they do not require a long incubation period, and it is possible to target two epitopes of 

the same peptide simultaneously in sandwich assays which leads to improved specificity (Kuhre et 

al., 2015). Like RIAs though, ideally samples should be analysed in the same batch and this can be a 

problem on 96 well plates where only 70-80 wells may be available for patient samples (Kuhre et al., 

2015) and quality control standards need to be employed between plates.  It is also possible to 

multiplex gut hormone ELISAs using antibodies coupled to dye labelled magnetic beads e.g. the 

previously discussed Milliplex MAP Human Metabolic Hormone Magnetic Bead Panel. 

However, comparison studies of GLP-1 ELISAs (Fraser et al., 2014, Bak et al., 2014a, Heijboer et al., 

2011) describe variability and lack of standardization. Bak et al (2014a) reviewed all available 

commercial kits looking at their specificity and sensitivity, and concluded that there was substantial 

variation between assays, and between manufacturers’ claims and what could be achieved. An 

example of this is that mean fasting levels of total GLP-1 in the same healthy subjects ranged from 

<1pmol/L (Alpco) to approximately 44pmol/L (Millipore total ELISA). There was also significant 

variation between different batches of the same assay. Bak et al (2014b) have also reviewed ELISA 

kits for oxyntomodulin and were unable to show that any of the assays were fit for purpose. 

In summary a LC-MS/MS method for the quantification of GLP-1 7-36 amide, GLP-1 9-36 amide, 

oxyntomodulin, PYY 1-36 and PYY 3-36 must take into account the need for specificity, sensitivity, 

and comparable intra- and inter-assay CVs. Multiplexing the method would be advantageous in 

terms of the time required, and may also help to reduce the sample volume requirements. A LC-

MS/MS method could possibly act as a reference method, allowing comparisons between 

immunoassays, or the LC-MS/MS method could become the standard assay to use. This would allow 

meta-analysis, the establishment of reference ranges and a better understanding of the 

concentrations at which side effects occur. Studies could also be multicentre, with larger patient 

groups. The dynamic range of the LC-MS/MS assay could allow for endogenous and infusion levels to 
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be measured in the same assay. Only one assay would be required and this would help reduce error 

and analysis time. However, a LC-MS/MS method would still be affected by pre-analytical conditions, 

uncertainty over which forms of a gut hormone to measure and the effect of the carrier protein used 

on infusate concentrations. 
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Chapter 2: The measurement of peptides and gut hormones by mass 

spectrometry 

Mass spectrometry is an analytical chemistry technique which determines the relative abundance 

and m/z of ions by assessing their trajectory in electric and magnetic fields. Initial work on the 

structure and degradation of GLP-1 (Deacon et al., 1995a, Deacon et al., 1995b, Orskov et al., 1989) 

and PYY (Eberlein et al., 1989) in the late twentieth century was carried out using mass 

spectrometry. However, the purpose of the mass spectrometer in these experiments was to provide 

structural information on the amino acid sequences through comparison of the obtained m/z with 

those predicted. More recent gut hormone work has also used mass spectrometry based methods to 

determine enzymatic degradation (Addison et al., 2011, Liao et al., 2015, Olsen et al., 2016, Sharma 

et al., 2013, Wagner et al., 2016, Yi et al., 2015, Zhu et al., 2003), cell secretion patterns (Buchanan 

et al., 2007, Marchetti et al., 2012, Taylor et al., 2013), recombinant peptide identity (Kim et al., 

2011), possible biomarkers (Acosta et al., 2011, Felix et al., 2011) and pharmaceutical design 

(Prothiwa et al., 2014). 

This thesis will use mass spectrometry for the quantification of the peptide gut hormones PYY, GLP-1 

and oxyntomodulin, using the current gold standard method for quantification by mass 

spectrometry, LC-MS/MS (Gillette and Carr, 2013, Hahne et al., 2013). LC-MS/MS is widely used for 

the quantification of small molecules, but only with the development of more sensitive and 

extended mass range mass spectrometers has the quantification of peptides by this method been 

developed (Chappell et al., 2014a). The development of LC-MS/MS for peptides has been driven by 

the increase in the number of pharmaceutical agents which are peptides and large scale studies 

looking to identify new peptide biomarkers of pathology (Ewles and Goodwin, 2011). Clinical 

chemistry laboratories have also started to increasingly use LC-MS/MS for routine small molecule 

analyte quantification, especially where the current assays are not satisfactory e.g. vitamin D, female 

testosterone. Clinical chemistry laboratories are also expanding into peptide and protein 

quantification as the technologies develop (Grebe and Singh, 2011). For larger proteins and peptides 

with m/z that are still above the mass range of MS/MS instruments, enzymatic digestion is carried 

out first followed by LC-MS/MS analysis of the peptides produced. This thesis will not consider 

enzymatic digestion because GLP-1, PYY and oxyntomodulin are within the mass range of MS/MS 

instruments and with digestion comes a loss of specificity. For example if GLP-1 7-36 amide was 

digested into smaller peptides then it would not be possible to determine if the peptide containing 

the C terminal were from GLP-1 7-36 amide, GLP-1 9-36 amide or GLP-1 1-36 amide and the peptide 

containing the N terminal were from GLP-1 7-36 amide or GLP-1 7-37. 
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2.1 Introduction to liquid chromatography-tandem mass spectrometry 

LC-MS/MS is an analytical chemistry technique which can be used for the specific quantification of 

an analyte in a solution. In brief it involves the separation of the analyte of interest from other 

components of the solution by liquid chromatography and then the ionisation of this analyte of 

interest. These ions are then introduced into the mass spectrometer and undergo mass analysis 

based on their m/z before they are detected and their relative abundances recorded.  

2.1.1 Liquid chromatography 

Liquid chromatography uses the interaction of an analyte with a stationary solid phase and mobile 

liquid phase to separate it out from the other components of a solution. As the solution and mobile 

phase pass through the stationary phase, the different interactions that the components of the 

solution experience, cause the components to move at different speeds. They therefore separate 

and elute off the column at different times. There are many different types of liquid chromatography 

but the experiments in this thesis will use reverse phase chromatography and a gradient elution. 

Reverse phase refers to the stationary phase being hydrophobic and the mobile phase being 

hydrophilic, and gradient elution to the fact that the mobile phase composition changes with time. 

Gradient elution is favoured for peptides because they tend to have an exact mobile phase 

composition at which they elute off the solid phase. If an isocratic or fixed concentration of mobile 

phase is used, small differences in mobile phase composition can have major effects (Howard et al., 

2012). Gradient elution performance also improves with increasing molecular weight thus also 

favouring peptides. Reverse phase chromatography is favoured because the resultant mobile phase 

composition is suitable for ionisation and introduction into the mass spectrometer without an 

intermediate step e.g. desalting. The mobile phase usually consists of water with an organic modifier 

e.g. acetonitrile (ACN) and an ion pairing agent e.g. formic acid (FA). The ion pairing agent acts to 

improve hydrophobic interactions with the solid phase by combining with the charged groups on the 

peptide increasing its hydrophobicity. 

Liquid chromatography adds to the specificity of LC-MS/MS. The retention time, the time from 

injection of the analyte to detection of the analyte, can be used to specifically identify an analyte as 

it will be constant for given conditions. Knowing the retention time for analytes can also help 

improve sensitivity, as the mass spectrometer can be instructed to look for different ions in different 

time periods, and hence the number of measurements that can be made for each ion increases. 

Liquid chromatography also improves sensitivity by separating analytes of interest from interferents 

which may affect the ionisation stage, and reducing the signal:noise ratio (S:N). S:N allows 
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quantification of how prominent the analyte of interest is, in comparison to the background signal 

from all the other species present in the mass spectrometer. It is recommended in guidelines for 

clinical assays that it is always >10 (Honour, 2011). Although column length does not really affect 

peptide liquid chromatography due to the abrupt elution at a particular mobile phase composition, 

an increased column length may lead to better separation of the peptide from these interferents 

(Howard et al., 2012). 

Ultra performance liquid chromatography (UPLC) will be used in the experiments in this thesis. This 

was developed to cope with the higher pressures, up to 15000psi, required by a new generation of 

columns with smaller particle sizes (<2µm). Smaller particle sizes have the advantage of increased 

peak capacity (the number of peaks that can be separated in a retention window), and although the 

pressures generated can be minimised by lower flow rates, the optimal flow rate is actually higher 

for smaller particles (Howard et al., 2012). The previously used technology HPLC has a maximum 

pressure of 6000psi (Luna et al., 2008). Another advantage of UPLC which allows flow rates of up to 

2mL/min along with the small column particle size, is that there is no decrease in runtime and loss of 

throughput in comparison to HPLC. Mass spectrometers used with UPLC must have the capability to 

rapidly switch data acquisition so that an adequate number of data points can be measured to 

define the peak and allow reproducible quantification. UPLC peaks are also narrower and therefore 

have increased intensity and lower S:N. UPLC still has the same reproducibility and retention time 

stability as HPLC, and in comparison to HPLC can also reduce matrix effects due to enhanced 

separation of the analyte from interferents and there is lower solvent consumption (Novakova and 

Vlckova, 2009). 

Optimising the conditions for liquid chromatography is essential and can also help improve 

sensitivity. Higher column temperature leads to lower viscosity, improved peak shape and decreased 

run time. However this must be balanced against the fact that the solid phase of a column may not 

be stable at increased temperatures and column life can be decreased. Increasing the volume 

injected onto the column will increase the amount of analyte on the column but may also increase 

the amount of interferents matrix on the column and therefore may not improve the sensitivity due 

to the increased S:N (Aubry, 2011). There are many types of column to choose from. The columns 

differ in the structure and chemistry of their solid phase particles. The pores in the particles can vary 

in size and for peptides <5000Daltons, pore sizes <200Å can be used if the peptide can diffuse into 

the pores (Howard et al., 2012). However other pore sizes should also be considered as the ability of 

peptides to diffuse in and out of the pores varies. Columns with C18 groups attached to the particles 

for reverse-phase interactions are generally the best for peptides <5000 Daltons (Maes et al., 2014). 
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2.1.2 Ionisation 

The species eluting from the liquid chromatography column can be ionised to form precursor ions by 

a variety of techniques. The experiments in this thesis will use atmospheric pressure electrospray 

ionisation (ESI) in positive mode. This is a technique for non-volatile molecules, which interfaces well 

with reverse phase liquid chromatography as the mobile phase contains an organic modifier which 

enhances ESI, and the ion pairing agent is present in a low enough concentration, usually around 

0.1%, so that the ionic strength is not too high to prevent dissociation (Abaye et al., 2011, García, 

2005). In ESI a positive potential difference is applied between the tip of the electrospray needle 

containing the solution and a counter electrode. A stream of highly charged droplets is formed which 

desolvate leading to gas phase cation formation. It is a soft ionisation technique, with little energy 

transferred to the ions, and tends to lead to ions corresponding to the parent molecule. Multiply-

charged ion formation occurs which is particularly beneficial to peptide quantification because it 

allows the detection of ions with a molecular weight greater than the machine maximum of 2000 

Daltons. This is because it is the m/z and not the absolute mass which the mass spectrometer 

detects. However, for most peptides more than one multiply-charged precursor ion is formed and so 

this affects the sensitivity, as does the multiple isotopes expected in molecules of such large 

molecular mass. As mass spectrometers detect m/z, each of these different charge states will for 

each of the different isotope patterns produce a different peak on the chromatogram. This therefore 

spreads the signal for one peptide over multiple m/z values, despite them all corresponding to the 

exact same peptide. 

The composition of the mobile phase can have a significant impact on the level of ionisation and this 

can be used to improve sensitivity (Aubry, 2011). The ion pairing additives to the mobile phase can 

be changed to enhance ionisation although the effect is very much peptide dependent (García, 

2005). Trifluoroacetic acid (TFA) is the best additive for liquid chromatography separation efficiency 

but the ion pairs formed can be too strong to be dissociated by ESI. FA and acetic acid (HAc) are 

good alternatives and improve the ionisation efficiency of ESI although they give worse separation 

efficiency than TFA. ACN and methanol (MeOH) are the best organic modifiers as their mixtures with 

water have low viscosity reducing the column pressure as well as enhancing ESI (García, 2005, 

Howard et al., 2012). 

Suppression or enhancement of ionisation (known collectively as matrix effects) can occur as a result 

of components of the solution eluting at the same time as the analyte of interest. Matrix effects can 

be controlled for, in part, by the addition of a standard concentration of an internal standard to each 

sample. An internal standard is a substance, usually a stable-isotopically labelled form of the analyte, 
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which ideally has the same behaviour as the analyte of interest during the liquid chromatography 

and ionisation stages. This will lead it to have the same retention time and hence be exposed to the 

same matrix effects during ionisation (Pailleux and Beaudry, 2012). The assay is then reported as the 

area of the total ion current peak for the analyte of interest divided by that for the internal standard. 

This is known as the response. Response is independent of matrix effects when the analyte of 

interest and internal standard have their ionisation similarly suppressed or enhanced by the matrix 

effects. 

2.1.3 Tandem mass spectrometry 

The most common type of mass spectrometer used for MS/MS is a triple quadrupole, which has 

three quadrupoles arranged in series. A quadrupole is a type of mass analyser which consists of four 

parallel cylindrical rods, with each opposing pair connected (de Hoffmann, 1996). An oscillating 

electric field is set up in the quadrupole by use of a radiofrequency voltage with a direct current 

offset voltage, and this is manipulated so that only ions of a certain m/z can pass through the 

quadrupole. In a triple quadrupole only the first and third quadrupoles have this capability to select 

on the basis of m/z. The second quadrupole can act as a collision cell by the introduction of a gas e.g. 

argon, which collides with the precursor ions selected from the first quadrupole, causing collision-

induced dissociation and the formation of product ions. The second quadrupole has a fixed 

radiofrequency voltage which focuses the ions to pass them through to the third quadrupole and 

this prevents scattering after any collisions. There are also adjustable offset voltages between the 

source where the ionisation occurs and/or the quadrupoles which determine the speed the ions pass 

through and hence the energy of any collisions. The flow rate of the collision gas can also be 

adjusted. 

MS/MS is defined as “the acquisition and study of the spectra of the product ions or precursor ions 

of m/z selected ions, or of precursor ions of a selected neutral mass loss” (Murray et al., 2013). For 

quantification of compounds, the most common type of MS/MS scan used is multiple reaction 

monitoring (MRM) where “data is acquired from one or more m/z specific product ions, 

corresponding to one or more m/z selected precursor ions, recorded via two or more stages of mass 

spectrometry” (Murray et al., 2013). Other types of scan are possible on a triple quadrupole mass 

spectrometer. A precursor ion scan, previously known as a parent ion scan, looks for product ions of 

a prespecified m/z in the third quadrupole and then determines which precursor ions in the first 

quadrupole were fragmented to form them. It is also possible to do scans which do not utilise a 

MS/MS approach. A MS2 scan is one in which all ions are allowed to pass through the first 

quadrupole before undergoing collision in the second quadrupole, and then all ions with a m/z 
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between two prespecified values are detected after selection in the third quadrupole. Triple 

quadrupole mass spectrometers have unit mass resolution. They are therefore are not suitable for 

exact mass determination and so a MS2 scan would not routinely be done for quantification. The 

specificity of a triple quadrupole mass spectrometer comes from the liquid chromatography 

retention time and the selected precursor and product ions m/z. So without these specific criteria, 

for example in MS2 scans, they are prone to interference from any other ions eluting at the same 

time with similar m/z values (Chappell et al., 2014a). 

MRM data is presented as a chromatogram of time against relative intensity for each specified 

precursor and product ion m/z combination.  elative intensity is “the ratio of the intensity of the 

peak to the intensity of the peak with the greatest intensity and is usually expressed as a percentage 

with the height of the greatest intensity peak taken as  00” (Murray et al., 2013). The precursor and 

product ions to be studied for an analyte of interest are usually selected based on their intensity and 

specificity. Multiple precursor and product ions can be selected for each analyte and it is also 

possible to multiplex and measure more than one analyte at the same time. 

The collision-induced dissociation of peptides follows certain rules which can be used to name the 

product ions formed (Papayannopoulos, 1995). For peptides, low-energy collision-induced 

dissociations are used (<100V) and b and y fragment ions form as these require the least energy. b 

and y ions are formed by breakage of the amide bond between two amino acids in the peptide. Loss 

of the C-terminal leads to the formation of b ions and loss of the N-terminal leads to the formation 

of y ions. There can also be loss of water, carbon monoxide or ammonia from the ions. Selecting 

product ions with m/z greater than the precursor ion m/z can be beneficial as it reduces the chance 

of non-specific interference. This is possible due to a change in the charge state of the ion on 

collision-induced dissociation as well as mass. Peptides however can tend not to fragment at the low 

collision energies used, and then at higher collision energies fragment excessively to form lots of 

different fragments all at low intensity or to form non-specific iminium ions (Dillen et al., 2012). This 

leads to a loss of sensitivity as the signal is split over all the different product ions. An iminium ion is 

formed when the amide bonds on both sides of an amino acid moiety in a peptide are cleaved in the 

collision cell, and they have the general formula R(COOH)C=NH2
+ where R is the functional group of 

that amino acid e.g. NH2 for glycine. 

2.1.4 Sample extraction 

The extraction of the analyte(s) of interest from the sample matrix prior to LC-MS/MS must also be 

considered as part of a LC-MS/MS method development project. Ideally a sample extraction method 
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would enrich the analyte of interest and remove as many interferents as possible. Although using 

more sample may seem a good way to increase sensitivity, this is only true if the analyte of interest 

can be enriched and the interferents removed as otherwise one is just also adding more matrix 

effects and increasing the S:N (Aubry, 2011). As this thesis is concerned with the measurement of 

the peptide gut hormones GLP-1, PYY and oxyntomodulin in plasma, sample extraction of peptides 

from plasma is the main focus of the discussion below. 

The aim of sample extraction from plasma is to remove interference from high concentration 

proteins, reduce matrix effects and help improve sensitivity by concentrating the analyte of interest. 

A variety of sample extraction methods for plasma have been used with LC-MS/MS including liquid-

liquid extraction, protein precipitation, solid phase extraction (SPE), immunoaffinity purification and 

online extraction using two dimensional liquid chromatography. Liquid-liquid extraction is the least 

suitable for use with peptides, as it tends to favour nonpolar compounds (Zhang et al., 2011, 

Halquist et al., 2012). Immunoaffinity purification and two dimensional liquid chromatography are 

considered in section 2.2 below. 

Protein precipitation with an organic solvent such as ACN can be used to deplete the plasma of high 

abundance and high molecular weight proteins. The organic solvent reduces the water solvation of 

some of the proteins and peptides allowing them to aggregate and form a solid precipitate, which 

can be separated from the liquid phase. However, it can decrease recovery of some low abundance 

peptides in a non-predictable manner (Barton et al., 2010). This may be due to loss of the peptides 

into the precipitate due to their binding to larger proteins. Protein precipitation therefore needs to 

be trialled for each individual peptide. The exact solvent used for protein precipitation must be 

compatible with the rest of the assay (Polson et al., 2003) and also needs to be trialled for each 

individual peptide. 

SPE uses the same principles as liquid chromatography to separate out components of a solution 

according to their chemical and physical properties which lead to differing interactions with a 

stationary solid phase. The interactions with the solid phase can be based on size, charge or polarity. 

SPE is the most popular sample extraction technique and has the advantages of easy operation and 

the capacity to be automated (Novakova and Vlckova, 2009). The extracted samples are generally 

cleaner than those obtained from protein precipitation (Honour, 2011). Enrichment can be achieved 

by eluting the trapped analyte of interest off the solid phase with a volume of solvent which is less 

than the initial sample volume. Enrichment also occurs if the solvent that the analyte of interest is in, 

is evaporated off, and then replaced with a smaller volume of solvent. This also has the advantage of 

allowing an acute change in the nature of the solvent and may be used to remove the solvent used 
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for elution from the SPE plate and change it to one compatible with injection onto a LC-MS/MS 

system. Automation with robotics of the sample extraction step can improve the reproducibility as 

well as assay throughput. The recovery of smaller peptides in SPE has been observed to be very 

dependent on the plasma diluent used and this is thought to be due its effect on the dissociation of 

the smaller peptides from larger binding proteins (Barton et al., 2010). Different diluents should 

therefore be trialled during any SPE method development to discover the optimal diluent for the 

peptide of interest. Mixed mode SPE where the stationary phase has more than one type of 

interaction can be very suitable for zwitterionic species such as peptides, due to its ability to interact 

with both positively and negatively charged groups. 

Protein precipitation and SPE can be combined and this has been shown to reduce on column matrix 

effects (Howard et al., 2014). 

2.2 Examples of peptide gut hormone measurement by mass spectrometry 

In addition to GLP-1, PYY and oxyntomodulin, mass spectrometry assays have been developed for 

other peptide gut hormones e.g. glucagon (Delinsky et al., 2004a, Howard et al., 2014, Howard et al., 

2015, Howard et al., 2017, Lapko et al., 2013, Lee et al., 2016, Li et al., 2012, Lund et al., 2016, 

Miyachi et al., 2017), gastric inhibitory polypeptide (GIP) (Miyachi et al., 2013, Siskos et al., 2009, 

Wolf et al., 2001), pancreatic polypeptide (Escobar et al., 2016), motilin (Delinsky et al., 2004b) and 

ghrelin (Rauh et al., 2007). 

2.2.1 GLP-1 

Howard et al initially measured glucagon by LC-MS/MS (Howard et al., 2014) but then further 

developed this assay into a multiplex method for glucagon and GLP-1 7-36 amide (Howard et al., 

2017). The lower level of quantification for GLP-1 7-36 amide was 7.6pmol/L and this was found to 

only be suitable for infusion study samples, with most endogenous samples being below the level of 

quantification. Four hundred microlitres samples were extracted using a two dimensional extraction 

procedure of protein precipitation followed by SPE with an average analyte recovery of 53.7%. An 

isotopically labelled glucagon internal standard was used as the internal standard for both glucagon 

and GLP-1 7-36 amide. This is not ideal as this internal standard will elute at a different retention 

time to the GLP-1 7-36 amide and will therefore not be exposed to the same matrix effects. A 

Waters UPLC Ethylene Bridged Hybrid (BEH) C18 1.7 µm (2.1 x 100 mm) column was used at 60°C on 

the Waters Acquity UPLC system. This is the model of UPLC that is available to be used for the 

experiments in this thesis. The mobile phases were aqueous 0.2% FA and 0.2% FA in ACN with a flow 

rate of 0.8 mL/min and a total run time of 3.6 minutes. The gradient for GLP-1 was 32-38% 0.2% FA 
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in ACN over 0.8 minutes, with column cleaning with 95% 0.2% FA in ACN. ESI was carried out in 

positive mode on a AB SCIEX 5500 QTRAP triple quadrupole mass spectrometer and the transitions 

monitored for GLP-1 7-36 amide were [M+6H]6+ > y16
3+ (precursor ion > product ion) and [M+6H]6+ > 

y17
3+ with a collision energy of 19eV. 

A single quadrupole mass spectrometer was used in a multiplex method for the quantification of 

GLP-1 7-36 amide, GLP-1 9-36 amide, GIP 1-42 and GIP 3-42 (Wolf et al., 2004). Using 1mL of plasma, 

the lower levels of quantification were 5.84pmol/L for GLP-1 7-36 amide and 11.67pmol/L for GLP-1 

9-36 amide. This method used an immunoaffinity sample extraction. Here an antibody based 

extraction, similar to an immunoassay, is carried out prior to liquid chromatography to simplify the 

peptide mixture and enrich the peptide(s) of interest (Ackermann, 2012). The addition of mass 

spectrometry to an antibody based method improves specificity as the antibody is not used for the 

identification of the peptide. It does however assume that all the peptide(s) of interest are captured 

by the antibody. The ideal antibody for immunoaffinity sample extraction is therefore one that is 

relatively unspecific and this is in contrast with those most prized in immunoassays. The need for an 

antibody may increase costs, method development time if it must be synthesised de novo, and 

throughput due to the need for an incubation step, and also decreases the dynamic range. However, 

the use of multiple antibodies or antibodies with poor specificity can lead to a method capable of 

multiplexing which may offset the slower throughput. This technique though requires technicians 

skilled in both immunoassay and mass spectrometry. 

Chappell et al (2014b) achieved a range of quantification of 0.49-360pmol/L for GLP-1 7-36 amide 

(CV 9.2%) and GLP-1 9-36 amide (CV 11.6%), again using 1mL of plasma and immunoaffinity sample 

extraction. Stable-isotopically labelled GLP-1 7-36 amide and GLP-1 9-36 amide were used as internal 

standards in which one leucine and one phenylalanine were labelled with 13C and 15N providing a 16 

mass unit difference. Internal standards with 13C and 15N labelling are favoured over those containing 

deuterium due to the possibility for loss of deuterium from the internal standard by hydrogen-

deuterium exchange. Differences in chemistry are also sometimes observed between analytes and 

their deuterium labelled equivalent (Honour, 2011). A large mass unit difference is required due to 

the unit mass nature of the MS/MS and the high charge states seen. This means that to reliably 

distinguish the m/z of an endogenous peptide and its internal standard, a large mass difference is 

required. Chromatography was on a nano-flow UPLC system and the mobile phases were water and 

ACN with 0.1% FA in each. The mass spectrometer used was a Waters Xevo TQ-S triple quadrupole, 

operated in MRM mode with ionisation by positive mode ESI. This is the model of MS/MS that is 

available to be used for the experiments in this thesis. The transitions used for GLP-1 7-36 amide 
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quantification were m/z 825.4 > 946.3 and for GLP-1 9-36 were m/z 773.3 > 852.5; their identities 

were not given. For GLP-1 9-36 amide this transition would be [M+4H]4+ > y23
3+. It is unclear what the 

identity of the GLP-1 7-36 amide transition could be and this is further discussed in section 3.5.2.4. 

UPLC run in a nano-flow (flow rate <1µL/min) format, as used by Chappell et al (2014b), leads to 

markedly increased sensitivity due to enhanced ionisation efficiency however it has a longer runtime 

and poor robustness (Chappell et al., 2014a). The robustness issues mean a dedicated specialist 

operator is required and it is advised not to shut down the nano-flow UPLC system. Micro-flow (flow 

rate 1-50µL/min) UPLC is more robust than nano-flow whilst also improving sensitivity in comparison 

to UPLC. Switching the UPLC method to micro-flow UPLC led to a four-fold improvement in the lower 

limit of quantification for a glucagon method on a Waters Xevo TQ-S mass spectrometer (Chambers 

et al., 2015). Using micro-flow UPLC can also lead to a requirement for less sample volume which has 

the advantages of reducing matrix effects and the amount of sample that needs to be collected 

(Lassman and Fernandez-Metzler, 2014).  

LC-MS/MS assays are also in use for quantification in the pharmacokinetic modelling of GLP-1 and 

analogues of GLP-1 (Xu et al., 2012, Lasaosa et al., 2014, Wang et al., 2014). Here the sensitivity 

requirements are sometimes not so challenging depending on the planned utility of the assay. A 

study of GLP-1 9-36 amide pharmacokinetics in dogs (Eng et al., 2014) used protein precipitation 

with ethanol for plasma extraction followed by UPLC and MS/MS using a triple quadrupole mass 

spectrometer. The linear range was 0.2-324nmol/L and the transition monitored 773.3 > 852.2 

([M+4H]4+ > y23
3+). Eng et al (2014) also undertook GLP-1 9-36 amide metabolite identification using 

an ion trap mass spectrometer which offers more accurate mass determination. Ion trap mass 

spectrometers utilise another type of mass analyser to trap ions by cycling them around a central 

electrode and can then release or retain ions according to their m/z (March, 1997). They can be used 

for MRM along the same lines as a triple quadrupole but with separation in time instead of space, 

and have the advantage of higher mass resolution but the disadvantage of slower data processing 

(Lange et al., 2008). An ion trap mass spectrometer was used for MRM scanning in the analysis of 

multiple GLP-1 agonists by Zhang et al (2011). The fragmentation in ion trap mass spectrometers can 

be less than that in triple quadrupoles. Zhang et al (2011) used this to enhance sensitivity and 

achieve lower levels of quantification of around 10pmol/L, by reducing the number of low intensity 

fragments formed on collision. This method also used protein precipitation for plasma extraction 

and UPLC.  

Amao et al (2015) measured GLP-1 1-37, GLP-1 7-37 and GLP-1 7-36 amide, secreted from cultured 

cells using nano-flow liquid chromatography coupled to a TSQ Vantage triple quadrupole mass 
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spectrometer. They used the sum of two transitions for quantification using [M+4H]4+ > b6
+ and 

[M+4H]4+ > b9
+ for GLP-1 7-36 amide. This is a good way to improve total ion current and overcome 

the multiple fragmentation but there is also increased noise and so it may not always improve 

sensitivity (Kay et al., 2016). 

2.2.2 Oxyntomodulin 

An LC-MS/MS method for quantification of human oxyntomodulin in rats has been developed but is 

not suitable for measuring endogenous levels in humans (fasting OLI 62±5pmol/L – Cohen et al., 

2003) as the lower level of quantification is 0.2nmol/L (Halquist et al., 2012). A stable-isotopically 

labelled internal standard was used with the arginines at positions 17, 28, 31 and 33 in 

oxyntomodulin labelled with 13C and 15N giving a 40 mass unit difference. Sample extraction was by 

microelution SPE and two dimensional liquid chromatography. The first dimension loading step was 

performed on UPLC and the second dimension elution step on HPLC. The mobile phases were 

aqueous 0.1% 3-nitrobenzyl alcohol (3-NBA) and 0.1% 3-NBA in ACN. The mass spectrometer was an 

API 4000 Qtrap hybrid triple quadrupole/linear ion trap from AB Sciex (Foster City, CA, USA) 

operated in positive electrospray mode. The transition used was m/z 636.9 > 666.9 ([M+7H]7+ > y27
5+) 

for oxyntomodulin. Using this hybrid mass spectrometry setup allows the best of both methods, with 

the speed of the quadrupole for the precursor ion selection and the mass resolution of the ion trap 

for the product ion. 3-NBA is an ion pairing agent which has been observed to cause the preferential 

formation of fewer and higher charge states, improve fragmentation and increase total ion current; 

all of which improves sensitivity. Dimethyl sulphoxide (DMSO) and glycerol can also be used in the 

mobile phase to increase total ion current (Kay et al., 2016, Hahne et al., 2013). Two dimensional 

liquid chromatography is very suitable for peptide mixtures and effectively allows sample extraction 

as well as separation thus minimising matrix effects and enhancing ionisation. It does however, 

require an additional liquid chromatography system and an interface between the two systems. 

Switching to two dimensional liquid chromatography enabled development of a method for LC-

MS/MS measurement of the peptide insulin and insulin analogues with sufficient sensitivity to be 

clinically useful (Chambers et al., 2014).  

The Chappell et al (2014b) method for GLP-1 7-36 amide and GLP-1 9-36 amide has been further 

developed to also measure glucagon and oxyntomodulin (Lee et al., 2016). The immunoaffinity LC-

MS/MS method uses antiGLP-1 and antiglucagon/oxyntomodulin antibodies for sample extraction, 

two dimensional nano-flow liquid chromatography and a Waters Xevo TQ-S triple quadrupole mass 

spectrometer. A 500µL plasma sample was used with recoveries of 24% for oxyntomodulin and 47% 

for GLP-1 7-36 amide and GLP-1 9-36 amide. The transitions used were 825.4 > 946.3 for GLP-1 7-36 
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amide (see section 3.5.2.4 for possible identification), 773.3 > 852.5 ([M+4H]4+ > y23
3+) for GLP-1 9-36 

amide and 742.5 > 923.7 ([M+6H]6+ > y30
4+) for oxyntomodulin. 

An oxyntomodulin method also using immunoaffinity sample extraction but utilising a Thermo 

Scientific™ Q Exactive™ Hybrid Quadrupole-Orbitrap mass spectrometer to give high resolution mass 

spectrometry has been developed (Cox et al., 2016). The use of high resolution mass spectrometry 

to give exact mass had the advantage of allowing the required sensitivity without the need for nano-

flow or two dimensional liquid chromatography. However, again multiple transitions were summed 

across multiple charge states to improve the total ion current, and there was a need to avoid 

integrating any peaks which were contaminated with interfering ions. This is due to the lower 

specificity for high resolution mass spectrometry versus MRM. However, due to the extensive 

sample clean up required for MRM, other methods of mass analyser such as ion trap and time of 

flight (TOF) which allow high resolution mass spectrometry are increasingly being investigated 

(Chappell et al., 2014a, Dillen et al., 2012, Keire et al., 2010). TOF mass analysers work by 

accelerating ions within a known electrical field and recording the time it takes them to travel a 

known distance. This time will vary with m/z. High-field asymmetric waveform ion mobility provides 

another option as this also manipulates ions based on their size as well as their m/z and so singly 

charged states can be excluded decreasing noise and hence improving S:N (Dillen et al., 2012). A 

study comparing triple quadrupole to high resolution TOF mass spectrometry for quantification of 

exenatide, a GLP-1 agonist, found that the triple quadrupole still offered the best sensitivity (Dillen 

et al., 2012). However, this study did use the sum of three transitions for quantification to increase 

the total ion current. The study authors describe it as a balance between the improved specificity 

offered by MRM in removing isobaric interferences, and the poor multiple fragmentation in the 

collision cell for MRM decreasing sensitivity. They also discussed the increased mass resolution and 

decreased data processing speed of the high resolution TOF mass spectrometer and the ability of 

both types of mass spectrometer studied to measure multiple species. A study by Morin et al (2013) 

on six peptides including glucagon and exenatide found high resolution mass spectrometry gave 

superior sensitivity. 

2.2.3 PYY 

An LC-MS/MS method for peptides of the neuropeptide Y family (Xi et al., 2012b) achieved a range 

of quantification of 0.1-10.0µmol/L for PYY 1-36 (CV <17%) and is therefore unsuitable for 

endogenous PYY 1-36 quantification (fasting total PYY 26.3±3pmol/L (Tan et al., 2017)). The samples 

were extracted using either SPE or protein precipitation and modified neuropeptide Y was used as 

the internal standard. The HPLC mobile phases were aqueous 0.1% FA and 90% ACN with 0.1% FA, 
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the flow rate was 250µL/min and the total run time was 30 minutes. ESI was carried out in positive 

mode on a AB SCIEX 5500 QTRAP triple quadrupole mass spectrometer and the selected precursor 

and product ions for quantification of PYY 1-36 were [M+5H]5+ > y32
4+.  

2.3 Peptide handling in LC-MS/MS assays 

As experience increases of using LC-MS/MS assays for the quantification of peptides, there is 

increasing literature about the challenges of handling peptides (Bark and Hook, 2007, Ewles and 

Goodwin, 2011, Goebel-Stengel et al., 2011, Hoofnagle et al., 2016, Kraut et al., 2009, Maes et al., 

2014, van Midwoud et al., 2007). The main issue identified is non-specific adsorption of the peptide 

to the container or LC-MS/MS system. This manifests in poor irreproducibility affecting linearity, 

accuracy and precision and can cause carryover leading to either a signal in blanks, high baseline or 

ion suppression by co-eluting in the next run (Aubry, 2011). There is no clear pattern as to which 

peptides will non-specifically adsorb in which circumstances (Maes et al., 2014). Solubility is key as if 

it is energetically favourable for the peptide to remain in solution then non-specific adsorption will 

not occur. The concentration of the peptide solution must also be considered with the relative loss 

worse at lower concentrations as a higher percentage of the sample is lost to the fixed number of 

binding places (Hoofnagle et al., 2016). Wash steps must be optimised to prevent any carryover and 

possible options include a saw tooth wash, using ACN, MeOH, DMSO or 2-propanol (IPA), and adding 

in an acid or base (Maes et al., 2014). Internal standards can cover up problems due to non-specific 

adsorption as the endogenous peptide and internal standard may suffer the same non-specific 

adsorption so the response will stay the same despite possible catastrophic loss of endogenous 

peptide and internal standard (Maes et al., 2014, Stokvis et al., 2005). 

The non-specific adsorption of peptides to container walls has received particular study. Bark and 

Hook (2007) used a tryptic digest of BSA and showed that for LoBind Eppendorf tubes the peak areas 

obtained were more reproducible i.e. had a lower standard deviation, than those for the regular 

Eppendorf tubes. They put this down to more consistency in the non-specific adsorption in the low-

retention tubes. They used high concentration samples of 100nmol/L and 1µmol/L. Van Midwoud et 

al (2007) used lower concentration solutions, 1.67-16.7nmol/L, of a tryptic digestion of cytochrome c 

and showed reproducibility of peak areas was related to the retention time with reverse phase liquid 

chromatography. Later eluting peptides had the worst reproducibility. This was thought to be due to 

the increased hydrophobicity of the late eluting peptides increasing the equilibrium constant for 

adsorption to the container walls. The reproducibility could be improved by dissolving the peptides 

in DMSO, MeOH, acetone or ACN all of which were thought to work via improving the solubility of 

the hydrophobic peptide. 5% FA also improved reproducibility via increased protonation of the 
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peptide discouraging attraction to silanol vial walls. When they compared glass vials, organosilane-

deactivated glass vials and polypropylene vials they observed the worse reproducibility for the most 

hydrophobic peptides in the polypropylene vials. Van Midwoud et al (2007) also showed an 

association between surface to volume ratio and non-specific adsorption and therefore 

recommended using the smallest possible volume pipettes and containers to minimise adsorption 

losses. This also manifested as reduced peak area when multiple measurements were made from 

the same container as the surface to volume ratio increased. They could not however, find any 

suggestion of significant adsorption to the needle or tubing of the sample manager for peptides not 

containing sulphur. For those containing sulphur there was strong adsorption to the stainless steel 

needle. Oxyntomodulin contains the sulphur containing amino acid methionine. 

Goebel-Stengel et al (2011) looked at radioactive 125I labelled PYY 1-36 and GLP-1 1-37, among other 

peptides, to explore the effect of the vessel type on non-specific adsorption. They worked with the 

lowest concentrations detectable, around 5fmol/L. Samples in 0.1% HAc were left for 48 hours in the 

vial to be tested and then transferred to another vial for radioactivity counting. The recovery was 

found to be highest in borosilicate glass; 67.7±6.8% and 39.6±1.2% for PYY 1-36 and GLP-1 1-37 

respectively. However, in view of the low recovery for GLP-1 this experiment was repeated with 1% 

bovine serum albumin (BSA) in the solution and the recoveries were observed to improve; 

96.0±2.7% and 85.3±2.8% for PYY 1-36 and GLP-1 1-37 respectively. Interestingly no clear pattern for 

a peptide’s behaviour could be observed in this study. For example GLP-1 1-37 and PYY 1-36 

preferred the same vial type. The study authors also could not exclude an effect from the iodination 

with 125I, and note that the Millipore RIA instruction guide gives very clear instructions as to the vial 

types that must be used with the experiment so non-specific adsorption is not just a problem for LC-

MS/MS. Kraut et al (2009) looked at storage over 28 days and also concluded that vial type, and in 

addition temperature, significantly affected the results obtained. Temperature control is important 

as it affects the equilibration between the peptide being dissolved in the solvent or adsorbed to the 

container wall. 

It has therefore been recommended that different types of container are evaluated for the peptides 

of interest at the start of method development (van Midwoud et al., 2007, Maes et al., 2014). Once 

the best vessel has been chosen, based on non-specific adsorption, ease of handling, cost and 

availability, it is important that the same type is always used so that experiments are comparable, 

and that if the method is to be transferred to another laboratory they use the same vessels too. This 

applies to all vessels used from the moment the biological fluid is collected. One can also extend this 

to pipette tips.  
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The losses in PYY 3-36 seen for human infusion studies when the gut hormone came into contact 

with the plastic tubing (Adrian et al., 1986) are another manifestation of this non-specific adsorption. 

Eng et al (2014) used pre-soaking with BSA to try and reduce non-specific adsorption during their 

method development for GLP-1 9-36 amide quantification. Losses to non-specific adsorption during 

evaporation to dryness steps in sample extraction has been raised as a particular issue however it 

has not been observed for glucagon methods (Lapko et al., 2013), most likely due to the other 

peptides and proteins present in the partially purified plasma occupying the non-specific adsorption 

sites.  

The associated issue of the solubility of any peptide(s) of interest must be considered at all stages of 

the method e.g. in stock solutions, in the highly purified solutions prepared for injection onto the LC-

MS/MS system, etc. A surrogate matrix of MeOH, water, FA and BSA was used for the stock solutions 

in a LC-MS/MS method for GLP-1 (Howard et al., 2017). Plasma could not be used due to concern 

over enzymatic degradation of GLP-1 in plasma and the difficulty of obtaining plasma free from GLP-

1. The BSA acted as a carrier protein to reduce the non-specific adsorption of GLP-1, and the organic 

solvent methanol and the acetic acid were present to improve the solubility of GLP-1. Any carrier 

protein used should be chemically inert with regard to the peptide(s) of interest and not interfere 

with the measurement of the peptide(s) of interest (Hoofnagle et al., 2016). 

Maes et al (2014) produced recommendations for the appropriate solvent for a given peptide as 

determined by considering the physiochemical properties of the peptide. This included looking at 

the total number of amino acids and whether these are nonpolar or charged. Applying this to GLP-1, 

PYY and oxyntomodulin which have <75% of their amino acids capable of forming excessive 

intermolecular hydrogen-bonds and 25-50% nonpolar amino acids unfortunately they fall in the 

group where there are no guidelines provided. The authors suggest ACN or MeOH with water and 

acid as a possible dissolution solvent but admit this is theory and there is no literature to support 

this. PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide are amphipathic. 

The theory is that the hydrophilic parts will be soluble in water and the addition of the organic 

solvents ACN or MeOH will improve the solubility of the hydrophobic parts. Additionally, the five gut 

hormones will be protonated by the added acid making it more energetically favourable for them to 

stay in solution, rather than non-specifically adsorb to the container wall. 

The Clinical Proteomic Tumour Analysis Consortium of the National Cancer Institute (Hoofnagle et 

al., 2016) has produced recommendations on the best ways to handle peptides. These are to add 

peptides to the diluent not the bare vial, rinse the pipette tip several times with peptide solution 

before aspirating the final volume (Maes et al., 2014), use a new pipette tip for each dilution, use 



62 
 

silanised glass vials, wash vials with the same solution that is used for the peptides, investigate 

storage at different time durations and temperatures, prevent evaporation and microbial 

degradation, and dilute master stock solutions as close to the time of use as possible. Their aim is to 

standardise non-specific adsorption with their summary being to handle the samples as little as 

possible, using as few steps as possible and to treat all samples the same. Reconsidering the study by 

Naslund et al (1999) in section 1.2.3, where inserting a HPLC step before the immunoassay was 

shown to decrease the concentrations seen, it may be that rather than this being indicative of 

improved specificity, the decrease in concentration is actually a result of loss of peptide due to non-

specific adsorption in the additional experimental step. 

2.4 Comparing LC-MS/MS to immunoassay 

For peptides, a LC-MS/MS assay can offer the advantage over immunoassay of increased specificity 

and a larger dynamic range while maintaining a high throughput (Hoofnagle and Wener, 2009). For 

gut hormones, specificity is probably the greatest potential advantage of a LC-MS/MS assay. In an 

immunoassay, the antibody in the method only detects whether a specific epitope is present and not 

the exact form of the peptide, but with a LC-MS/MS assay there is certainty in what is being 

measured. However with a LC-MS/MS assay the gut hormone concentrations may be lower than 

expected due to this specificity and this will increase the sensitivity required. There would be 

reduced error in a LC-MS/MS assay as only one assay would be required, unlike the subtraction 

methods used for some of the immunoassays. LC-MS/MS assays potentially have the advantage of 

allowing the measurement of more analytes, as immunoassays can only measure those analytes for 

which an antibody can be raised. 

Peptides are recognised for LC-MS/MS assays by their physiochemical properties and so there is no 

need for any antibody production although antibodies have been used in immunoaffinity sample 

extraction preLC-MS/MS (Chappell et al., 2014a). The use of antibodies leaves immunoassays subject 

to interference by heterophile and auto-antibodies. Also at high analyte concentrations 

immunoassays can underestimate the analyte concentration; this is called the Hook effect. Although 

MS/MS cannot distinguish isobaric substances with the same charge, these can usually be resolved 

by liquid chromatography first, and this will not prevent the specific and separate measurement of 

PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide as they all have 

different molecular weights. An LC-MS/MS assay does not require any radioactive labelling. 

Cost per analysis for LC-MS/MS could be comparable with immunoassay techniques as although 

there is a large capital expenditure for LC-MS/MS, proprietary reagents and antibodies are not 
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required (Lassman and Fernandez-Metzler, 2014). ELISA and LC-MS/MS are both able to multiplex, 

measuring more than one gut hormone in the same run, and thus speeding up analysis. Specialized 

equipment and technicians are required for both immunoassay and LC-MS/MS.  

However, LC-MS/MS measurement of peptides is complicated, among other factors, by solubility 

and non-specific adsorption. Also despite more sensitive machines being available, achieving 

adequate sensitivity is still challenging (Aubry, 2011). At the low pmol/L concentrations required the 

effect of matrix effects, non-specific adsorption and carryover are exacerbated (van Midwoud et al., 

2007). For LC-MS/MS assays internal standards can partially compensate for this whereas in 

immunoassays dilution is commonly used to overcome matrix effects (Ackermann, 2012). The need 

for an isotopically-stable labelled analyte for use as an internal standard will add to the expense of a 

LC-MS/MS assay but only small quantities are required (Honour, 2011). The multiple fragmentation 

of the signal from the peptide due to the multiple isotopes present, the multiple precursor ions 

formed and the multiple product ions formed will also affect the sensitivity possible. There is also 

the need for development of a preLC-MS/MS extraction step but this is the case for some 

immunoassays as well (Kuhre et al., 2015). 

2.5 Hypothesis, aims and objectives 

2.5.1 Hypothesis 

Using a LC-MS/MS based assay will allow specific determination of GLP-1 7-36 amide, GLP-1 9-36 

amide, PYY 1-36, PYY 3-36 and oxyntomodulin concentrations in human plasma. The sensitivity will 

be low enough to allow endogenous fasting concentrations to be determined. This will allow 

determination of basal levels of active forms of the hormones and hence a better understanding of 

the gut hormone profiles of obese individuals and patients post bariatric surgery. 

2.5.2 Aims 

To develop and clinically validate a LC-MS/MS based assay for measuring the five peptide gut 

hormones GLP-1 7-36 amide, GLP-1 9-36 amide, PYY 1-36, PYY 3-36 and oxyntomodulin in human 

plasma using SPE, stable-isotopically labelled internal standards, UPLC and MS/MS in MRM mode. 

This method should have a lower limit of quantification of at least the expected fasting endogenous 

concentration of each analyte, an intra-and inter-assay coefficient of variation of <20% and be totally 

specific for these gut hormones. It should be a method that can be practically introduced into a 

clinical chemistry department. 
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2.5.3 Objectives  

LC-MS/MS assays will be developed for the peptide gut hormones PYY 1-36, PYY 3-36, GLP-1 7-36 

amide, GLP-1 9-36 amide and oxyntomodulin. This will involve: 

i. Developing suitable calibration line standards, internal standards and QC materials and 

evaluating them for non-specific adsorption effects  

ii. Tuning the MS/MS and selecting intense and specific transitions for each endogenous gut 

hormone and its internal standard 

iii. Optimising the UPLC system looking at column type and gradient of mobile phase 

composition 

iv. Extracting the five peptide gut hormones from plasma samples using SPE and protein 

precipitation and developing a method that is suitable for all five peptide gut hormones 

v. Validating the method for clinical use involving determination of inter-assay and intra-assay 

precision, lower limit of quantification, sensitivity, recovery, linearity, ion suppression and 

specificity. The aim is for the method to multiplex and measure all five peptide gut 

hormones. 

vi. Comparison to RIA and ELISA methods 

vii. Applying the method to research samples from an ongoing study (REC 

reference:13/LO/1510) comparing obese individuals undergoing low calorie diet versus gut 

hormone infusion versus bariatric surgery. 
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Chapter 3: Method development using solvent standards 

3.1 Introductory work 

All chemicals and solvents purchased were of HPLC or mass spectrometry grade. ACN, IPA, MeOH, 

FA and ammonium hydroxide (NH4OH) solution (28.0-30.0%) were obtained initially from Sigma 

Aldrich (Missouri, USA) and subsequently, after Sigma Aldrich’s takeover, from Honeywell solvents 

(Seelze, Germany). Phosphoric acid for HPLC (85-90%) (H3PO4) and HAc  eagentPlus® ≥99% were 

from Sigma Aldrich. Water was produced by double filtration with a Triple Red Compact water 

purifier (Buckinghamshire, UK) and then Barnstead Diamond water purifier (California, USA) 

producing water with a resistivity of  8.2 MΩ/cm. 

A Waters 2777 sample manager (Waters Corporation, Massachusetts, USA) was used to control 

injections onto the LC-MS/MS system. The temperature for samples in the sample manager was 

maintained at 4°C. The weak and strong washes on the sample manager were 20% ACN, 1% FA and 

65% ACN, 30% IPA, 5% FA respectively. The sample manager operated by drawing the sample up 

from a vial or plate with a Hamilton syringe and injecting it, via a valve, into a 20µL loop which was 

then flushed onto the LC-MS/MS system by the mobile phase. After this the syringe was washed 

three times with weak wash, three times with strong wash and three times with weak wash. The 

injection valve port of the LC-MS/MS was then washed with this same regime before the syringe 

returned to draw up the next sample. 

The LC-MS/MS system consisted of a Waters Acquity UPLC system and Waters Xevo TQ-S mass 

spectrometer with ESI operated in positive mode. Data acquisition and processing were performed 

by Waters MassLynx v4.1. All data manipulation and statistics were carried out in Microsoft® Excel® 

2010 version 14 (Microsoft Corporation, California, USA). The mobile phases used were aqueous 

0.1% FA (A) and ACN, 0.1% FA (B). The UPLC inlet method controlled the column temperature, 

mobile phase composition, mobile phase flow rate and sample manager. 

3.1.1 Investigating LC-MS/MS of solvent solutions of PYY 1-36, PYY 3-36, oxyntomodulin or GLP-1 

7-36 amide 

Rationale: Experiments were conducted on separate solvent solutions of the available gut hormones 

PYY 1-36, PYY 3-36, oxyntomodulin and GLP-1 7-36 amide to determine whether they could be 

detected using the LC-MS/MS system. GLP-1 9-36 amide was not available at all times during the 

method development work, due to supply issues, and so is not included in all experiments. 
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Method: Solid PYY 1-36, PYY 3-36, oxyntomodulin and GLP-1 7-36 amide, of unspecified purity, were 

obtained from Insight Biotechnology Ltd (London, UK) and separately dissolved in water to give four 

1mg/mL master stock solutions. The purity was taken to be 100% for the calculation of 

concentrations. Master stock solutions were then diluted 1:100 twice, with 10% ACN, 0.1% FA, to 

make four separate 100ng/mL working stock solutions of the individual gut hormones. The diluent 

was chosen to be the same as the starting mobile phase composition, to ensure solubility and 

stability when the sample was introduced into the mobile phase. The master stock solutions were 

stored at -80°C and the working stock solutions stored at 4°C in the sample manager. 

The column used was a Waters ACQUITY UPLC Peptide BEH C18 300Å 1.7µm (2.1 x 100mm) column 

maintained at 40°C. This column is suitable for pH 1-12, pressures up to 15000psi and temperatures 

between 20-55°C. The stability of the particles, in particular to pH, is due to the two monomers they 

are made of. These two monomers are tetraethoxysilane and bis(triethoxysilyl)ethane, the latter of 

which incorporates a pre-formed ethylene bridge. The reversed-phase interaction is with C18 groups 

which are bound to the particles via accessible silanol groups and have a proprietary end cap. The 

initial UPLC inlet method, mass spectrometer file and tuning were developed in 2013 by a previous 

student in this area and a Waters Clinical Applications Chemist, when they were investigating the 

feasibility of this project. The mobile phase composition and flow rates initially used are detailed in 

table 3.1. The mass spectrometer file and tuning used are detailed in sections 3.4 and 3.5.1 

respectively. 

 

Time (min)  Flow Rate (mL/min) Mobile phase (%) 

A B 

Initial 0.35 90 10 

0.50  0.35 90 10 

7.00  0.35 30 70 

7.10  0.35 0 100 

8.00  0.35 0 100 

8.10  0.35 90 10 

10.00  0.35 90 10 

Table 3.1: Table showing inlet method developed in 2013. The total run time was 10 

minutes. 
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Results: Measurement of the 100ng/mL working stock solution of GLP-1 7-36 amide gave a peak at 

4.13 minutes. However 48 hours later, after storage in the sample manager at 4°C, measurement of 

the same solution did not give a peak at this retention time (figure 3.1). 

 

 

Figure 3.1: Chromatograms showing total ion current (% of maximal) against time (minutes) 

for a 100ng/mL solution of GLP-1 7-36 amide in 20% ACN, 0.1% FA (jpph 2015 02 09_012) 

and the same sample again 48 hours later (jpph 2015 02 11_03) after storage at 4°C in the 

sample manager. The transition monitored was 660.50 > 751.85 with a collision energy of 

16eV.  

 

No peaks were visualised for the 100ng/mL working stock solutions of PYY 1-36, PYY 3-36 or 

oxyntomodulin. After two months the 1mg/mL master stock solution for GLP-1 7-36 amide was 

presumed to be degraded, as freshly made 100ng/mL working stock solution no longer showed any 

peaks at the expected retention time. The master stock solutions had been kept at -80°C and had 

undergone four freeze thaw cycles to make further working stock solutions.  
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Conclusions: The decision was taken to obtain fresh solid, and make up new master stock solutions 

for the gut hormones. These master stock solutions were to be stored in 10µL aliquots so that the 

whole batch did not have to be defrosted each time new working stock solutions were required. The 

new master stock solutions were made up in the 10% ACN, 0.1% FA to improve solubility and reduce 

any non-specific adsorption as suggested in the literature (Maes et al., 2014, Zhang et al., 2011). 

Individual 1µg/mL solutions of the gut hormones in 10% ACN, 0.1% FA, made from these fresh 

master stock solutions before they were frozen, were used to tune the gut hormones. This was done 

with reference to the previous tuning and to transitions identified in journal articles (Chappell et al., 

2014b, Halquist et al., 2012, Wolf et al., 2004, Xi et al., 2012a). This tuning is detailed below in 

section 3.5.2. 

3.1.2 Investigating LC-MS/MS of solvent solutions of PYY 1-36, PYY 3-36, oxyntomodulin or GLP-1 

7-36 amide after retuning 

Rationale: The retuning of the precursor and product ion transitions for PYY 1-36, PYY 3-36, 

oxyntomodulin and GLP-1 7-36 amide had been carried out to improve their detection by LC-MS/MS. 

The efficacy of the retuning was investigated using separate solutions of the individual gut 

hormones. 

Method: Solid PYY 1-36, PYY 3-36, oxyntomodulin and GLP-1 7-36 amide, of unspecified purity, were 

obtained from Insight Biotechnology Ltd (London, UK) and separately dissolved in 10% ACN, 0.1% FA 

to give four separate 1mg/mL master stock solutions of the individual gut hormones. The purity was 

taken to be 100% for the calculation of concentrations. The master stock solutions were split into 

10µL aliquots and these were stored at -80°C. One 10µL aliquot for each gut hormone was diluted 

1:100 and then once or twice 1:10 with 10% ACN, 0.1% FA to give 1µg/mL and 100ng/mL working 

stock solutions for each gut hormone. The working stock solutions were stored at 4°C in the sample 

manager. The column used and UPLC inlet method were as in section 3.1.1. The mass spectrometer 

file and tuning used are detailed in sections 3.4 and 3.5.2 respectively. 

Results: Chromatogram peaks for the 1µg/mL (figure 3.2) and 100ng/mL working stock solutions of 

PYY 1-36, PYY 3-36 or GLP-1 7-36 amide were seen after retuning. These were wide for PYY 3-36 and 

GLP-1 7-36 amide, and for all three gut hormones exhibited tailing. A 1µg/mL working stock solution 

of oxyntomodulin injected via the sample manager did not give a peak. This was the same solution 

that had been used for tuning so there was definitely known to be oxyntomodulin present and 

repeat tuning, after this injection using the same solution, confirmed the oxyntomodulin was still 

present in the solution. For tuning, the working stock solution of oxyntomodulin is directly infused 
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into the MS/MS bypassing the liquid chromatography system. The working stock solution of 

oxyntomodulin injected via the sample manager had therefore most likely non-specifically adsorbed 

to the liquid chromatography tubing, not eluted from the column or was not stable in the inlet 

method conditions. The 100ng/mL working stock solution of oxyntomodulin also did not give a peak. 

 

 

Figure 3.2: Chromatograms showing total ion current (% of maximal) against time (minutes) 

for 1µg/mL solutions of PYY 1-36 (REJC 2015_06_15_06), PYY 3-36 (REJC 2015_06_16_06) 

and GLP-1 7-36 amide (REJC 2015_06_17_15) in 10% ACN, 0.1% FA. The transitions 

monitored for PYY 1-36 were 616.20 > 591.50, 616.20 > 739.40, 719.10 > 703.10, 719.10 > 

761.00, 719.10 > 854.00, 862.60 > 952.60, 862.60 > 1170.70, 1077.90 > 1171.20 and 1077.90 

> 1270.10, with collision energies of 15, 15, 20, 20, 20, 30, 30, 40 and 40eV respectively. The 

transitions monitored for PYY 3-36 were 579.30 > 591.70, 579.30 > 739.30, 616.60 > 591.70, 

616.60 > 739.30, 675.80 > 591.70, 675.80 > 739.30, 810.70 > 762.50, 810.70 > 878.00 and 

810.70 > 952.60, with collision energies of 15, 15, 15, 15, 18, 18, 22, 28 and 22eV 

respectively. The transitions monitored for GLP-1 7-36 amide were 660.50 > 751.80, 825.35 

> 110.20, 825.35 > 136.10 and 825.35 > 1127.30 with collision energies of 18, 80, 35 and 

28eV respectively. 
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Conclusions: The inability to see oxyntomodulin and the tailing seen on the peaks for PYY 1-36, PYY 

3-36 and GLP-1 7-36 amide suggested that the liquid chromatography method needed to be 

modified.  

3.1.3 Investigating the effect of modifying the liquid chromatography method on a solvent 

solution of PYY 3-36 or oxyntomodulin 

Rationale: A different column type, or change in the column temperature or mobile phase flow rate, 

may improve the peak tailing seen for PYY 3-36 and enable a peak to be seen for oxyntomodulin. 

Method: Working stock solutions of 1µg/mL and 100ng/mL, of PYY 3-36 or oxyntomodulin, were 

made from defrosted 10µL aliquots of their master stock solutions, as per section 3.1.2. The working 

stock solutions were stored at 4°C in the sample manager. The mass spectrometer file and tuning 

used are detailed in sections 3.4 and 3.5.2 respectively. The UPLC inlet file was modified and trialled 

at column temperatures of 45, 50 and 60°C, and mobile phase flow rates of 0.4, 0.5 and 0.6mL/min. 

The new column trialled was the Waters ACQUITY UPLC Peptide BEH C18 130Å 1.7µm (2.1 x 100mm) 

column which differs from the previous column used in that its pore size is 130Å not 300Å. 

Results: No conclusions could be drawn from the experiments carried out to investigate the effect of 

changing the mobile phase flow rate and column temperature for a 100ng/mL working stock 

solution of PYY 3-36. In the final experiment, which was a repeat of the first experiment, it was 

apparent there had been significant degradation of the sample with time, independent of any effect 

of modification of the inlet method. The working stock solution had been stored, as previously, in 

the sample manager at 4°C. After 24 hours the peak from the working stock solution was completely 

absent (figure 3.3). 

An improvement in peak shape for the 100ng/mL working stock solution of PYY 3-36 was achieved 

by changing to the 130Å version of the same column (figure 3.4). This improvement in peak shape 

was despite the experiments on the 130Å column being run after those on the 300Å column, with 

the same sample. 
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Figure 3.3: Chromatograms showing total ion current (% of maximal) against time (minutes) 

for a 100ng/mL solution of PYY 3-36 in 10% ACN, 0.1% FA (REJC 2015_07_14_05), and the 

same sample again 6 hours later (REJC 2015_07_14_29) and 24 hours later (REJC 

2015_07_15_07) after storage in the sample manager at 4°C. The transitions monitored 

were 579.30 > 591.70, 579.30 > 739.30, 616.60 > 591.70, 616.60 > 739.30, 675.80 > 591.70, 

675.80 > 739.30, 810.70 > 762.50, 810.70 > 878.00, 810.70 > 952.60, with collision energies 

of 15, 15, 15, 15, 18, 18, 22, 28 and 22eV respectively. 
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Figure 3.4: Chromatograms showing total ion current (% of maximal) against time (minutes) 

for a 100ng/mL solution of PYY 3-36 in 10% ACN, 0.1% FA using the Waters ACQUITY UPLC 

Peptide BEH C18 300Å 1.7µm (2.1 x 100mm) column (REJC 2015_07_15_09), and the Waters 

ACQUITY UPLC Peptide BEH C18 130Å 1.7µm (2.1 x 100mm) column (REJC 2015_07_15_18). 

The transitions monitored were 579.30 > 591.70, 579.30 > 739.30, 616.60 > 591.70, 616.60 

> 739.30, 675.80 > 591.70, 675.80 > 739.30, 810.70 > 762.50, 810.70 > 878.00, 810.70 > 

952.60, with collision energies of 15, 15, 15, 15, 18, 18, 22, 28 and 22eV respectively. 

 

Use of the 130Å column also allowed peaks for 1µg/mL (figure 3.5) and 100ng/mL working stock 

solutions of oxyntomodulin to be seen for the first time. Oxyntomodulin peaks had not been 

detected using LC-MS/MS in any of the prior method development, indicating that oxyntomodulin 

had been failing to elute from the 300Å column. 
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Figure 3.5: Chromatogram showing total ion current (% of maximal) against time (minutes) 

for a 1µg/mL solution of oxyntomodulin in 10% ACN, 0.1% FA using the Waters ACQUITY 

UPLC Peptide BEH C18 130Å 1.7µm (2.1 x 100mm) column (REJC 2015_10_05_05). The 

transitions monitored were 636.60 > 666.50, 742.50 > 120.10, 742.50 > 680.70, 890.80 > 

110.10, 890.80 > 225.10 and 890.80 > 1079.00, with collision energies of 20, 55, 20, 50, 30 

and 30eV respectively. 

 

Conclusions: This initial work had concentrated on investigating the gut hormones in a solvent which 
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for our department. However, although tuning was found to be possible with fresh solutions in 
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issues identified could not be correctly attributed to coming from the sample extraction or the liquid 

chromatography method, and method development would be difficult. The surrogate matrix would 

also be used to make up our endogenous standards, endogenous quality controls (QCs) and internal 

standard stock solutions prior to spiking plasma with them to ensure their stability. Stock solutions 

could not be made up from solid each time without massive waste due to the low concentrations 

involved, which would require quantification below that of the accuracy of the balances available. 

3.2 Optimising the stability of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-

36 amide 

3.2.1 Carrier protein and solvent 

A multiplexed immunoaffinity LC-MS/MS method for GLP-1 7-36 amide, GLP-1 9-36 amide, 

oxyntomodulin and glucagon (Lee et al., 2016), published as a development of the immunoaffinity 

LC-MS/MS method of Chappell et al. (2014b), used 100µg/L BSA in 10% MeOH, 20% HAc as the 

surrogate matrix to elute the four gut hormones from the antibodies. This was then injected onto 

the liquid chromatography system. A solution of 400µg/mL BSA in 10% MeOH, 20% HAc was used to 

make up the internal standard working stock solution, and this was also used in the Chappell et al 

(2014b) paper as the surrogate matrix to elute their gut hormones of interest from the antibodies. 

Rationale: Based on the method of Lee et al (2016), 100µg/mL BSA (Sigma Aldrich, Missouri, USA) in 

10% MeOH, 20% HAc may be a suitable surrogate matrix for the gut hormones and would be 

suitable for injection onto the LC-MS/MS system. 

Method: A solution of 100µg/mL BSA in 10% MeOH, 20% HAc was made using 25mg of BSA in 25mL 

MeOH, 50mL HAc and 175mL water. This solution was given the abbreviation 100BMA. The 100BMA 

solution was either made up fresh each week or stored at -20°C and defrosted as required. This was 

also the case for all subsequent surrogate matrices trialled. A defrosted 10µL aliquot of 

oxyntomodulin master stock solution was diluted 1:100 twice using 100BMA to give a 100ng/mL 

oxyntomodulin solution, and then further diluted 1:10 using 100BMA to give a 10ng/mL 

oxyntomodulin solution. The UPLC inlet file was as per table 3.1 and the Waters ACQUITY UPLC 

Peptide BEH C18 130Å 1.7µm (2.1 x 100mm) column was used. The mass spectrometer file and 

tuning used are detailed in sections 3.4 and 3.5.2 respectively. 

Results: A 100BMA blank run first, showed a clear peak at 3.07 minutes which was present in all 

transitions, and this corresponded well to the subsequent peak seen at 3.06 minutes in all 

transitions for the 10ng/mL solution of oxyntomodulin in 100BMA (figure 3.6). This peak was only 

seen for 100BMA blanks, not 10% ACN, 0.1% FA blanks. As a check, the 100BMA blank solution was 
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remade and there was no change, confirming there had been no contamination of the 100BMA 

blank. A blank of just 10% MeOH, 20% HAc, known by the abbreviation MA, was also run to confirm 

it wasn’t this aspect of the surrogate matrix that was responsible, and this showed no peak 

corresponding to oxyntomodulin. 

 

 

Figure 3.6: Chromatograms showing total ion current (% of maximal) against time (minutes) 

for a 100BMA blank (REJC 2015_10_12_29) and a 10ng/mL solution of oxyntomodulin in 

100BMA (REJC 2015_10_12_30). The transitions monitored were 636.60 > 666.50, 742.50 > 

120.10, 742.50 > 680.70, 890.80 > 110.10, 890.80 > 225.10 and 890.80 > 1079.00, with 

collision energies of 20, 55, 20, 50, 30 and 30eV respectively. The peak before one minute is 

presumed to be due to agents from the solvent and vials. 

 

Conclusions: It was postulated that the BSA was adsorbing to the available surfaces in the LC-MS/MS 

system and displacing all the gut hormones, including oxyntomodulin, presumed to be non-

specifically adsorbed during past experiments. There is no overlap between the amino acid sequence 

of oxyntomodulin and that of BSA, and the six transitions monitored are specific to oxyntomodulin. 

In order to remove the oxyntomodulin peak seen for the 100BMA blanks, multiple 100BMA blanks 

were run through the system over the next 48 hours, and this resolved the issue. The mechanism of 

this was presumed to be the removal of all gut hormones from the non-specific adsorption sites in 

the LC-MS/MS system and their substitution with BSA. Despite this initial complication it was 

concluded that 100µg/mL BSA in 10% MeOH, 20% HAc was a suitable surrogate matrix for the gut 

hormones and would be suitable for injection onto the LC-MS/MS system. 
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3.2.1.1 Investigating the stability of PYY 1-36, PYY 3-36, oxyntomodulin and GLP-1 7-36 amide in 

100µg/mL BSA, 10% methanol, 20% acetic acid  

Rationale: A surrogate matrix of 100µg/mL BSA in 10% MeOH, 20% HAc will increase the stability of 

PYY 1-36, PYY 3-36, oxyntomodulin and GLP-1 7-36 amide. 

Method: Ten microlitre aliquots of the master stock solutions for PYY 1-36, PYY 3-36, oxyntomodulin 

and GLP-1 7-36 amide were defrosted, and 990µL of 100BMA was added to each to make four 

separate 10µg/mL solutions of the individual gut hormones. Ten microlitres of each of these was 

added to 960µL 100BMA to give a 100ng/mL mixture of the four gut hormones. This was then 

further diluted 1:100 with 100BMA to give a 1ng/mL mixture of the four gut hormones. This process 

was repeated with MA instead of 100BMA. The UPLC inlet file was as per table 3.1 and the Waters 

ACQUITY UPLC Peptide BEH C18 130Å 1.7µm (2.1 x 100mm) column was used. The mass 

spectrometer file and tuning used are detailed in sections 3.4 and 3.5.2 respectively. The two 

1ng/mL solutions in MA and 100BMA were then measured at zero hours, one hour, three hours, six 

hours, one day, two days, one week, two months, four months, nine months and 20 months. 

Between measurements the solutions were stored at 4°C in the sample manager. 

Results: Peaks at the appropriate retention times were no longer visible in the MA solutions after 

one day for PYY 1-36, PYY 3-36, oxyntomodulin and GLP-1 7-36 amide. The four gut hormones were 

no longer present in the 100BMA solutions on testing at 20 months but had all been present at nine 

months. Due to the changing setup of the mass spectrometer and absence of internal standards this 

experiment is only reported in qualitative form, as peak areas cannot be compared. The internal 

standards were to be custom made and therefore were not ordered or used until the stability of 

their endogenous counterparts was understood to prevent unnecessary waste and expense. Of note, 

at baseline the peak area was at least 2.5x higher for 100BMA versus MA, for the same gut hormone 

at the same concentration. 

This experiment was repeated over two days for the MA solutions, in one batch to allow comparison 

and with more frequent measurements to allow more detailed characterisation of the degradation 

(figure 3.7). 

Conclusions: The surrogate matrix 100BMA stabilises PYY 1-36, PYY 3-36, oxyntomodulin and GLP-1 

7-36 amide in comparison to MA. There is an increase in the peak area seen for 100BMA versus MA, 

which might indicate immediate degradation/non-specific adsorption in the MA solution or that BSA 

enhances ionisation on the mass spectrometer. 
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Figure 3.7 (a)-(d):Graphs showing the peak area (as a percentage of the peak area at zero 

hours) against time elapsed (hours) for (a) PYY 1-36, (b) PYY 3-36, (c) oxyntomodulin and (d) 

GLP-1 7-36 amide in a 1ng/mL solution of PYY 1-36, PYY 3-36, oxyntomodulin and GLP-1 7-

36 amide in MA. For each graph there is an exponentially fitted trend line shown for the 

data points. 

 

3.2.1.2 Investigating the stability of PYY 1-36, PYY 3-36, oxyntomodulin and GLP-1 7-36 amide in 

20, 40 or 100µg/mL BSA, 10% methanol, 20% acetic acid 

Rationale: In view of the excellent stability seen in 100BMA and to optimise the column lifetime it 

was decided to also trial 20µg/mL and 40µg/mL BSA in 10% MeOH, 20% HAc (known by the 

abbreviations 20BMA and 40BMA respectively). Small amounts of the BSA from the surrogate matrix 

will be retained on the column and reduce its efficiency over time. Although the higher organic 

composition of the mobile phase at the end of the inlet method will remove some of the BSA from 

the column, it is good practice to reduce to the minimum possible the amount of BSA the column is 

exposed to. 

Method: Mixtures of the four gut hormones, PYY 1-36, PYY 3-36, oxyntomodulin and GLP-1 7-36 

amide, were made at 1ng/mL, as in section 3.2.1.1 in 20BMA, 40BMA and 100BMA. An additional 

1:10 dilution was also carried out to make a 100pg/mL mixture of the four gut hormones in 20BMA, 

(a) 

(d) (c) 

(b) 
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40BMA and 100BMA. This was done in view of the higher total ion currents seen for the 1ng/mL 

mixture in 100BMA. The UPLC inlet file was as per table 3.1 and the Waters ACQUITY UPLC Peptide 

BEH C18 130Å 1.7µm (2.1 x 100mm) column was used. The mass spectrometer file and tuning used 

are detailed in sections 3.4 and 3.5.2 respectively. Measurements were made at one day, two days, 

one week, two weeks, four weeks, two months, three months, four months, seven months and 18 

months. Between measurements the solutions were stored at 4°C in the sample manager.  

Results: On all measuring occasions the four gut hormones were seen for all the mixtures although 

there was insufficient sample remaining to test the 1ng/mL mixture in 20BMA at 18 months. Again 

the data cannot be compared between days due to the changing setup of the mass spectrometer 

and absence of internal standards. However the results for 20BMA and 40BMA, for each measuring 

day, can be normalised as a percentage of the result for 100BMA for that measuring day and these 

percentages then compared. This was done for the four gut hormones, for the 100pg/mL and 

1ng/mL mixtures, for 20BMA and 40BMA. The mean and standard deviation of the percentages 

obtained are shown in table 3.2. 

 

 PYY 1-36 PYY 3-36 Oxyntomodulin GLP-1 7-36 amide 

100pg/mL 20BMA 88 ± 22 100 ± 22 99 ± 29 456 ± 264 

1ng/mL 20BMA 88 ± 13 98 ± 9 106 ± 14 799 ± 354 

100pg/mL 40BMA 123 ± 38 196 ±21 54 ± 13 48 ± 46 

1ng/mL 40BMA 134 ± 20 175 ± 8 65 ± 5 18 ± 13 

Table 3.2: Table showing mean ± standard deviation (%) for PYY 1-36, PYY 3-36, 

oxyntomodulin and GLP-1 7-36 amide for 100pg/mL and 1ng/mL mixtures of the four gut 

hormones in 20BMA or 40BMA. The mean and standard deviation is of the normalised peak 

areas at time points 1 day, 2 days, 1 week, 2 weeks, 4 weeks, 2 months, 3 months, 4 

months, 7 months and 18 months. The peak areas were normalised as a percentage to the 

peak area for the same gut hormone, concentration and time point in 100BMA. 

 

Conclusions: Table 3.2 shows that in comparison to 100BMA, solutions in 20BMA give higher peak 

areas for GLP-1 7-36 amide and oxyntomodulin, and solutions in 40BMA give higher peak areas for 

PYY 1-36 and PYY 3-36. As the absolute total ion currents were significantly higher for PYY 1-36 (2675 

± 1425) and PYY 3-36 (4710 ± 2913) compared to those for oxyntomodulin (1229 ± 628) and GLP-1 7-
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36 amide (224 ±27) it was decided to continue with 20BMA. This should also have the advantage of 

causing the least column build-up of BSA. 

3.2.1.3 Investigating the stability of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and 

GLP-1 9-36 amide in other carrier proteins; tryptic BSA, glucagon 

Rationale: BSA as the carrier protein in the surrogate matrix was working well. However, BSA is a 

mixture of proteins and it would be a challenging requirement to ensure consistency between 

batches and acceptance test new batches. Work by Thermo Fisher Scientific (Massachusetts, USA) 

on peptide methods for LC-MS/MS has looked at glucagon (Krastins et al., 2013) and ACTH 1-24 as 

possible carrier proteins (G Wark 2016, personal communication, 23 February, Peterman et al., 

2014) and these are available in pharmaceutically certified forms. Glucagon (Insight Biotechnology 

Ltd, London, UK) was trialled, as this was readily available in the department, to see if it would 

stabilise the five gut hormones. Waters MassPREP BSA Digestion Standard, which is trypsin digested 

BSA and which is available in a certified form, was also trialled. 

Method: Glucagon and tryptic BSA were used at the equivalent molar concentration to BSA in 

20BMA, 300nmol/L, in the same 10% MeOH, 20% HAc solvent. For glucagon (average molecular 

weight 3482.8), a 1mg/mL master stock solution was made with 20% ACN, 0.1% FA and then 10.44µL 

added to 10mL of 10% MeOH, 20% HAc. This solution was known by the abbreviation GMA. The 

purity of the glucagon was unknown and taken to be 100%. Solid Waters MassPREP BSA Digestion 

Standard was supplied in a vial containing 1nmol and this was dissolved in 3.33mL 10% MeOH, 20% 

HAc. This was known by the abbreviation tBMA. The change in diluent for the master stock solution 

of glucagon, and from this point forwards, was due to a change in the inlet method at this point from 

starting conditions of 10% to starting conditions of 20% mobile phase B. The rationale behind this 

change is detailed in section 3.3.3. 

Blanks of GMA and tBMA were run to see where the carrier proteins eluted (figures 3.8 and 3.9). 

Glucagon eluted at 5.81 minutes well away from PYY 1-36 4.06 minutes, PYY 3-36 3.88 minutes, 

oxyntomodulin 3.59 minutes, GLP-1 7-36 amide 8.18 minutes and GLP-1 9-36 amide 9.06 minutes. 

However for tryptic BSA which had multiple peaks at retention times of 1.35, 1.65, 2.32, 2.38, 2.83, 

3.62, 4.45 and 5.68 minutes, the 3.62 minutes peak interfered with the oxyntomodulin peak and so 

this is not a suitable carrier protein. The peak for BSA at approximately 9.55 minutes was still visible 

in the GMA and tBMA blank with the most likely source being carryover from the column and tubing 

of the liquid chromatography system as there was no BSA in the blank measured. 
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Figure 3.8: Chromatogram showing total ion current (% of maximal) against time (minutes) 

for a GMA blank (REJC 2016_07_11_18) and tBMA blank (REJC 2016_07_11_21). These 

chromatograms look at all ions in the second MS quadrupole with mass range 900-1900 

Daltons when the collision energy is 20eV. The peak at 5.81 minutes corresponds to the 

glucagon eluting and the very large peak seen at approximately 9.55 minutes corresponds to 

the BSA eluting. The peaks before one minute are consistently seen and presumed to be due 

to agents from the solvent and vials e.g. polyethylene glycols. An enlargement of the tBMA 

blank chromatogram from 1-7 minutes in shown in figure 3.9. 

 

Ten microlitre aliquots of the 1mg/mL stock solutions were available and defrosted for PYY 1-36, PYY 

3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide and 990µL of 20BMA added to each 

to make five separate 10µg/mL solutions of the individual gut hormones. Ten microlitres of each of 

these was added to 950µL 20BMA to give a 100ng/mL mixture of the five gut hormones. This was 

then further diluted 1:100 with 20BMA to give a 1ng/mL mixture of the five gut hormones. This 

process was repeated with GMA. The UPLC inlet file was as per table 3.8 and the Waters ACQUITY 

UPLC Peptide BEH C18 130Å 1.7µm (2.1 x 100mm) column was used. The mass spectrometer file and 

tuning used are detailed in sections 3.4 and 3.5.2 respectively. The 1ng/mL solutions of the five gut 

hormones in GMA and 20BMA were measured at zero hours, eight hours, 16 hours, 24 hours, 32 

hours 40 hours, 48 hours, 72 hours, one week and at 22 days. Between measurements they were 

stored at 4°C in the sample manager. 
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Figure 

Figure 3.9: Chromatogram showing total ion current (% of maximal) against time (minutes) 

for a tBMA blank (REJC 2016_07_11_21). This chromatogram looked at all ions in the second 

MS quadrupole with mass range 900-1900 Daltons when the collision energy was 20eV. 

Only the section from 1-7 minutes is shown to allow clear visualisation of the peaks from 

tBSA at 1.35, 1.65, 2.32, 2.38, 2.83, 3.62, 4.45 and 5.68 minutes. 

 

Results: Again the data cannot be compared between days due to the changing setup of the mass 

spectrometer and absence of internal standards. However, there was no signal obtained for 

oxyntomodulin in the GMA solution after 1 week. All the other gut hormones in GMA, and all the gut 

hormones in 20BMA were present on all the measuring occasions. 

Conclusions: Tryptic BSA and glucagon are not suitable alternative carrier proteins. 

3.2.1.4 Investigating the stability of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and 

GLP-1 9-36 amide using insulin as a carrier protein, and the effect of pre-soaking the vials with 

surrogate matrix 

Rationale: Insulin is also readily available in a pharmaceutically certified form and has been used in 

LC-MS/MS peptide assays (Peterman et al., 2014). It was therefore trialled as a carrier protein in 

comparison with 20BMA to see if it would stabilise the gut hormones. 

In human gut hormone infusion studies in our department, the syringes and tubing are rinsed with 

Gelofusine before the gut hormone solution is added. This is to minimise non-specific adsorption of 

the gut hormones by having Gelofusine occupy the available non-specific adsorption sites before the 

gut hormones are introduced. There are also literature examples of this, as detailed in sections 1.2.2 

and 2.3, and it was therefore decided to trial pre-soaking the containers used in the experiment 
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comparing insulin and 20BMA as carrier proteins. Gelofusine cannot be used as it cannot be injected 

onto the LC-MS/MS system and so the surrogate matrix was used instead. The carrier protein 

present in the surrogate matrix will act like Gelofusine to occupy any non-specific adsorption sites 

present in the container. 

Method: Insulin was used at 300nmol/L. For insulin (average molecular weight 5808.0) (European 

Pharmacopoeia Reference Standard, Sigma Aldrich), a 1mg/mL master stock solution was made with 

20% ACN, 0.1% FA and then 52µL added to 30mL of 10% MeOH, 20% HAc. This solution was given 

the abbreviation IMA. A blank of IMA was run to check that insulin eluted at a suitable retention 

time (figure 3.10). The insulin came off at 5.78 minutes, a very similar retention time to glucagon, 

and hence away from the five gut hormones of interest.  

Ten microlitre aliquots of the 1mg/mL stock solutions were available and defrosted for PYY 1-36, PYY 

3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide, and 990µL of 20BMA was added to 

each to make five separate 10µg/mL solutions of the individual gut hormones. Ten microlitres of 

each of these was added to 950µL 20BMA to give a 100ng/mL mixture of the five gut hormones. This 

was then further diluted 1:100 with 20BMA to give a 1ng/mL mixture of the five gut hormones. This 

process was repeated using IMA instead of 20BMA, to give two 1ng/mL mixtures of the five gut 

hormones, one in 20BMA and one in IMA. 

In order to investigate the effect of pre-soaking, the experiment detailed in the paragraph above was 

repeated. However, this time all vials were filled to the brim with the appropriate surrogate matrix, 

left for 90 minutes and then emptied prior to being used.  

There were therefore four different 1ng/mL mixtures of the five gut hormones available to be 

measured. The UPLC inlet file was as per table 3.8 and the Waters ACQUITY UPLC Peptide BEH C18 

130Å 1.7µm (2.1 x 100mm) column was used. The mass spectrometer file and tuning used are 

detailed in sections 3.4 and 3.5.2 respectively. 

Results: For PYY 1-36, comparing the peak areas obtained as a percentage of the initial peak area, 

after 24 hours the results were 134 ± 75% for 20BMA, 123 ± 14% for pre-filled 20BMA, 24 ± 11% for 

IMA and 29 ± 2% for pre-filled IMA. The greater than 100% results are possibly a result of comparing 

two different mass spectrometry runs without internal standard, or may be a result of the changing 

equilibrium between solubility in the surrogate matrix and adsorption to the vial wall. The other four 

gut hormones gave results similar to PYY 1-36. 

Conclusions: IMA did not stabilise any of the five gut hormones in comparison to 20BMA and there 

was no increased stability when the vials were pre-soaked. 
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Figure 3.10: Chromatogram showing total ion current (% of maximal) against time (minutes) 

for an IMA blank (REJC 2016_07_25_09). This chromatogram looked at all ions in the second 

MS quadrupole with mass range 900-1900 Daltons when the collision energy was 20eV. The 

peak at 5.87 minutes corresponds to the insulin eluting and the very large peak seen at 9.57 

minutes corresponds to BSA eluting. The peaks before one minute are consistently seen and 

presumed to be due to agents from the solvent and vials e.g. polyethylene glycols. 

 

3.2.2 Storage temperature, concentration and container type 

3.2.2.1 Investigating the stability of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and 

GLP-1 9-36 amide in 20µg/mL BSA, 20% acetic acid, 10% methanol at different temperatures and 

in different vials 

Rationale: Work already carried out in our department had shown 1.5mL, natural, low retention 

Clear-view™ Snap-Cap microtubes (Excel Scientific Inc., California, USA) to be the most suitable 

container for PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide. This is 

thought to be due to the siliconisation of the polypropylene surface reducing the non-specific 

adsorption. However, it is not possible to inject into the mass spectrometer from these microtubes. 

It was therefore necessary to test the available sample manager compatible vials and determine the 

most suitable one. Storage temperature affects the equilibrium between solubility in the surrogate 

matrix and adsorption to the vial wall, and the rate of degradation, so this was also investigated. 

Method: Ten microlitre aliquots of the 1mg/mL stock solutions were available and defrosted for PYY 

1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide, and 990µL of 20BMA was 
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added to make five separate 10µg/mL solutions of the individual gut hormones. Ten microlitres of 

each of these was added to 950µL 20BMA to give a 100ng/mL mixture of the five gut hormones. This 

was then further diluted 1:100 with 20BMA to give a 1ng/mL mixture of the five gut hormones. The 

UPLC inlet file was as per table 3.8 and the Waters ACQUITY UPLC Peptide BEH C18 130Å 1.7µm (2.1 

x 100mm) column was used. The mass spectrometer file and tuning used are detailed in sections 3.4 

and 3.5.2 respectively. 

Master stock solutions had always been made and stored in the microtubes, as advised by previous 

research in our department. The experiments so far in this chapter had used the microtubes for any 

solutions not required to be injected onto the LC-MS/MS system and deactivated glass vials for 

those solutions that did need to be injected by the sample manager. For the experiment detailed in 

this section, the 100ng/mL and 1ng/mL solutions were made in the vial type to be tested. The vial 

types tested were plain glass vials (Waters), deactivated glass vials (Waters), TruViewTM glass vials 

(Waters) and polypropylene vials (Waters), and they were tested using the 1ng/mL solution at room 

temperature, 4°C, -20°C and -80°C. Multiple replicates were placed at -20°C and -80°C so that long 

term stability in the freezer could be studied as well as the effect of freeze thaw cycles. The room 

temperature in the laboratory is closely regulated via the use of multiple remote temperature 

probes and air conditioning and is 22.1 ± 0.3°C (mean ± standard deviation). The plain glass vials are 

untreated, the deactivated vials have a silanised surface to prevent adsorption of highly polar 

molecules and the TruViewTM vials undergo a proprietary manufacturing process which minimises 

adsorption by limiting the concentration of free ions on the surface of the vial and ensures high 

standards of chemical cleanliness. Samples were run on day zero, day one, day seven, day 40, day 73 

and day 180 although not all samples were run at all time points. Unfortunately due to the large 

quantity of sample to be run, they were only run in singlicate. 

Results: The results for the polypropylene vials will not be considered, as they were affected by a 

factor in the inlet method which is discussed below in section 3.3.3. It was decided not to retest the 

polypropylene vials after this had been resolved as they have a lower capacity of 700µL which makes 

dilution series in them very difficult, and work was already established in a different vial type. 

Although the mass spectrometer settings were kept the same between experiments, there were no 

internal standards used at this point and so comparison between days was affected by variations in 

the mass spectrometer performance. 

There was no discernible difference between the plain glass, deactivated glass and TruviewTM glass 

vials at all the temperatures tested. It was therefore decided to continue work using the deactivated 

glass vials, which had been used up until now because the silanised surface best mimicked that of 
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the microtubes. The experiments on the effect of storage temperature showed that a 1ng/mL 

solution of the five gut hormones in 20BMA in a deactivated glass vial is more stable at 4°C than 

room temperature (figures 3.11 and 3.12) and this confirmed our decision to keep the sample 

manager at 4°C. This also allows samples to be stored in the fridge if required. There is a slow 

degradation of the 1ng/mL solution of the five gut hormones in 20BMA in a deactivated glass vial in 

the -20°C and -80°C freezers even without any freeze thaw cycles (figures 3.13 and 3.15). There is 

degradation of the 1ng/mL solution of the five gut hormones in 20BMA in a deactivated glass vial 

after three freeze thaw cycles at -20°C and four freeze thaw cycles at -80°C (figures 3.14 and 3.16). 

 

 

Figure 3.11: A graph showing the peak area (expressed as a % of the peak area on day zero) 

against the time elapsed (days) for a 1ng/mL mixture of PYY 1-36, PYY 3-36, oxyntomodulin, 

GLP-1 7-36 amide and GLP-1 9-36 amide in 20BMA. The solution was stored at room 

temperature in a deactivated glass vial between measurements. Measurements were taken 

on day 0, 7, 40, 73 and 180. 

 



86 
 

 

Figure 3.12: A graph showing the peak area (expressed as a % of the peak area on day zero) 

against the time elapsed (days) for a 1ng/mL mixture of PYY 1-36, PYY 3-36, oxyntomodulin, 

GLP-1 7-36 amide and GLP-1 9-36 amide in 20BMA. The solution was stored at 4°C in the 

sample manager in a deactivated glass vial at all times. Measurements were taken on day 0, 

7, 40, 73 and 180. 

 

 

Figure 3.13: A graph showing the peak area (expressed as a % of the peak area on day zero) 

against the time elapsed (days) for 1ng/mL mixtures of PYY 1-36, PYY 3-36, oxyntomodulin, 

GLP-1 7-36 amide and GLP-1 9-36 amide in 20BMA. The mixtures were stored at -20°C in 

deactivated glass vials and defrosted at 4°C in the sample manager immediately before they 
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were measured. The measurement on day zero was before any freezing and at this point 

five identical samples were placed in the -20°C freezer. A sample was removed and 

measured at day 1, day 40, day 73 and day 180 before being discarded. 

 

 

Figure 3.14: A graph showing the peak area (expressed as a % of the peak area on day zero) 

for a 1ng/mL mixture of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-

36 amide in 20BMA. The mixture was stored at -20°C in a deactivated glass vial and 

defrosted at 4°C in the sample manager immediately before it was measured, before being 

immediately refrozen at -20°C. Measurements were taken on day 0, 1, 7, 40, 73 and 180. 

 

Conclusion: The experimental plan after consideration of the results of this experiment was to make 

fresh working stock solutions every week and store them at 4°C. In view of the lack of stability of 

1ng/mL mixtures of the five gut hormones samples in 20BMA, at -80°C with no freeze thaw cycles 

(figure 3.15), further experiments were carried out as detailed in sections 3.2.2.2 and 3.2.2.3 to 

determine whether our 1mg/mL master stock solutions were stable in the -80°C freezer. 
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Figure 3.15: A graph showing the peak area (expressed as a % of the peak area on day zero) 

against the time elapsed (days) for 1ng/mL mixtures of PYY 1-36, PYY 3-36, oxyntomodulin, 

GLP-1 7-36 amide and GLP-1 9-36 amide in 20BMA. The mixtures were stored at -80°C in 

deactivated glass vials and defrosted at 4°C in the sample manager immediately before they 

were measured. The measurement on day zero was before any freezing and at this point 

five identical samples were placed in the -80°C freezer. A sample was removed and 

measured at day 1, day 40, day 73 and day 180 before being discarded. 

 

 

Figure 3.16: A graph showing the peak area (expressed as a % of the peak area on day zero) 

for a 1ng/mL mixture of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-
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36 amide in 20BMA. The mixture was stored at -80°C in a deactivated glass vial and 

defrosted at 4°C in the sample manager immediately before it was measured, before being 

immediately refrozen at -80°C. Measurements were taken on day 0, 1, 7, 40, 73 and 180. 

 

3.2.2.2 Investigating the stability of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and 

GLP-1 9-36 amide in 10% acetonitrile, 0.1% formic acid at -80°C 

Rationale: The 1mg/mL master stock solutions for the five gut hormones were being stored at -80°C 

in aliquots so that no freeze thaw cycles would be required. Section 3.2.2.1 had shown that 1ng/mL 

mixtures of the five gut hormones were not stable long term at -80°C even if there were no freeze 

thaw cycles. There was therefore a need to test the stability of the master stock solutions. An 

experiment was carried out to compare master stock solutions that had been in the -80°C freezer for 

five months against master stock solutions that had been in the freezer for 20 months. 

Method: Ten microlitre aliquots of 1mg/mL master stock solutions for PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide were available and defrosted. Two master 

stock solutions were defrosted for each gut hormone, one from a batch that had been in the -80°C 

freezer for 20 months and one from a batch that had been in the -80°C freezer for five months. Nine 

hundred and ninety microlitres of 20BMA was added to each aliquot to give ten separate 10µg/mL 

solutions of individual gut hormones. A 1µmol/L solution of each individual gut hormone, from each 

batch, was then prepared in a different microtube using average molecular weight and taking the 

purity of each gut hormone to be 100% (table 3.3). Average molecular weight is calculated by taking 

into account all the possible isotopes and their masses for each element in the molecule, and 

weighting the contribution of each isotope’s mass according to the natural abundance of that 

isotope. 

Ten microlitres from each 1µmol/L solution of individual gut hormone from one batch was then 

added to 3950µL 20BMA in a 14mL glass vial (Murray, S & Co Ltd, Woking, UK) to give a 2.5nmol/L 

working stock mixture of all five gut hormones. This type of glass vial was used whenever >1.5mL of 

gut hormone solution needed to be made. Although other options were not tested to see whether 

these glass vials were the best, there was consistency in their being the only type used. They were 

already extensively in use in the laboratory due to their low level of contaminants. The 2.5nmol/L 

working stock mixture was used to make spiking solutions (table 3.4). Forty microlitres of these 

spiking solutions was then diluted with 960µL 20BMA to give 1mL of the appropriate concentration 

solution in a deactivated glass vial. 
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Gut hormone 

Average 

molecular 

weight 

To make 1mL of 1µmol/ L solution 

Amount of 10µg/mL solution 

required (µL) 

Amount of 20BMA required 

(µL) 

PYY 1-36 4309.9 431 569 

PYY 3-36 4049.6 405 595 

Oxyntomodulin 4449.9 445 555 

GLP-1 7-36 amide 3297.7 330 670 

GLP-1 9-36 amide 3089.5 309 691 

Table 3.3: 1µmol/L solutions of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and 

GLP-1 9-36 amide in 20BMA were made from 10µg/mL solutions of PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide in 20BMA according to average 

molecular weight and taking purity to be 100%. 

 

End concentration of 

sample (pmol/L) 

Spiking solution 

concentration required 

(pmol/L) (40µL to be 

diluted with 960µL 

20BMA) 

To make 1mL of column B concentration 

Amount of 2.5nmol/L 

solution of the five gut 

hormones required 

(µL) 

Amount of 20BMA 

required (µL) 

80 2000 800 200 

40 1000 400 600 

12 300 120 880 

Table 3.4: Spiking solutions to make solutions of 12, 40 and 80pmol/L were made from a 

2.5nmol/L working stock solution of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide 

and GLP-1 9-36 amide in 20BMA. 

 

This was then repeated for the 1µmol/L solutions of individual gut hormones from the other batch. 

The UPLC inlet file was as per table 3.8 and the Waters ACQUITY UPLC Peptide BEH C18 130Å 1.7µm 

(2.1 x 100mm) column was used. The mass spectrometer file and tuning used are detailed in sections 

3.4 and 3.5.2 respectively. 
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Results: The mean and standard deviation of the peak area for PYY 1-36, PYY 3-36, oxyntomodulin, 

GLP-1 7-36 amide and GLP-1 9-36 amide, at each concentration, for each batch is shown in table 3.5. 

There was no significant difference between the 5 month and 20 month batch at all concentrations 

for all five gut hormones (p>0.05). 
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12pmol/L 

Mean ± SD 5 months 141±10 286±41 100±8 74±11 209±31 

Mean ± SD 20 months 128±27 323±12 97±12 73±8 236±28 

40pmol/L 

Mean ± SD 5 months 555±96 1471±74 266±15 351±18 848±46 

Mean ± SD 20 months 472±72 1514±78 277±56 308±39 845±32 

80pmol/L 

Mean ± SD 5 months 1303±86 3459±163 983±52 802±46 1615±160 

Mean ± SD 20 months 1285±131 3377±84 995±84 741±51 1760±130 

Table 3.5: Table showing the mean ± standard deviation (SD) of the peak area for 12, 40 or 

80pmol/L mixtures of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 

amide in 20BMA. These solutions were made from master stock solutions which had been in 

the -80°C freezer for 5 or 20 months.  

 

Conclusion: There is no evidence of degradation of the master stock solutions after 20 months 

storage at -80°C versus five months storage at -80°C. A change in the storage conditions for the 

master stock solutions is therefore not required. This study unfortunately does not test master stock 

solutions that have been freshly made and not frozen. We therefore cannot exclude degradation 

occurring on freezing or in the first five months of storage. However, if this were the case we would 

expect the degradation to continue and for the master stock solutions stored for 20 months to be 

more degraded than those stored for five months. The next time a fresh batch of master stock 

solutions is made, prior to them being frozen they will be compared to remaining frozen master 

stock solutions. 
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3.2.2.3 Investigating the stability of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and 

GLP-1 9-36 amide at high concentrations in 10% methanol, 20% acetic acid 

Rationale: In view of the increased stability seen at higher concentrations in section 3.2.2.2, higher 

concentrations of the five gut hormones in MA were investigated. A 1ng/mL solution had already 

been shown not to be stable (figure 3.7).  

Method: A 10µL aliquot of 1mg/mL master stock solution was available and defrosted, for PYY 1-36, 

PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide, and 990µL MA was added to 

each aliquot to give five separate 10 µg/mL solutions of the individual gut hormones in MA. One 

hundred microlitres of each of these solutions was then added to 500µL of MA to give a 1µg/mL 

mixture of the five gut hormones in MA. Three solutions at 100ng/mL, 10ng/mL and 1ng/mL were 

then made by sequential 1:10 dilutions with MA and these four solutions were measured at day 

zero, day 12 and after one year. The UPLC inlet file was as per table 3.8 and the Waters ACQUITY 

UPLC Peptide BEH C18 130Å 1.7µm (2.1 x 100mm) column was used. The mass spectrometer file and 

tuning used are detailed in sections 3.4 and 3.5.2 respectively. 

Results: The 1ng/mL and 10ng/mL solutions did not show any PYY 1-36, PYY 3-36, oxyntomodulin, 

GLP-1 7-36 amide or GLP-1 9-36 amide peaks at any time. The 100ng/mL and 1µg/mL solutions did 

show all five gut hormones to be present at all time points. Again the data cannot be compared 

between days due to the changing setup of the mass spectrometer and absence of internal 

standards.  

Conclusions: This confirms the findings in section 3.2.2.2 that higher concentrations of PYY 1-36, PYY 

3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide are more stable even in the absence 

of a carrier protein. At these higher concentrations the percentage of the gut hormone of interest 

lost to non-specific adsorption is much lower, as the number of non-specific adsorption sites is fixed, 

and this may partially explain the increased stability seen. 

3.2.2.4 Investigating the stability of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and 

GLP-1 9-36 amide in 20µg/mL BSA, 10% methanol, 20% acetic acid in different 96 well plates 

Rationale: For the planned solid phase extraction experiments, 96 well plates would be required and 

so seven different 96 well plate types were trialled; five polypropylene and two glass plates. These 

were the Eppendorf Deepwell 1000µL Standard 96 well plate, the Eppendorf Deepwell 1000µL 

Protein LoBind 96 well plate, the Thermo Polypropylene 1300uL U shaped 96 well plate, the Thermo 

Polypropylene 1000uL U shaped 96 well plate, the Thermo Glass coated 1.2mL U shaped 96 well 

plate and the Waters 96 well plate with 700uL deactivated glass inserts. 
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Method: Ten microlitre aliquots of the 1mg/mL master stock solutions were available and defrosted 

for PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide, and 990µL of 

20BMA added to each to make five separate 10µg/mL solutions of the individual gut hormones. A 

1µmol/L solution of each individual gut hormone was then prepared in another microtube, taking 

purity to be 100%, as per table 3.3. Ten microlitres from each 1µmol/L gut hormone solution was 

then added to 950µL 20BMA to give a 10nmol/L mixture of the five gut hormones. This was further 

diluted 1:100 to give a 100pmol/L mixture of the five gut hormones, and 500µL of this mixture was 

placed in eight wells of each plate. Two wells of each plate were measured immediately and then 

two more on day one, two more on day two and the final two on day seven. The UPLC inlet file was 

as per table 3.8 and the Waters ACQUITY UPLC Peptide BEH C18 130Å 1.7µm (2.1 x 100mm) column 

was used. The mass spectrometer file and tuning used are detailed in sections 3.4 and 3.5.2 

respectively. 

Results: The results were expressed as a percentage of the results on day zero. There was no 

difference seen between any of the plates for any of the five gut hormones.  

Conclusion: The Eppendorf standard plates were chosen as these were the ones already in use in the 

laboratory.  

3.3 Liquid chromatography method development work 

3.3.1 Minimising interference between BSA and GLP-1 9-36 amide 

Rationale: GLP-1 9-36 amide had not been present in the initial work on a surrogate matrix due to 

supply issues. When it was introduced various experiments were carried out to investigate any 

interference between GLP-1 9-36 amide measurement and the use of BSA as a carrier protein, and 

these are summarised in this section. 
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Figure 3.17: Chromatograms showing total ion current (% of maximal) against time 

(minutes) for three sequential samples; a diluent blank (REJC 2016_01_18_38), a 1ng/mL 

solution of GLP-1 9-36 amide in 10% ACN, 0.1% FA (REJC 2016_01_18_39) and a repeat 

diluent blank (REJC 2016_01_18_40). The transitions monitored were 773.08 > 851.94, 

773.08 > 885.61, 1030.49 > 1126.73, 1030.49 > 1277.15 and 1030.49 > 1327.71, with 

collision energies of 34, 20, 20, 34, 34 and 34eV respectively. 

 

Method 1: A 10µL aliquot of master stock solution of GLP-1 9-36 amide was removed from the -80°C 

freezer and 990µL of 10% ACN, 0.1% FA added to give a 10µg/mL solution. A 1ng/mL solution of GLP-

1 9-36 amide was then made by two 1:100 dilutions with the same diluent, and this was run with 

diluent blanks before and after. The UPLC inlet file was as per table 3.1 and the Waters ACQUITY 

UPLC Peptide BEH C18 130Å 1.7µm (2.1 x 100mm) column was used. The mass spectrometer file and 

tuning used are detailed in sections 3.4 and 3.5.2 respectively. For this experiment, and those 

subsequently, a cone voltage of 60V was used after optimisation of the mass spectrometer file as 

described in section 4.3. 
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Results 1: There was a clear peak visible for GLP-1 9-36 amide at 3.66 minutes for the 1ng/mL 

solution of GLP-1 9-36 amide in diluent, and both diluent blanks showed no peaks at this retention 

time (figure 3.17).  

Conclusion 1: A peak for GLP-1 9-36 amide was seen using a 10% ACN, 0.1% FA diluent. Work should 

move on to investigating solutions of GLP-1 9-36 amide in 20BMA. 

 

 

Figure 3.18: Chromatograms showing total ion current (% of maximal) against time 

(minutes) for three sequential samples; a 20BMA blank (REJC 2016_01_19_01), a 100pg/mL 

solution of GLP-1 9-36 amide in 20BMA (REJC 2016_01_19_03) and a repeat 20BMA blank 

(REJC 2016_01_19_05). The transitions monitored were 773.08 > 851.94, 773.08 > 885.61, 

1030.49 > 1126.73, 1030.49 > 1277.15 and 1030.49 > 1327.71, with collision energies of 34, 

20, 20, 34, 34 and 34eV respectively. 

 

Method 2: A 100pmol/L solution of GLP-1 9-36 amide in 20BMA was made. A 10µL aliquot of master 

stock solution of GLP-1 9-36 amide was removed from the -80°C freezer and 990µL of 20BMA added 

to give a 10µg/mL solution. A 1µmol/L solution of GLP-1 9-36 amide (taking purity to be 100% and 
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using average molecular weight) was then made by adding 309µL of 10µg/mL GLP-1 9-36 amide 

solution to 691µL of 20BMA. Ten microlitres from the 1µmol/L solution of GLP-1 9-36 amide was 

then added to 990µL 20BMA to give a 10nmol/L solution of GLP-1 9-36 amide. This was further 

diluted 1:100 to give the 100pmol/L solution. The UPLC inlet file was as per table 3.1 and the Waters 

ACQUITY UPLC Peptide BEH C18 130Å 1.7µm (2.1 x 100mm) column was used. The mass 

spectrometer file and tuning used are detailed in sections 3.4 and 3.5.2 respectively. 

Results 2: A 20BMA blank run before the 100pmol/L solution of GLP-1 9-36 amide showed a peak 

which corresponded well to the subsequent peak seen for GLP-1 9-36 amide in the 100pg/mL 

solution, and this peak was also seen in the repeat 20BMA blank run afterwards (figure 3.18) and a 

fresh 20BMA blank, made to rule out contamination. The peak was present for all five transitions 

measured. 

Conclusions 2: This peak had not been seen in the diluent blanks as shown in figure 3.17, so is likely 

to be a result of either the BSA, HAc or MeOH. Of note, the peak area for the peak at 3.6 minutes for 

the 1ng/mL solution of GLP-1 9-36 amide in diluent was 20602 and for the 100pg/mL solution of 

GLP-1 9-36 amide in 20BMA was 588645. This did not fit with the 10 fold drop in concentration, and 

the previously observed 2.5-fold increase in signal seen for 100BMA versus MA. 

When a MS2 scan was carried out for mass range 600-1900 and a collision energy of 0.20 (figure 

3.19), there was shown to be overlap between the BSA eluting and the retention time for GLP-1 9-36 

amide. Although there is no overlap between the amino acid sequence of GLP-1 9-36 amide and 

BSA, and the transitions picked for GLP-1 9-36 amide are specific to it, the large signal from the BSA 

eluting from the column at the same time will cause a false reading in the GLP-1 9-36 amide 

transitions. Hence for the 20BMA blanks, and even for the 100pg/mL solution of GLP-1 9-36 amide in 

20BMA, the peak seen is caused by the BSA eluting and this would explain the higher than expected 

peak area observed for the 100pg/mL solution of GLP-1 9-36 amide in 20BMA. 
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Figure 3.19: Chromatogram showing total ion current (% of maximal) against time (minutes) 

for a 20BMA blank (REJC 2016_01_26_02). This chromatogram looked at all ions in the 

second MS quadrupole with mass range 600-1900 when the collision energy was 20eV. The 

very large peak seen at 3.46 min onwards corresponds to the BSA eluting and overlaps the 

retention time of 3.66 minutes seen for GLP-1 9-36 amide in figure 3.19. The peak before 

one minute is consistently seen and presumed to be due to agents from the solvent and 

vials e.g. polyethylene glycols. 

 

Time (min)  Flow Rate 

(mL/min) 

Mobile phases (%) 

A B 

Initial  0.35 85 15 

0.50  0.35 85 15 

9.00  0.35 65 35 

9.10  0.35 0.1 99.9 

10.00  0.35 0.1 99.9 

10.10  0.35 85 15 

11.00  0.35 85 15 

Table 3.6: Table showing the new inlet method developed to ensure separation of BSA and 

GLP-1 9-36 amide. The gradient has been slowed and shortened from 90-30%. The wash 

steps have been changed from 0% to 0.1% mobile phase A on the advice of Waters service 

engineers to always have both solvent pumps running. The total run time was 11 minutes. 
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The inlet method was therefore changed to separate out the retention times of BSA and GLP-1 9-36 

amide. The gradient was shortened and steepened from 90-30% mobile phase A over 7 minutes to 

85-65% mobile phase A over 9 minutes. The high organic wash step at the end of the inlet method 

was changed so that the mobile phase A percentage was never zero, as it was advised by the Waters 

service engineers to always have both mobile phase pumps working. With this new inlet method 

(table 3.6) BSA eluted at 9.57 minutes and GLP-1 9-36 amide at 9.36 minutes and the 20BMA blanks 

showed no peaks at the retention time of GLP-1 9-36 amide (figure 3.20). 

 

 

Figure 3.20: Chromatograms showing total ion current (% of maximal) against time 

(minutes) for a 125pg/mL solution of GLP-1 9-36 amide in 20BMA (REJC 2016_01_26_11). 

The upper chromatogram looked at all ions in the second MS quadrupole with mass range 

600-1900 when the collision energy was 20eV. The peak before one minute is consistently 

seen and presumed to be due to agents from the solvent and vials e.g. polyethylene glycols. 

The very large peak seen at 9.57 min corresponds to the BSA eluting, and no longer overlaps 

the retention time of 9.36 minutes seen for GLP-1 9-36 amide in the lower MRM 

chromatogram. The transitions monitored in the lower chromatogram were 773.08 > 

851.94, 773.08 > 885.61, 1030.49 > 1126.73, 1030.49 > 1277.15 and 1030.49 > 1327.71, 

with collision energies of 34, 20, 20, 34, 34 and 34eV respectively.  

 

3.3.2 Optimising the column used 
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In view of the fact that the 130Å Waters ACQUITY UPLC Peptide BEH C18 1.7µm (2.1 x 100mm) 

column was better than the 300Å version it was decided to trial the 90Å Waters CORTECS UPLC C18 

Column 1.6µm (2.1 x 100mm). An optimised inlet method, for mixtures of the five gut hormones in 

20BMA, was developed for this column and is shown in table 3.7 below. This inlet method gave the 

best peak shape and maximised the GLP-1 9-36 amide and BSA separation, with retention times of 

7.53 and 10.04 minutes respectively. The peak shape with regards to width and tailing however, was 

worse than that seen for the previous inlet method on the previously used 130Å Waters ACQUITY 

UPLC Peptide BEH C18 1.7µm (2.1 x 100mm) column and so the 90Å Waters CORTECS UPLC C18 

1.6µm (2.1 x 100mm) column was not used in further experiments. 

 

Time (min)  Flow Rate 

(mL/min) 

Mobile phases (%) 

A B 

Initial  0.35 75 25 

9.00  0.35 65 35 

9.10  0.35 0.1 99.9 

10.00  0.35 0.1 99.9 

10.10  0.35 75 15 

11.00  0.35 75 15 

Table 3.7: Table showing the inlet method developed for the 90Å Waters CORTECS UPLC 

C18 Column 1.6 µm (2.1 x 100 mm). The total run time was 11 minutes.  

 

3.3.3 Optimising the inlet method 

Running the inlet method (table 3.7) developed for the 90Å Waters CORTECS UPLC C18 1.6µm (2.1 x 

100mm) column on the 130Å Waters ACQUITY UPLC Peptide BEH C18 1.7µm (2.1 x 100mm) column 

gave better peak shape and improved separation between GLP-1 9-36 amide and BSA, than with the 

previous inlet method (table 3.6). The retention time for GLP-1 9-36 amide was 8.10 minutes and 

that for BSA 9.00 minutes. However, when running multiple samples it was noted that 

approximately every 10 samples PYY 1-36, PYY 3-36 and oxyntomodulin all eluted together at 0.87 

minutes. Their usual retention times were 1.48, 1.34 and 1.15 minutes respectively. There was no 

corresponding change in the retention times of GLP-1 7-36 amide and GLP-1 9-36 amide. No clear 

cause could be found for this and extensive column washing was carried out to exclude BSA build up 
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on the column as the cause. In the end as the only recent change was to switch to the Cortecs inlet 

method (table 3.7), this was felt to be the most likely cause and was therefore modified. Initially the 

equilibration time at the end of the method was increased so the runtime was 12 minutes but this 

did not cause an improvement. As this problem had not been seen with the 85-65% mobile phase A 

gradient but had been with the 75-65% mobile phase A gradient, an intermediate gradient of 80-

65% mobile phase A was trialled (table 3.8). The retention time abnormalities resolved and there 

was still adequate separation between GLP-1 9-36 amide (retention time 9.12 minutes) and BSA 

(retention time 9.58 minutes).  

 

Time (min)  Flow Rate 

(mL/min) 

Mobile phases (%) 

A B 

Initial  0.35 80 20 

9.00  0.35 65 35 

9.10  0.35 0.1 99.9 

10.00 0.35 0.1 99.9 

10.10  0.35 80 20 

12.00  0.35 80 20 

Table 3.8: Table showing the amended inlet method developed to try and prevent the 

episodic PYY 1-36, PYY 3-36 and oxyntomodulin retention time abnormalities. It still ensures 

separation of BSA and GLP-1 9-36 amide. The gradient has been speeded up and lengthened 

from 75-65%, and the equilibration time at the end increased to two minutes so the total 

run time is now 12 minutes. 

 

Although the new inlet method (table 3.8) meant the retention times became consistent, the 

improved peak shape meant the peak areas were noted to vary for the same gut hormone in the 

same sample run multiple times. This was also noted for the small molecule standard 

sulphadimethoxine (SDO). 

This small molecule standard, SDO (C12H14N4O4S, average molecular weight 310.3) (Waters) had been 

introduced, in view of the stability problems seen with the gut hormones, as a system check. A 

1mg/mL master stock solution of SDO was made by dissolving 5mg SDO in 5mL ACN, and this was 

then further multiply diluted 1:100 using 20% ACN, 0.1% FA diluent to give a working stock solution 
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of 10pg/mL. Multiple vials of diluent and 10pg/mL solution of SDO in diluent were made, and kept at 

-20°C, and a fresh set defrosted every week. The mass spectrometer was monitored for the 

transitions 311.10 > 92.10, 311.10 > 108.15 and 311.10 > 156.15; all with a collision energy of 30eV. 

The total ion current of all three transitions was measured and the retention time and peak area 

measured in triplicate at the start and end of every run to monitor the performance of the system. 

This use of a small molecule standard allowed separation of problems due to the instability of the 

gut hormones from problems with the LC-MS/MS setup itself and enabled the detection of issues 

such as the mixer leaking, the probe failing and the accidental use of the wrong mobile phase 

solvent. 

3.3.3.1 Optimising the amount of sample injected 

Rationale: To improve the consistency of the peak areas, the amount of sample drawn up and 

injected by the sample manager could be increased from 20µL to 25µL. This would ensure complete 

filling of the 20µL loop with sample. 

Method: A 10pg/mL solution of SDO in 20% ACN, 0.1% FA was made as described on the previous 

page (chapter 3, page 100). It was run on the LC-MS/MS system with an injection volume of 15, 20 or 

25µL into the 20µL sample loop. The SDO peak area was measured five times for each injection 

volume and the CV calculated. The UPLC inlet file was as per table 3.8 and the Waters ACQUITY UPLC 

Peptide BEH C18 130Å 1.7µm (2.1 x 100mm) column was used. The mass spectrometer file used is 

detailed in section 3.4. The tuning used is detailed on the previous page (chapter 3, page 100). 

 

Injection volume (µl) CV (%) 

15 1.9 

20 1.7 

25 0.7 

Table 3.9: Table showing CV (%) of peak area for a 10pg/mL solution of SDO in 20% ACN, 

0.1% FA for three different injection volumes, 15, 20 and 25µL, into a 20µL loop at 10µL/s 

filling speed.  

 

Results and conclusion: The CVs for the peak areas of SDO are shown in table 3.9. The 25µL injection 

volume gave the lowest CV and the inlet method was therefore changed to this setting.  
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3.3.3.2 Optimising the syringe filling speed 

Rationale: Cavitation had been noted on some draw ups of sample by the syringe in the sample 

manager. The filling speed of the syringe was set to 10µL/s and if it was reduced to 3µL/s this would 

stop the cavitation seen. 

Method: A 1ng/mL mixture of the five gut hormones in 20BMA was made as per section 3.2.1.3. It 

was run on the LC-MS/MS system with a syringe filling speed of 3 or 10µL/s. The gut hormone peak 

areas were measured five times for each filling speed and the CV calculated. The UPLC inlet file was 

as per table 3.8 and the Waters ACQUITY UPLC Peptide BEH C18 130Å 1.7µm (2.1 x 100mm) column 

was used. The mass spectrometer file and tuning used are detailed in sections 3.4 and 3.5.2 

respectively. 

Results and conclusions: Reducing the syringe filling speed decreased the CV for the peak areas of 

the five gut hormones (table 3.10). The filling speed of 10µL/s is what led to the dramatically lower 

peak areas observed for the polypropylene vials in the experiment detailed in section 3.2.2.1. This is 

because the polypropylene vials do not have septa pre-cut in their lids, and are therefore more likely 

to experience cavitation at higher filling speeds. The inlet method was changed to a syringe filling 

speed of 3µL/s. 

 

Area PYY 1-36 PYY 3-36 Oxyntomodulin GLP-1 7-36 amide GLP-1 9-36 amide 

Filling speed 10µL/s 

CV (%) 18.3 60.0 13.7 102.4 48.6 

Filling speed 3µL/s 

CV (%) 11.0 6.1 8.9 7.3 7.7 

Table 3.10: Table showing CV (%) of peak area for a 1ng/mL solution of PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide in 20BMA at two different syringe 

filling speeds; 10µL/s and 3µL/s.  

 

3.4 Optimising the mass spectrometer tuning file 

The initial MS tuning file used was developed in 2013 by a previous student in this area and a Waters 

Clinical Applications Chemist when they were investigating the feasibility of this project. The MS 

tuning file used capillary voltage 3.0kV, cone voltage 30V, source offset 50.0V, source temperature 
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150°C, desolvation temperature 600°C, cone gas flow 200L/hr, desolvation gas flow 1000L/hr and 

collision gas flow 0.2mL/min. 

This was modified during the initial retune of the five gut hormones and the cone voltage was 

changed to 60V, the desolvation gas flow to 1200L/hr, the cone gas flow to 250L/hr and the collision 

gas flow to 0.18mL/min, as this was found to give higher intensity total ion currents. 

The final MS tuning file was capillary voltage 2.5kV, cone 60V, source offset 50.0V, source 

temperature 150°C, desolvation temperature 600°C, cone gas flow 250L/hr, desolvation gas flow 

1200L/hr, and collision gas flow 0.18mL/min. This was developed when the internal standards were 

tuned and with reference to Lee et al (Lee et al., 2016). 

3.5 PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide tuning  

3.5.1 Initial PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide tuning 

The initial PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide tuning (table 

3.11), was developed in 2013 by a previous student in this area and a Waters Clinical Applications 

Chemist when they were investigating the feasibility of this project. Some of the transitions have 

iminium ions as the product ion e.g. m/z 120 corresponds to the iminium ion for phenylalanine and 

m/z 110 corresponds to the iminium ion for histidine. These iminium ions are not specific to a 

particular gut hormone and so the decision was taken to exclude them from further tuning. 

3.5.2 Optimising the PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide 

tuning 

The five gut hormones were tuned using 1µg/mL solutions in diluent, from master stock solutions 

freshly made up from solid. The five gut hormones were also retuned after every preventative 

maintenance, as the calibration file is changed, but this only led to minor changes in the m/z of the 

precursor and product ions of less than one, and no change in the ion identities observed. 
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Compound name Precursor ion (m/z) Product ion(s) (m/z) Collision energy (eV) 

PYY 1-36 616.7 591.9, 739.6 15 

 719.3 703.2 20 

  739.5, 761.3 22 

 862.9 952.9 28 

  1171.1 30 

PYY 3-36 579.5 591.9, 739.5 15 

 675.9 739.5, 779.1, 807.8 18 

 810.9 762.5, 952.9 22 

  878.6 28 

Oxyntomodulin 742.8 120.3 50 

  680.9 22 

 891.0 110.2, 225.3 35 

  1079.3 30 

GLP-1 7-36 

amide 

660.6 751.9 16 

 825.4 110.2 95 

  231.3 45 

GLP-1 9-36 

amide 

773.3 852.2, 885.9 20 

 1030.7 1127.1, 1278.7, 1328.2 35 

Table 3.11: Table showing the MRM (multiple reaction monitoring) transitions measured for 

PYY 1-36, PYY 3-36, oxyntomodulin, GlP-1 7-36 amide and GLP-1 9-36 amide as developed in 

2013 by a previous student in this area and a Waters Clinical Applications Chemist when 

they were investigating the feasibility of this project.  

 

Initially a MS1 scan spectra was obtained for each of the five gut hormones to show what ions were 

formed on positive mode electrospray ionisation. A MS1 scan is similar to a MS2 scan but is carried 

out with the collision gas off and all ions formed at the source are focused by the first quadrupole 

and pass unchanged through to the detector. Product ion spectra were then acquired for each of 

these precursor ions at an appropriate collision energy (determined from observation of ion 
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intensity on the tuning screen whilst changing the collision energy). For the acquisition of the 

precursor and product ion spectra, the mass spectrometer was set to scan every five seconds for 

two minutes, with mass range 100 to 1700. The spectra were then processed with a background 

subtraction, smoothing and centring before the protein/peptide editor in Mass Lynx was used to 

assign the product ions identity. Tuning was carried out in combined flow mode with the mobile 

phase at starting conditions (80% mobile phase A). Combined flow with the mobile phase flow rate 

set to the usual flow rate (0.35mL/min) was used, as for peptides such as our gut hormones of 

interest, the charge states seen on ionisation at the source vary with the flow rate (B Molloy 2015, 

personal communication, 7 October). It is therefore necessary to recreate the flow rate and mobile 

phase conditions that the gut hormones would see during a normal run to accurately determine the 

charge states that would be present during a normal run. This was confirmed by showing the 

difference seen in the prominence of the different charge states between infusion alone (5.0µL/min) 

and combined flow, for a 1µg/mL solution of oxyntomodulin in diluent, with lower charge states 

more prominent with combined flow (figure 3.21). 

 

 

 

Figure 3.21: Spectra showing the ions obtained for a 1µg/mL solution of oxyntomodulin in 

diluent on positive mode electrospray ionisation. The x axis shows m/z and the y axis the 

total ion current for that m/z expressed as a % of the maximal value. The top spectrum was 

obtained with just infusion (5.0µL/min) and the bottom spectrum with combined 

0.35mL/min 80% mobile phase A (aqueous 0.1% FA) plus infusion (5.0µL/min). The collision 

gas was off for the acquisition of these spectra, and all ions from the first quadrupole passed 

unchanged to the detector. The spectra are acquired by scanning every five seconds for two 

minutes, with mass range 100 to 1700. 
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3.5.2.1 PYY 1-36 tuning 

Tuning of PYY 1-36 identified nine transitions: 616.2>591.5 (15eV), 616.2>739.4 (15eV), 719.1>703.1 

(20eV), 719.1>761.0 (20eV), 719.1>854.0 (20eV), 862.6>952.6 (30eV), 862.6>1170.7 (30eV), 

1077.9>1171.2 (40eV) and 1077.9>1270.1 (40eV). The collision energies for each transition are 

shown in parenthesis. Possible identities for these transitions are shown in table 3.12 below. The 

transition corresponding to the (M+H)7+ precursor ion and y23
5+ product ion was chosen as the 

quantification ion, as it gave the best total ion current and was linear across the calibration line. 

 

Precursor 

ion m/z 

Product 

ion m/z 

Possible 

identification 

for product ion 

Expected 

m/z 

Sequence 

(underlining indicates those amino acids lost to 

form the product ion) 

616.2 

(M+H)7+ 

591.5 y23
5+ 591.7 YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

739.4 y17
3+ 739.2 YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

y23
4+  739.3 YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

719.1 

(M+H)6+ 

703.1 y29
5+ 703.0 YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

761.0 y24
4+ 761.1 YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

854.0 y28
4+ 854.2 YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

862.6 

(M+H)5+ 

952.6 y22
3+ 953.1 YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

y32
4+ 952.8 YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

1170.7 y29
3+ 1171.0 YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

1077.9 

(M+H)4+ 

1171.2 y29
3+ 1171.0 YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

1270.1 y32
3+ 1270.1 YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

Table 3.12: Table showing the precursor and product ions tuned and the likely identity of 

these ions for PYY 1-36. The underlined amino acids are those lost to form the product ion. 

 

3.5.2.2 PYY 3-36 tuning 

Tuning of PYY 3-36 identified nine transitions: 579.3>591.7 (15eV), 579.3>739.3 (15eV), 616.6> 591.7 

(15eV), 616.6>739.3 (15eV), 675.8>591.7 (18eV), 675.8> 739.3 (18eV), 810.7>762.5 (22eV), 

810.7>952.6 (22eV) and 810.7>878.0 (28eV). The collision energies for each transition are shown in 
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parenthesis. Possible identities for these transitions are shown in table 3.13 below. The transition 

corresponding to the (M+H)7+ precursor ion and y23
4+ / y17

3+ product ion was chosen as the 

quantification ion, as it gave the best total ion current and was linear across the calibration line. 

 

Precursor 

ion m/z 

Product 

ion m/z 

Possible 

identification 

for product ion 

Expected 

m/z 

Sequence 

(underlining indicates those amino acids lost to 

form the product ion) 

579.3 

(M+H)7+ 

591.7 y23
5+ 591.7 IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

739.3 y17
3+ 739.2 IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

y23
4+  739.3 IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

675.8 

(M+H)6+ 

591.7 y23
5+ 591.7 IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

739.3 y17
3+ 739.2 IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

y23
4+  739.3 IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

810.7 

(M+H)5+ 

762.5 y32
5+ 762.4 IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

878.0 y29
4+ 878.5 IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

952.6 y22
3+  953.1 IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

y32
4+  952.8 IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

Table 3.13: Table showing the precursor and product ions tuned and the likely identity of 

these ions for PYY 3-36. The underlined amino acids are those lost to form the product ion. 

 

No suitable product ions could be obtained for the also observed precursor ions 719.2, 862.9 and 

1013.1. The m/z of these precursor ions would suggest the presence of dimers of PYY 3-36 in the 

diluent solution. The precursor ion 616.2 would equate to (2M+H)13+, 719.2 to (2M+H)11+ and 862.9 

to (2M+H)9+. At concentrations higher than 1nmol/L, PYY has been shown to be partially dimerised 

(Keire et al., 2000b) and as our tuning solution was 0.23µmol/L, it is likely that some dimerization 

was present. The structurally related porcine (Cowley et al., 1992) and human (Monks et al., 1996) 

neuropeptide Y and avian pancreatic polypeptide (Nordmann et al., 1999) have also been shown by 

NMR to form dimers in solution with an equilibrium between the monomer and dimer states 

depending on temperature and concentration. The decision was taken to exclude any transitions 

likely to be representative of dimerisation of PYY 3-36, as at endogenous concentrations it is likely to 

be the monomer which is present. 

3.5.2.3 Oxyntomodulin tuning 
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Tuning of oxyntomodulin identified six transitions: 636.7>666.5 (20eV), 742.6>680.6 (24eV), 

742.6>923.6 (24eV), 890.8>1079.2 (30eV), 1113.3>907.1 (40eV) and 1113.3>1079.0 (40eV). The 

collision energies for each transition are shown in parenthesis. Possible identities for these 

transitions are shown in table 3.14. The transition corresponding to the (M+H)6+ precursor ion and 

y22
4+ product ion was chosen as the quantification ion, as it gave the best total ion current and was 

linear across the calibration line. 

 

Precursor 

ion m/z 

Product 

ion m/z 

Possible 

identification 

for product ion 

Expected 

m/z 

Sequence 

(underlining indicates those amino acids lost to 

form the product ion) 

636.7 

(M+7H)7+ 

666.5 y27
5+  665.8 HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNRNNIA 

742.6 

(M+6H)6+ 

680.6 y22
4+ 680.3 HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNRNNIA 

923.6 y30
4+ 923.3 HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNRNNIA 

890.9 

(M+5H)5+ 

1079.2 y36
4+  1078.7 HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNRNNIA 

1113.3 

(M+4H)4+ 

907.1 y22
3+ 906.7 HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNRNNIA 

1079.0 y26
3+  1079.9 HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNRNNIA 

Table 3.14: Table showing the precursor and product ions tuned and the likely identity of 

these ions for oxyntomodulin. The underlined amino acids are those lost to form the 

product ion. 

 

3.5.2.4 GLP-1 7-36 amide tuning 

Tuning of GLP-1 7-36 amide identified six transitions: 660.4>653.0 (18eV), 660.4>722.5 (18eV), 

660.4>751.7 (18eV), 825.4>946.0 (32eV), 825.4>1127.4 (28eV) and 1099.9>1545.0 (40eV). The 

collision energies for each transition are shown in parenthesis. Possible identities for some of these 

transitions are shown in table 3.15. No identity could be assigned to the 660.4>653.0 and 

825.4>946.0 ions. Chappell in his 2014 paper on LC-MS/MS measurement of GLP-1 7-36 amide 

(Chappell et al., 2014b) also observes the 825.4>946.0 ion and does not identify it. This ion is 

identified in a paper by Amao et al (2015) as the b9
+ ion i.e. [HAEGTFTSD]+, however the calculated 

molecular weight for this ion would be 964 not 946. The transition corresponding to the (M+H)5+ 
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precursor ion and y20
3+ product ion was chosen as the quantification ion, as it gave the best total ion 

current and was linear across the calibration line. 

 

Precursor 

ion m/z 

Product 

ion m/z 

Possible 

identification for 

product ion 

Expected 

m/z 

Sequence 

(underlining indicates those amino acids lost to 

form the product ion) 

660.4 

(M+5H)5+ 

722.5 y19
3+ 722.5 HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR  

751.7 y20
3+  751.5 HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR  

825.4 

(M+4H)4+ 

1127.4 y20
2+ 1126.8 HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR  

1099.9 

(M+3H)3+ 

1545.0 y28
2+ 1545.2 HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR  

Table 3.15: Table showing the precursor and product ions tuned and the likely identity of 

these ions for GLP-1 7-36 amide. The underlined amino acids are those lost to form the 

product ion. 

 

3.5.2.5 GLP-1 9-36 amide tuning 

 

Precursor 

ion m/z 

Product 

ion m/z 

Possible 

identification 

for product ion 

Expected 

m/z 

Sequence 

(underlining indicates those amino acids lost 

to form the product ion) 

773.08 

(M+4H)4+ 

851.9 y23
3+ 852.0 EGTFTSDVSSYLEGQAAKEFIAWLVKGR  

885.6 y24
3+ 885.7 EGTFTSDVSSYLEGQAAKEFIAWLVKGR  

1030.49 

(M+3H)3+ 

1126.7 y20
2+ 1126.8 EGTFTSDVSSYLEGQAAKEFIAWLVKGR 

1277.1 y23
2+ 1277.5 EGTFTSDVSSYLEGQAAKEFIAWLVKGR  

1327.7 y24
2+ 1328.0 EGTFTSDVSSYLEGQAAKEFIAWLVKGR  

Table 3.16: Table showing the precursor and product ions tuned and the likely identity of 

these ions for GLP-1 9-36 amide. The underlined amino acids are those lost to form the 

product ion. 

 



110 
 

Tuning of GLP-1 9-36 amide identified five transitions: 773.08>851.94 (20eV), 773.08>885.61 (20eV), 

1030.49>1126.73 (34eV), 1030.49>1277.15 (34eV) and 1030.49>1327.71 (34eV). The collision 

energies for each transition are shown in parenthesis. Possible identities for some of these 

transitions are shown in table 3.16. The transition corresponding to the (M+H)4+ precursor ion and 

y23
3+ product ion was chosen as the quantification ion, as it gave the best total ion current and was 

linear across the calibration line. 

3.6 Internal standards  

3.6.1 Internal standards design 

 

 Monoisotopic 

molecular weight 

Mass change 

from 

endogenous 

Structure 

Internal standard 

of PYY 1-36 

4335.3 28.1 YPIKPEAPGEDASPEE-[U-13C6,
15N-Leu]-

NRYYAS-[U-13C6,
15N-Leu]-RHY-[U-

13C6,
15N-Leu]-N-[U-13C6,

15N-Leu]-

VTRQRY-amide 

Internal standard 

of PYY 3-36 

4075.1 28 IKPEAPGEDASPEE-[U-13C6,
15N-Leu]-

NRYYAS-[U-13C6,
15N-Leu]-RHY-[U-

13C6,
15N-Leu]-N-[U-13C6,

15N-Leu]-

VTRQRY-amide 

Internal standard 

of oxyntomodulin 

4470.2 24 HSQGTFTSDYSKY-[U-13C6,
15N-Leu]-

DSRRAQD-[U-13C9,
15N-Phe]-VQW-[U-

13C6,
15N-Leu]-MNTKRNRNNIA-amide 

Internal standard 

of GLP-1 7-36 

amide 

3319.7 24 HAEGT-[U-13C9,
15N-Phe]-TSDVSSY-[U-

13C6,
15N-Leu]-EGQAAKEFIAW-[U-

13C6,
15N-Leu]-VKGR-amide 

Internal standard 

of GLP-1 9-36 

amide 

3111.6 24 EGT-[U-13C9,
15N-Phe]-TSDVSSY-[U-

13C6,
15N-Leu]-EGQAAKEFIAW-[U-

13C6,
15N-Leu]-VKGR-amide 

Table 3.17: Table showing the molecular weights, differences in weight from their 

endogenous counterparts and structures, for the internal standards of PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide. 

 

The internal standards were designed to have a mass difference such that when looking at the m/z, 

even for 7+ ions, they would be easily distinguishable from the endogenous protein. As the internal 
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standards were custom made and therefore expensive and only available in small quantities, they 

were acquired when the stability of their endogenous counterparts was characterised. The structure 

of the five internal standards is shown in table 3.17. 

3.6.2 Internal standard tuning 

The internal standards were tuned as for their endogenous counterparts in section 3.5.2. They were 

also retuned after every preventative maintenance with the same minor changes required. 

3.6.2.1 Internal standard of PYY 1-36 tuning 

Tuning of the internal standard of PYY 1-36 identified seven transitions: 620.74>597.41 (15eV), 

620.74>746.61 (15eV), 724.04>708.72 (20eV), 724.04>768.19 (20eV), 724.04>861.38 (20eV), 

868.63>959.90 (30eV) and 868.63>1180.61 (30eV). The collision energies for each transition are 

shown in parenthesis. Possible identities for some of these transitions are shown in table 3.18. The 

transition corresponding to the (M+H)7+ precursor ion and y23
5+ product ion was chosen in order to 

be the same as their endogenous counterpart.  

 

Precursor 

ion m/z 

Product 

ion m/z 

Possible 

identification 

for the 

product ion 

Sequence 

(underlining indicates those amino acids lost to 

form the product ion, * indicates labelled amino 

acids) 

Expected 

m/z 

620.7 

(M+H)7+ 

597 y23
5+ YPIKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 597.3 

747 y17
3+ YPIKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 746.2 

y23
4+  YPIKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 746.3 

724.0 

(M+H)6+ 

709 y29
5+ YPIKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 708.6 

768 y24
4+ YPIKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 768.1 

861 y28
4+ YPIKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 861.2 

868.6 

(M+H)5+ 

960 y32
4+ YPIKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 959.8 

1180 y29
3+ YPIKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 1180.4 

Table 3.18: Table showing the precursor and product ions tuned and the likely identity of 

these ions for the internal standard of PYY 1-36. The underlined amino acids are those lost 

to form the product ion and an asterisk is shown to the right of any amino acids labelled 

with 13C and 15N. 
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Due to the multiple charge states available for the precursor ion, and a possible association between 

the concentration of a peptide and the charge states it forms, it was decided to always measure the 

same transition for the endogenous counterpart and internal standard. This would allow the 

response (the endogenous peak area / internal standard peak area) to be independent of 

concentration. This association between concentration and charge state is thought to come about 

because there is always the same voltage applied and so at higher concentrations where there are 

more molecules to share this voltage, lower charge states predominate. This may also be why 

different flow rates of the mobile phase give different ion intensities. 

This tuning data for the internal standard can help with the identification of those endogenous 

product ions for which multiple possible identities had been proposed e.g. for the PYY 1-36 

precursor ion 862.8 (M+H)5+, the product ion 953 could have been y22
3+ or y32

4+. For the 

corresponding internal standard of PYY 1-36 precursor ion 868.6 (M+H)5+, the product ion 960 can 

only be y32
4+. This is because for both product ions none of the labelled amino acids are lost and so 

the mass difference between the endogenous and internal standard product ion will be 28.1/charge. 

The difference is 960-953=7 and 28.1/4=7, so therefore the charge of the product ion is four. Had it 

been three the difference would have been 9.4. However it does not always help us e.g. for the PYY 

1-36 precursor ion 616.2 (M+H)7+, the product ion 739 could have been y17
3+ or y23

4+. For the 

corresponding internal standard of PYY 1-36 precursor ion 620.74 (M+H)7+, the product ion 746.61 

can also be y23
4+ or y17

3+. This is because for y23
4+ none of the labelled amino acids are lost and so the 

mass difference between the endogenous and internal standard product ion is 28.1/4=7. However 

for y17
3+ one labelled leucine is lost and so the mass difference would be (28.1-7)/3 which still equals 

7. 

3.6.2.2 Internal standard of PYY 3-36 tuning 

Tuning of the internal standard of PYY 3-36 identified seven transitions: 583.4>597.35 (15eV), 

583.4>746.4 (15eV), 680.7>597.4 (18eV), 680.7> 746.49 (18eV), 816.5>768.1 (22eV), 816.5>959.8 

(22eV) and 816.5>885.6 (28eV). The collision energies for each transition are shown in parenthesis. 

Possible identities for some of these transitions are shown in table 3.19. The transition 

corresponding to the (M+H)7+ precursor ion and y23
4+ / y17

3+ product ion was chosen in order to be 

the same as their counterpart. Again the definite identity of one of the endogenous product ions can 

be confirmed by knowing how the labelled internal standard product ion behaves i.e. the 
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810.7>952.6 transition corresponds to the (M+H)5+ precursor ion and the y32
4+ product ion, not the 

y22
3+ product ion. 

 

Precursor 

ion m/z 

Product 

ion m/z 

Possible 

identification 

for the 

product ion 

Expected 

m/z 

Sequence 

(underlining indicates those amino acids lost to 

form the product ion, * indicates labelled amino 

acids) 

583.4 

(M+H)7+ 

597.35 y23
5+ 597.3 IKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 

746.40 y17
3+ 746.2 IKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 

y23
4+  746.3 IKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 

680.7 

(M+H)6+ 

597.40 y23
5+ 597.3 IKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 

746.49 y17
3+ 746.2 IKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 

y23
4+  746.3 IKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 

816.5 

(M+H)5+ 

768.10 y32
5+ 768.0 IKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 

885.60 y29
4+ 885.5 IKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 

959.80 y32
4+  959.8 IKPEAPGEDASPEEL*NRYYASL*RHYL*NL*VTRQRY 

Table 3.19: Table showing the precursor and product ions tuned and the likely identity of 

these ions for the internal standard of PYY 3-36. The underlined amino acids are those lost 

to form the product ion and an asterisk is shown to the right of any amino acids labelled 

with 13C and 15N. 

 

3.6.2.3 Internal standard of oxyntomodulin tuning 

Tuning of the internal standard of oxyntomodulin identified four transitions: 746.5>684.9 (20eV), 

746.5>929.4 (24eV), 895.6>1084.9 (30eV) and 1119.1>912.4 (40eV). The collision energies for each 

transition are shown in parenthesis. Possible identities for some of these transitions are shown in 

table 3.20. The transition corresponding to the (M+H)6+ precursor ion and y22
4+ product ion was 

chosen in order to be the same as their endogenous counterpart. 
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Precursor 

ion m/z 

Product 

ion m/z 

Possible 

identification 

of the 

product ion 

Expected 

m/z 

Sequence 

(underlining indicates those amino acids lost to form 

the product ion, * indicates labelled amino acids) 

746.5 

(M+6H)6+ 

684.9 y22
4+ 684.6 HSQGTFTSDYSKYL*DSRRAQDF*VQWL*MNTKRNRNNIA 

929.4 y30
4+ 929.3 HSQGTFTSDYSKYL*DSRRAQDF*VQWL*MNTKRNRNNIA 

895.6 

(M+5H)5+ 

1084.9 y36
4+  1084.7 HSQGTFTSDYSKYL*DSRRAQDF*VQWL*MNTKRNRNNIA 

1119.1 

(M+4H)4+ 

912.4 y22
3+ 912.4 HSQGTFTSDYSKYL*DSRRAQDF*VQWL*MNTKRNRNNIA 

Table 3.20: Table showing the precursor and product ions tuned and the likely identity of 

these ions for the internal standard of oxyntomodulin. The underlined amino acids are those 

lost to form the product ion and an asterisk is shown to the right of any amino acids labelled 

with 13C and 15N. 

 

3.6.2.4 Internal standard of GLP-1 7-36 amide tuning 

Tuning of the internal standard of GLP-1 7-36 amide identified four transitions: 665.40>727.5 (18eV), 

665.40>756.5 (18eV), 831.40>1133.8 (28eV) and 831.40>956.3 (32eV). The collision energies for 

each transition are shown in parenthesis. Possible identities for some of these transitions are shown 

in table 3.21. The transition 831.4>956.3 for which the product ion had been tentatively identified as 

the b9
+ ion for the corresponding endogenous gut hormone transition, is consistent with this for the 

internal standard, as the m/z of the product ion has increased by 10 compatible with the labelled 

phenylalanine. The transition corresponding to the (M+H)5+ precursor ion and y20
3+ product ion was 

chosen in order to be the same as their endogenous counterpart. 

3.6.2.5 Internal standard of GLP-1 9-36 amide tuning 

Tuning of the internal standard of GLP-1 9-36 amide identified five suitable transitions: 779.40>856.9 

(20eV), 779.40>890.5 (20eV), 1038.82>1134.0 (34eV), 1038.82>1284.6 (34eV) and 1038.82>1335.3 

(34eV). The collision energies for each transition are shown in parenthesis. Possible identities for 

some of these transitions are shown in table 3.22. The transition corresponding to the (M+H)4+ 

precursor ion and y23
3+ product ion was chosen in order to be the same as their endogenous 

counterpart. 
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Precursor 

ion m/z 

Product 

ion m/z 

Possible 

identification 

of the product 

ion 

Expected 

m/z 

Sequence 

(underlining indicates those amino acids lost to 

form the product ion, * indicates labelled amino 

acids) 

665.4 

(M+5H)5+ 

727.5 y19
3+ 727.2 HAEGTF*TSDVSSYL*EGQAAKEFIAWL*VKGR  

756.5 y20
3+  756.2 HAEGTF*TSDVSSYL*EGQAAKEFIAWL*VKGR  

831.4 

(M+4H)4+ 

1133.8 y20
2+ 1133.8 HAEGTF*TSDVSSYL*EGQAAKEFIAWL*VKGR  

Table 3.21: Table showing the precursor and product ions tuned and the likely identity of 

these ions for the internal standard of GLP-1 7-36 amide. The underlined amino acids are 

those lost to form the product ion and an asterisk is shown to the right of any amino acids 

labelled with 13C and 15N. 

 

Precursor 

ion m/z 

Product 

ion m/z 

Possible 

identification 

of the 

product ion 

Expected 

m/z 

Sequence 

(underlining indicates those amino acids lost to 

form the product ion, * indicates labelled amino 

acids) 

779.4 

(M+4H)4+ 

856.9 y23
3+ 856.7 EGTF*TSDVSSYL*EGQAAKEFIAWL*VKGR  

890.5 y24
3+ 890.4 EGTF*TSDVSSYL*EGQAAKEFIAWL*VKGR  

1038.82 

(M+3H)3+ 

1134.0 y20
2+ 1133.8 EGTF*TSDVSSYL*EGQAAKEFIAWL*VKGR 

1284.6 y23
2+ 1284.5 EGTF*TSDVSSYL*EGQAAKEFIAWL*VKGR  

1335.3 y24
2+ 1335.0 EGTF*TSDVSSYL*EGQAAKEFIAWL*VKGR  

Table 3.22: Table showing the precursor and product ions tuned and the likely identity of 

these ions for the internal standard of GLP-1 9-36 amide. The underlined amino acids are 

those lost to form the product ion and an asterisk is shown to the right of any amino acids 

labelled with 13C and 15N. 

 

3.7 Measuring PYY 1-36, PYY3-36, oxyntomodulin, GLP-1 7-36 amide, GLP-1 9-36 amide and their 

internal standards 
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Solutions of the five internal standards of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and 

GLP-1 9-36 amide were measured using the PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide 

and GLP-1 9-36 amide transitions, and vice versa, to check the transitions selected were specific to 

either the endogenous gut hormone or the internal standard, and not both. This was the case. 

The retention times for oxyntomodulin and the internal standard of oxyntomodulin were found to 

be not the same. This was presumed to be due to the erroneous placing of an amide group on the C 

terminal end, as this was present on the internal standard designed but is not present on 

endogenous oxyntomodulin. However, it could also have been due to a rearrangement of the amino 

acid sequence for oxyntomodulin in the internal standard. A rearrangement could change the 

polarity of the peptide and hence its interactions with the liquid chromatography column and its 

retention time. The masses of the precursor and product ions for the internal standard of 

oxyntomodulin however, were as expected based on the labelling specified and so a rearrangement 

is less likely. Due to the cost of the custom made internal standards and the lag time for synthesis it 

was decided to continue with this internal standard for oxyntomodulin despite the potential 

problems in compensating for matrix effects. 

3.7.1 Solvent standard calibration line and solvent quality control samples 

 

Gut hormone Purity 

Average 

molecular 

weight 

To make 1mL of 1µmol/ L solution 

Amount of 10µg/mL 

required (µL) 

Amount of 20BMA 

required (µL) 

PYY 1-36 86.29% 4309.9 499 501 

PYY 3-36 74.8% 4049.6 541 459 

Oxyntomodulin 89.18% 4449.9 499 501 

GLP-1 7-36 amide 88.4% 3297.7 373 627 

GLP-1 9-36 amide 89.90% 3089.5 344 656 

Table 3.23: 1µmol/L solutions of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and 

GLP-1 9-36 amide were made from 10µg/mL solutions of PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide according to the known purity and 

average molecular weight of each. 
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Rationale: The LC-MS/MS method had been fully developed to give sharp peaks for mixtures of all 

five gut hormones in surrogate matrix with no interference and internal standards were now 

available for all the gut hormones. A test of the method was therefore undertaken using solvent 

standards for a calibration line and solvent QC samples to determine precision. 

 

Concentration of 

standard required 

(pmol/L) 

Concentration 

required in 10µL for 

dilution to 250µL 

(pmol/L) 

To make 1mL of column B concentration 

Amount of 2.5nmol/L 

solution required (µL) 

Amount of 20BMA 

required (µL) 

100 2500 1000 0 

75 1875 750 250 

50 1250 500 500 

25 625 250 750 

15 375 150 850 

10 250 100 900 

5 125 50 950 

2 50 20 980 

1 25 10 990 

0.5 12.5 5 995 

Table 3.24: Spiking solutions for each calibration point were made from a 2.5nmol/L working 

stock solution of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 

amide. 

 

Method: Standards for the calibration line were made using solids of known purity. PYY 3-36 and 

GLP-1 7-36 amide were obtained from Bachem (Bubendorf, Switzerland) with purity determined by 

amino acid analysis. PYY 1-36, oxyntomodulin and GLP-1 9-36 amide were obtained from Insight 

Biotechnology Ltd (London, UK) with purity determined by HPLC analysis. The given purities are 

shown in table 3.23 below. The peptides were all weighed out and supplied by a member of 

departmental staff in 200-300µg aliquots in microtubes. They were then dissolved separately in 20% 

ACN, 0.1% FA diluent in the same microtubes to give 1mg/mL solutions i.e. 200µg would be 

dissolved in 200µL diluent. These 1mg/mL solutions were then aliquoted into 10µL aliquots in 

microtubes and stored at -80°C. A frozen 10µL aliquot was removed as required and 990µL 20BMA 
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added to give a 10µg/mL solution of the individual gut hormone. A 1µmol/L solution of each 

individual gut hormone was then prepared in another microtube according to table 3.23. Ten 

microlitres from each 1µmol/L gut hormone solution was then added to 3950µL 20BMA in a glass 

vial to give a 2.5nmol/L working stock solution of all five gut hormones together. This was used to 

make standard spikes in microtubes, as per table 3.24, for the ten calibration line points. 

 

Internal standard of Monoisotopic 

molecular weight 

To make 1mL of 1µmol/L internal standard solution 

Amount of 10µg/mL 

internal standard added 

(µL) 

Amount of 20BMA 

added (µL) 

PYY 1-36 4335.3 433 567 

PYY 3-36 4075.1 408 592 

Oxyntomodulin 4470.2 446 554 

GLP-1 7-36 amide 3319.7 332 668 

GLP-1 9-36 amide 3111.6 312 688 

Table 3.25: 1µmol/L solutions of the internal standards of PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide were made from 10µg/mL 

solutions of the internal standards of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide 

and GLP-1 9-36 amide according to their monoisotopic molecular weight. 

 

Internal standards for all five gut hormones were synthesised by Cambridge Research Biochemicals 

(Billingham, UK). A portion of each internal standard was weighed out, aiming for 200-300µg, and 

dissolved separately in 20% ACN, 0.1% FA diluent in microtubes to give 1mg/mL solutions i.e. 200µg 

would be dissolved in 200µL diluent. These 1mg/mL solutions were then aliquoted into 10µL aliquots 

in microtubes and stored at -80°C. A frozen 10 µL aliquot was removed as required and 990 µL 

20BMA added to give a 10 µg/mL solution of the individual internal standard. A 1µmol/L solution of 

each internal standard was then prepared in another microtube according to table 3.25. No account 

was made of the internal standard purity as a constant amount would be added to each sample, and 

the important factor is this consistency between calibration line standards, QC samples and actual 

patient samples, not the actual concentration added. The internal standard was added to an 

approximate concentration of 40pmol/L, about halfway in the calibration line. In this case the 
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monoisotopic molecular weight was used for the internal standards, as the precise isotopic content 

of the molecule was known. 

Ten microlitres from each 1µmol/L internal standard solution was then added to 950µL 20BMA in a 

microtube to give a 10nmol/L mixture of all five internal standards. A 1:10 dilution with 500µL 

10nmol/L : 4500µL 20BMA in a glass vial was then performed to give a 1nmol/L working stock 

solution of all five internal standards.  

Solid PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide, all of unknown 

purity, were used to make the QC solutions. These were the same solids as used in sections 3.1-3.6. 

They were weighed out and supplied by a member of departmental staff in 200-300µg aliquots in 

microtubes. They were then dissolved separately in 20% ACN, 0.1% FA diluent in the same 

microtubes to give 1mg/mL solutions i.e. 200µg would be dissolved in 200µL diluent. These 1mg/mL 

solutions were then aliquoted into 10µL aliquots in microtubes and stored at -80°C. A frozen 10µL 

aliquot was removed as required and 990µL 20BMA added to give a 10µg/mL solution of the 

individual gut hormone. A 1µmol/L solution of each individual gut hormone was then prepared in 

another microtube according to table 3.26, a repeat of table 3.3. 

 

Gut hormone 

Average 

molecular 

weight 

To make 1mL of 1µmol/L solution 

Amount of 10µg/mL solution 

required (µL) 

Amount of 20BMA required (µL) 

PYY 1-36 4309.9 431 569 

PYY 3-36 4049.6 405 595 

Oxyntomodulin 4449.9 445 555 

GLP-1 7-36 amide 3297.7 330 670 

GLP-1 9-36 amide 3089.5 309 691 

Table 3.26: 1µmol/L solutions of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and 

GLP-1 9-36 amide in 20BMA were made from 10µg/mL solutions of PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide in 20BMA according to average 

molecular weight and taking purity to be 100%. 
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Ten microlitres from each 1µmol/L gut hormone solution was then added to 3950µL 20BMA in a 

glass vial to give a 2.5nmol/L working stock solution of all five gut hormones. This is used to make 

the QC spiking solutions in microtubes as per table 3.27, a repeat of table 3.4. 

 

Concentration of 

quality control sample 

(pmol/L) 

Concentration 

required in 10µL for 

dilution to 250µL 

(pmol/L) 

To make 1mL of column B concentration 

Amount of 2.5nmol/L 

solution required (µL) 

Amount of 20BMA 

required (µL) 

80 2000 800 200 

40 1000 400 600 

12 300 120 880 

Table 3.27: Spiking solutions for each quality control sample were made from a 2.5nmol/L 

working stock solution of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 

9-36 amide.  

 

All pipetting of solutions containing one or more of the five gut hormone used pre-wetting of the 

pipette tips, with the solution being drawn up and down three times prior to transfer and then again 

on transfer. A solution containing one or more of the five gut hormone was always added to a 

solution not containing any gut hormones, and not vice versa. For the calibration line standards, 

internal standard and QCs preparation described above all five gut hormones were exposed to the 

same amount of pipetting and the same container types. This was to standardise any non-specific 

adsorption (Hoofnagle et al., 2016). The making of the master stock 1mg/mL solutions was carried 

out on the same day for all five gut hormones using the same batch of diluent. 

A solvent standard calibration line series (0.5-100pmol/L) was then prepared by taking 960µL 20BMA 

in deactivated glass vials and adding 40µL of the appropriate calibration standard spiking solution 

and 40µL of the 1nmol/L working stock internal standard solution. For the QC solvent standards, 

40µL of the appropriate QC spiking solution was added instead of the calibration standard spiking 

solution. The calibration line solvent standards were then run in triplicate and each QC sample 

repeated ten times all in one batch.  

One transition was measured for PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-

36 amide and their internal standards to maximise dwell time and number of points per peak. The 
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method was separated out by retention time so that from 1-6 minutes the mass spectrometer was 

set to measure PYY 1-36, PYY 3-36 and oxyntomodulin, and from 6-12 minutes the mass 

spectrometer was set to measure GLP-1 7-36 amide and GLP-1 9-36 amide. The liquid 

chromatography flow was diverted from the column to waste from 0.1-1 minute and from 10-11.1 

minutes, when none of the five gut hormones was eluting, to reduce the amount of high-abundance 

species entering the mass spectrometer. Also without this diversion to waste, the cone became 

rapidly discoloured. The cone was cleaned as required by removing the outer and inner cone, and 

sonicating them in water for 10 minutes, then rinsing them three times with water and then 

sonicating them for 30 minutes in 50% FA. They were then rinsed again three times in water, before 

being sonicated for 10 minutes in 50% IPA, rinsed in IPA three times and finally sonicated in IPA for 

10 minutes and rinsed three times with IPA. They were dried under a stream of dry nitrogen and 

then replaced onto the machine. This was the standard protocol for the laboratory apart from the 

increase in the time spent being sonicated in 50% FA from 10 to 30 minutes. This increased time was 

found to be necessary to remove all the discolouration, presumed to be denatured BSA. The inlet 

method used was as per table 3.8, the MS tuning file as per section 3.4 and the tuning as per 

sections 3.5.2 and 3.6.2. 

Results: The response was measured for PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and 

GLP-1 9-36 amide and the CV calculated. This is shown in table 3.28. The peaks for the 0.5, 1 and 

2pmol/L solutions for all five gut hormones were not suitable as TargetLynx was unable to acquire 

integration for the peaks due to the low S:N, and this was also true for the 5pmol/L solutions for 

oxyntomodulin and GLP-1 7-36 amide. 

A representative endogenous and internal standard peak for PYY 1-36, PYY 3-36, oxyntomodulin, 

GLP-1 7-36 amide and GLP-1 9-36 amide is shown in figure 3.22 for the 10pmol/L calibration line 

solvent standard. 
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 PYY 1-36 PYY 3-36 Oxyntomodulin GLP-1 7-36 

amide 

GLP-1 9-36 

amide 

Calibration line standard 

0.5pmol/L ND ND ND ND ND 

1pmol/L ND ND ND ND ND 

2pmol/L ND ND ND ND ND 

5pmol/L 58 49 ND ND 24 

10pmol/L 14 13 15 28 11 

15pmol/L 30 22 22 22 9 

25pmol/L 2 14 26 8 13 

50pmol/L 24 24 17 8 13 

75pmol/L 9 9 17 9 2 

100pmol/L 11 7 30 8 2 

Quality control sample 

12pmol/L 28 28 23 34 20 

40pmol/L 18 17 24 17 11 

80pmol/L 19 21 19 17 6 

Table 3.28: Table showing the CV (%) for the response, for PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide, in the calibration line standards 

and quality control samples. The calibration line standards were measured in triplicate and 

the quality control samples repeated ten times. Samples that could not be determined are 

marked ND. 
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Figure 3.22 (a)-(j): Chromatograms showing total ion current (% of maximal) against time 

(minutes) for integrated peaks for a 10pmol/L solvent standard for (a) PYY 1-36, (b) internal 

standard of PYY 1-36, (c) PYY 3-36, (d) internal standard of PYY 3-36, (e) oxyntomodulin, (f) 

internal standard of oxyntomodulin, (g) GLP-1 7-36 amide, (h) internal standard of GLP-1 7-

36 amide, (i) GLP-1 9-36 amide and (j) internal standard of GLP-1 9-36 amide. PYY 1-36, PYY 

3-36, oxyntomodulin and their internal standards were measured from 0-6 minutes and 

GLP-1 7-36 amide, GLP-1 9-36 amide and their internal standards were measured from 6-12 

minutes.  

 

Linear regression with 1/x weighting was applied to the response-concentration graph to determine 

the calibration line. Figure 3.23 shows the calibration lines for the five gut hormones and table 3.29 

summarises the r2 values for these calibration lines and the CV of the peak areas for the internal 

standards of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide. The 

internal standard peak area will vary between samples due to differing ionisation at the cone and 

any matrix effects although these should be minimal for solvent standards.  
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 PYY 1-36 PYY 3-36 Oxyntomodulin GLP-1 7-36 

amide 

GLP-1 9-36 

amide 

r2 of calibration line 0.97 0.98 0.92 0.98 0.99 

CV of internal standard 

peak area (%) 

13.2 16.1 13.3 16.2 17.9 

Table 3.29: Table showing the r2 values for the calibration lines of PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide using solvent standards measured 

in triplicate, and the CV of the peak area (%) of the internal standard measurements used in 

the calibration line. 

 

 

Compound name: PYY 1-36

Correlation coefficient: r = 0.985819, r^2 = 0.971839

Calibration curve: 0.0162924 * x + -0.0390222
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Compound name: PYY 3-36

Correlation coefficient: r = 0.990084, r^2 = 0.980266

Calibration curve: 0.0476484 * x + -0.0690228
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Figure 3.23 (a)-(e): Calibration lines showing response against concentration (pmol/L) for 

solvent standards of (a) PYY 1-36, (b) PYY 3-36, (c) oxyntomodulin, (d) GLP-1 7-36 amide and 

(e) GLP-1 9-36 amide measured in triplicate. 

Compound name: GLP -1 (7-36)

Correlation coefficient: r = 0.991949, r^2 = 0.983963

Calibration curve: 0.0150747 * x + -0.0378795

Response type: Internal Std ( Ref 9 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Exclude, Weighting: 1/x, Axis trans: None

Conc
-0 10 20 30 40 50 60 70 80 90 100

R
e

s
p

o
n

s
e

-0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

Compound name: GLP-1 (9-36)

Correlation coefficient: r = 0.993369, r^2 = 0.986782

Calibration curve: 0.0179451 * x + 0.0348776

Response type: Internal Std ( Ref 10 ), Area * ( IS Conc. / IS Area )
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Conclusions: The CVs obtained were only <15% and therefore acceptable for GLP-1 9-36 amide 

solvent standards 10-100pmol/L, GLP-1 7-36 amide solvent standards 25-100pmol/L and, GLP-1 9-36 

amide solvent QCs at 40 and 80pmol/L (table 3.28). The method was not sensitive enough to detect 

gut hormones at concentrations below 5pmol/L as the S:N was less than 10. The calibration lines 

fitted well, all with r2 values greater than 0.9. However the spread of the calibration points either 

side of the calibration line, as shown in table 3.28, was not acceptable. The CVs for the internal 

standard peak areas (table 3.29) were <20% which is considered acceptable. Overall the method 

developed did not have adequate precision. Method development had already started on spiked 

plasma samples (chapter 4). As the purpose of the assay is to measure plasma samples, it was 

decided to continue method development on spiked plasma samples. Also if the poor precision in 

the solvent standards was due to non-specific adsorption, this should be less for plasma samples 

where there are other species present to adsorb to the non-specific adsorption sites. 

3.7.2 Measurement of solvent standards of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide 

and GLP-1 9-36 amide, and their internal standards, using the Waters Xevo TQ-XS mass 

spectrometer and IonKey liquid chromatography system 

The solvent standards used in section 3.7.1 for the calibration line were also sent to Waters UK 

Headquarters in Wilmslow for measurement in their Northern European Demo Lab. The practical 

work was carried out by a Waters Applications Chemist. The solvent standards were measured using 

a similar liquid chromatography set up to that used in this thesis but the latest model MS, the Xevo 

TQ-XS, and also using an Acquity M-Class liquid chromatography system with the Xevo TQ-XS. The 

Acquity M-class is for micro-flow applications and the flow rate used was 3µL/min. An IonKey 

column was used on the M-Class in which the tubing, connectors and column are all contained in 

one easy to fit system to prevent the complications of dealing with such narrow gauge tubing. The 

IonKey column used was of exactly the same chemistry as the column used in this thesis. In addition 

a trapping column, the M Class Trap Symmetry C18 100Å 5µm 300µm x 50mm, was used. This allows 

a high volume injection to be made, the compounds of interest to be trapped on this column and 

then elution off the trapping column to be in a small enough volume of solvent to be compatible 

with IonKey system. A generic trapping column method was used due to time constraints and 

unfortunately with this method the GLP-1 7-36 amide and GLP-1 9-36 amide did not elute from the 

trapping column. Results for the IonKey system are therefore only for PYY 1-36, PYY 3-36 and 

oxyntomodulin. The CVs for the calibration line solvent standards for the two Waters setups are 

shown in table 3.30. There is a clear benefit in using the IonKey and UPLC micro-flow system for PYY 
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1-36, PYY 3-36 and oxyntomodulin with improved sensitivity and CVs. There does not seem to be any 

benefit in using only the newer model Xevo TQ-XS versus the model used in this thesis, the Xevo TQ-

S with UPLC. 

 

 

PYY 1-36 

CV (%) of 

average 

response 

PYY 3-36 

CV (%) of average 

response 

Oxyntomodulin 

CV (%) of 

average 

response 

GLP-1 7-

36 amide 

CV (%) of 

average 

response 

GLP-1 9-36 

amide 

CV (%) of 

average 

response 

pmol/L UPLC Ionkey UPLC Ionkey UPLC Ionkey UPLC UPLC 

0.1 ND ND ND 7 ND ND ND ND 

0.2 ND 73 ND 27 ND ND ND ND 

0.5 ND 8 ND 23 ND 46 ND ND 

1 ND 19 ND 8 ND 30 ND ND 

2 ND 8 ND 16 ND 28 ND ND 

5 30 11 58 8 ND 20 24 7 

10 13 6 38 8 20 7 33 22 

15 21 7 41 4 31 17 22 7 

25 20 3 25 3 26 16 21 19 

50 24 7 20 5 19 9 8 6 

75 16 4 26 3 33 2 10 8 

100 7 8 51 16 14 10 13 16 

Table 3.30: Table showing the CV (%) of the average responses for solvent standards of PYY 

1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide with UPLC on the 

Xevo TQ-XS and with the IonKey microflow liquid chromatography system on the Xevo TQ-

XS. Samples that could not be determined are marked ND.  
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Chapter 4: Method development using spiked plasma 

4.1 Introductory work 

The plasma for this method development work was obtained anonymously from expired 

departmental samples. A pool was made of all the samples available, which were from multiple 

patients, to avoid differing matrix effects between individual samples affecting the method 

development. The pooled plasma was stored in CorningTM centrifuge tubes with CentristarTM lids 

(New York, USA) at -80°C. All handling of plasma was in class II biological cabinets (Kendro 

Laboratory Products, Hanau, Germany).  

4.1.1 Initial solid phase extraction and LC-MS/MS of plasma spiked with PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide 

Rationale: Solid phase extraction (SPE) was to be initially investigated as the method of extracting 

the five gut hormones of interest from plasma. Experiments commenced using the Oasis µElution 

Peptide Separation Technology (PST) Method Development plate (Waters) which has Mixed-Mode 

Anion-eXchange (MAX) and weak Cation-eXchange (WCX) sorbents. These two sorbents have the 

same framework of a water-wettable Oasis Hydrophilic-Lipophilic Balance (HLB) copolymer, with a 

quarternary amine in MAX and a carboxylic acid in WCX. The HLB copolymer has a 2-pyrrolidone 

group for retention of polar substances and a phenyl group for reversed-phase retention. The 

microelution SPE plate was chosen because of its capacity for enrichment of the sample; up to 375µL 

sample can be loaded onto the plate and eluted in as little as 25µL, a x15 concentration factor. Two 

hundred and fifty microlitres of sample was chosen to be used, which given that samples would be 

run in duplicate would mean 500µL of plasma per patient would be required, which equates to 

approximately 1mL of whole blood. 

Method: Pooled plasma was defrosted overnight at 4°C, and then centrifuged at 4°C at 7000rpm for 

10 minutes (5430R centrifuge, Eppendorf). The supernatant was transferred to a fresh CorningTM 

centrifuge tube and for every 5mL of pooled plasma, 125µL of aprotinin (10,000 KIU/mL) (Nordic 

Pharma, Reading, UK) and 91µL of a 1mg/mL solution of DDP-IV inhibitor (Ile-Pro-Ile) (Sigma Aldrich) 

in saline was added. These are the same concentrations that are used in research studies within our 

department, and hence this pooled plasma is representative of the samples that this method will 

initially be applied to. Two hundred and forty microlitres of plasma was then aliquoted into a 

microtube and 10µL of the appropriate spiking solution of all five gut hormones in 20BMA was 

added, bringing the total volume to 250µL. The procedure for making these spiking solutions was as 

detailed in section 3.7.1. For plasma blank samples, replacement of the spiking solution was with 
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20BMA. In the first experimental run plasma blank samples were included to ensure there was no 

endogenous PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide in the 

pooled plasma, and in subsequent experiments plasma blank samples were included to ensure there 

was no contamination during the experimental procedure. The aliquoting of the plasma and addition 

of the spiking solution was performed at 4°C, using ice blocks under the microtubes, to further 

minimise degradation of the five gut hormones. 

 

Microelution SPE plate conditioning 200µL MeOH 

Microelution SPE plate equilibration 200µL Water 

Dilute sample in microtube 250µL spiked plasma + 250µL 4% H3PO4 or 5% NH4OH 

Add sample to microelution SPE plate  

Wash 1  200µL 5% NH4OH 

Wash 2 200µL 20% ACN 

Elute into 50µL 20BMA 2x25µL 1% FA, 75% ACN 

Table 4.1: Table showing Waters UPLC Peptide Separation Technology (PST) Therapeutic 

Method Development Protocol for the Oasis µElution PST Method Development plate with 

two modifications; FA has been substituted for TFA and the elution step is into 50µL 20BMA 

rather than water. 

 

The Waters UPLC PST Therapeutic Peptide Method Development Protocol was followed with two 

modifications; the substitution of FA for TFA and elution into 50µL 20BMA not water (table 4.1). The 

substitution of FA for TFA was because although TFA improves SPE elution, as previously mentioned 

in section 2.1.2, it reduces ionisation in the mass spectrometer and is very difficult to wash out from 

the mass spectrometer after use. The purpose of the 20BMA was to reduce non-specific adsorption 

because after SPE extraction the plasma sample would be relatively protein depleted and therefore 

there would be a higher chance of non-specific adsorption of the five gut hormones to the collection 

plate. The microelution SPE plate was conditioned with 200µL MeOH followed by 200µL water. The 

250µL spiked plasma sample was diluted in the microtube with 250µL 4% H3PO4 or 5% NH4OH. This 

500µL sample was then loaded onto the microelution SPE plate in one pipette motion. The plate was 

then washed with 200µL 5% NH4OH followed by 200µL 20% ACN, before being eluted with 2x25µL 

75% ACN, 1% FA. The sample was eluted into an Eppendorf 360µL standard 96 well plate which 

already contained 50µL 20BMA. The MeOH, water, diluted sample, wash 1, wash 2 and the eluting 
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solution were all drawn through by a vacuum manifold (Waters) connected to a vacuum pump (DOA-

V517-BN, GAST manufacturing INC, Michigan, USA). This SPE method enriches the sample x2.5 with 

a 250µL plasma sample being eluted using 100µL solvent. 

Initial work was on a pooled plasma sample spiked with the five gut hormones to a concentration of 

100pmol/L. Internal standards were not available at this time. The microplate containing the SPE 

extracted plasma samples was heat sealed with Thermo-Seal heat sealing foil sheets (Thermo Fisher 

Scientific, Massachusetts, USA) and the ALPSTM 50V manual heat sealer (Thermo Fisher Scientific), 

and placed in the sample manager at 4°C. The inlet method used was as per table 3.8, the mass 

spectrometer tuning file as per section 3.4 and the tuning as per section 3.5.2. 

Results: The highest peak areas for all five gut hormones, in the chromatograms of the SPE extracted 

plasma samples, were seen for the MAX sorbent and sample dilution with 5% NH4OH. 

4.1.2 Initial solid phase extraction and LC-MS/MS of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-

36 amide and GLP-1 9-36 amide in 20BMA 

Rationale: The SPE extraction step can be optimised by using solvent standards as this enables the 

run through from the sample loading, wash 1 and wash 2 to be collected, and measured on the mass 

spectrometer, as well as the final SPE extracted sample. 

Method: This method in section 4.1.1 was repeated with 240µL 20BMA instead of the pooled 

plasma. 

Results and conclusions: For the WCX sorbent there was no peak observed, for any of the five gut 

hormones, in the chromatograms of the sample loading run through, the wash 1 run through, the 

wash 2 run through and the SPE extracted sample. This suggested that the five gut hormones either 

fail to elute from, or are unstable with, this sorbent. Work therefore continued on the MAX sorbent 

only.  

Peaks were observed for all five gut hormones in the sample loading run through for the MAX 

sorbent and sample dilution with 4% H3PO4. The five amphipathic gut hormones would be 

protonated by this acidic diluent and so ion-exchange retention by a quaternary amine would be less 

effective, and hence the five gut hormones would be more likely to pass through the sorbent. In 

contrast when the plasma sample is diluted with 5% NH4OH the five amphipathic gut hormones are 

deprotonated by this basic diluent and hence ion-exchange retention by a quaternary amine is more 

effective, and as observed, the five gut hormones adhere to the sorbent on sample loading. 



134 
 

The observation that the five gut hormones were not retained on the MAX sorbent in acidic 

conditions was corroborated by two additional experimental findings. In a repeat of the same 

experiment but using 5% NH4OH as the diluent and 1% FA for wash 1, peaks for all five gut hormones 

were observed in the chromatogram of the wash 1 run through. Also, in a repeat of the same 

experiment but using 5% NH4OH as the diluent and 75% ACN with no acid as the elution solution, no 

peaks for any of the five gut hormones were observed in the chromatogram of the SPE extracted 

sample. 

4.1.3 Investigating different elution conditions for solid phase extraction of plasma spiked with 

PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide 

Rationale: In view of the solubility of the five gut hormones in MA, this was also trialled as an elution 

solution in comparison with 75% ACN, 1% FA. 

Method: The method was as in section 4.1.1 with 5% NH4OH as the plasma diluent. In addition to 

75% ACN, 0.1% FA, MA was trialled as an elution solution. An additional 2x25µL elution with 75% 

ACN, 1% FA at the end of the SPE method was also trialled. 

Results: The elution solution 75% ACN, 0.1% FA was found to be superior to MA (table 4.2) with 

higher peak areas for all five gut hormones in the chromatograms of 100pmol/L spiked SPE extracted 

plasma samples eluted using a 75% ACN, 1% FA versus MA solution. An additional 2x25µL elution 

with 75% ACN, 1% FA at the end of the SPE method did not elute off any more gut hormone.  

 

 

Elution solution 

PYY 1-36 PYY 3-36 Oxyntomodulin GLP-1 7-

36 amide 

GLP-1 9-36 

amide 

MA 

 

672±286 7658±2041 1251±533 288±50 522±63 

75% ACN, 1% FA 

 

931±227 11135±2024 1968±337 1008±7 2356±669 

Table 4.2: Table showing mean±standard deviation of the peak area for PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide in the chromatograms of 

100pmol/L spiked SPE extracted plasma samples. The elution solution used for the SPE was 

either MA or 75% ACN, 1% FA. 
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4.1.4 Determining the recovery and matrix effects for solid phase extraction of plasma spiked with 

PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide 

Rationale: To determine the suitability of the SPE method for sample extraction the recovery and 

matrix effects were calculated for 100pmol/L spiked SPE extracted plasma samples. 

 

 PYY 1-36 PYY 3-36 Oxyntomodulin GLP-1 7-36 

amide 

GLP-1 9-36 

amide 

Recovery (%) 47 44 37 27 39 

Matrix effects (%) -25 -28 -32 -27 -33 

Table 4.3: Table showing the recovery (%) and matrix effects (%) for PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide for 100pmol/L spiked plasma 

samples extracted by SPE. The recovery and matrix effects were calculated according to the 

Waters UPLC PST Therapeutic Peptide Method Development Protocol. 

 

Method: The method was as per section 4.1.1 using 5% NH4OH as the plasma diluent. The recovery 

and matrix effects were calculated for 100pmol/L spiked SPE extracted plasma samples according to 

the Waters UPLC PST Therapeutic Peptide Method Development Protocol and shown below.  
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The post-extracted spiked samples had 10µL 20BMA added to the 240µL pooled plasma, when the 

spiking would normally be added. Then instead of being eluted into 50µL 20BMA in the microplate 

they were eluted into 10µL of the spiking solution and 40µL 20BMA. For the non-extracted neat 

samples a mixture of 50µL of the elution solution, 40µL 20BMA and 10µL of the spiking solution was 

measured. 

Results: The results are shown in table 4.3. 
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Conclusions: The SPE recovery for all five gut hormones is less than 50% but will be compensated for 

by the sample enrichment. There are matrix effects for all five gut hormones, with inhibition of 

ionisation. This should be compensated for when the internal standards are added. 

4.2 Column fouling 

Rationale: After the initial small scale spiked plasma and solvent standard work described in section 

4.1, method validation for the SPE sample extraction and LC-MS/MS method was started with 96 

spiked plasma samples run in one batch to measure the intra-assay precision of the method. 

Method: Ninety six spiked plasma samples were prepared, extracted using SPE and run on the LC-

MS/MS system in one batch, as per section 4.1.1. Plasma was spiked to 10, 50 or 100pmol/L of all 

five gut hormones. 

Results and conclusions: During the batch, increasing peak width was observed for all five gut 

hormones. At the end of the batch, the peak for the small molecule standard SDO was also observed 

to be widened, have tailing, and a changed retention time (figure 4.1).  

The peak widening and tailing was presumed to be due to column fouling caused by accumulation of 

species from the plasma on the column. The column was flushed through with 99.9% mobile phase B 

but this did not improve the peak quality and led to splitting of the peak for SDO. As the column had 

done 2375 injections it was replaced. Although the first run of thirty SPE extracted plasma samples 

on the new column was satisfactory, a subsequent run was stopped after ten SPE extracted plasma 

samples as the peaks were noted to be widening. Two new inlet methods were designed which 

incorporated either a three minute longer wash step or a saw tooth wash step (table 4.4), and 

further SPE extracted plasma samples were run. 
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Figure 4.1: Chromatograms showing total ion current (% of maximal) over time (minutes) for 

a 10pg/mL solution of SDO in diluent before (REJC 2016_09_22_05) and after (REJC 

2016_09_20_103) a run of 96 SPE extracted plasma samples.  

 

Unfortunately these new inlet methods did not improve the peak widening seen for the five gut 

hormones or SDO. It was noted that peak widening for SDO was seen after three SPE extracted 

plasma samples had been run. It was also noted that running frequent blank or solvent standards did 

not improve the peak quality suggesting that the wash step within the inlet methods used was not 

sufficient to prevent column fouling. Methods to reduce the amount of column fouling were 

therefore explored at this point. 

4.2.1 Addition of a protein precipitation step 

4.2.1.1 Initial protein precipitation, solid phase extraction and LC-MS/MS of plasma spiked with 

PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide 

Rationale: Following the example of a published glucagon and GLP-1 method (Howard et al., 2017), a 

protein precipitation step was introduced prior to the SPE. The protein precipitation solvent used 
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was 75% ACN 0.1% NH4OH as per this method. The quantities used in the method of Howard et al 

(2017) were scaled down as they did not use a microelution SPE plate. 

Method: Two hundred and fifty microlitre spiked plasma samples were prepared as per section 

4.1.1. Internal standard 1nmol/L working stock solution, prepared as per section 3.7.1, was now also 

available and 10µL was added at the same time as the plasma was spiked, bringing the total volume 

to 260µL. Seven hundred and twenty microlitres of protein precipitation solvent was then added to 

the 260µL sample in the microtube. The protein precipitation solvent was cooled to 4°C in the fridge 

prior to addition. The microtube was then vortex mixed for 20 seconds prior to centrifugation at 

7000rpm for 10 minutes. Eight hundred microlitres of supernatant was then transferred to a 1mL 

capacity 96 well plate (Eppendorf) and this was evaporated to dryness on the TurboVap® 96 

Concentration Evaporator Workstation (Uppsala, Sweden). Five hundred microlitres of 5% NH4OH 

was then added to each well, before the plate was heat sealed and then mixed for 10 minutes at 

1400rpm on the Eppendorf MixMate. This 500µL sample was treated as equivalent to the 250µL 

plasma sample diluted with 250µL 5% NH4OH, and the rest of the method was as in section 4.1. 

 

Time (min)  Flow Rate 

(mL/min) 

Mobile phases (%) 

A B 

Initial  0.35 80 20 

9.00  0.35 65 35 

9.10  0.35 0.1 99.9 

10.00 0.35 0.1 99.9 

10.10  0.35 80 20 

11.00  0.35 80 20 

11.10 0.35 0.1 99.9 

12.00 0.35 0.1 99.9 

12.10 0.35 80 20 

14.00 0.35 80 20 

Table 4.4: Table showing the amended inlet method developed to prevent the deterioration 

in peak quality seen when multiple SPE extracted plasma samples were run. The total run 

time is 14 minutes. 
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The concern with this protein precipitation step was the evaporation to dryness. This is thought to 

promote non-specific adsorption and hence reduce recovery and although this has been reported 

not to occur for glucagon, there is no literature for GLP-1, oxyntomodulin or PYY. The recovery and 

matrix effects were calculated for a 100pmol/L spiked protein precipitation and SPE extracted 

plasma sample as per section 4.1.4. These were then compared to those obtained for SPE extraction 

alone (table 4.3). As internal standard was now available the recovery and matrix effects could also 

be calculated using the response (endogenous peak area / internal standard peak area) as shown 

below.  
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The post-extracted spiked samples had 20µL 20BMA added to the 240µL pooled plasma, when the 

calibration standard spike and internal standard working stock solutions would normally be added. 

Then instead of being eluted into 50µL 20BMA in the microplate they were eluted into 10µL of the 

appropriate calibration standard spike, 10µL internal standard working stock solution and 30µL 

20BMA. For the non-extracted neat samples a mixture of 50µL of the elution solution, 30µL 20BMA, 

10µL of the appropriate calibration standard spike and 10µL internal standard working stock solution 

was measured. 

Results: The recovery and matrix effects calculated for a 100pmol/L spiked protein precipitation and 

SPE extracted plasma sample are shown in table 4.5. Neither extraction method gives superior 

recovery or matrix effects for all five gut hormones (tables 4.3 and 4.5). The recovery and matrix 

effects, calculated using response are also shown in table 4.5. The recovery calculated using average 

response is within 80-120% and the matrix effects for all five gut hormones, except GLP-1 9-36 

amide, have been improved. 

Conclusions: The additional protein precipitation step should reduce the column fouling seen. The 

additional protein precipitation step does not significantly reduce the recovery or increase the 

matrix effects. Development of the protein precipitation step should therefore continue. 
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 PYY 1-36 PYY 3-36 Oxyntomodulin GLP-1 7-36 

amide 

GLP-1 9-36 

amide 

Recovery calculated using 

average peak area (%) 
36 45 59 27 32 

Matrix effects calculated 

using average peak area (%) 
-26 -47 -56 33 -1 

Recovery calculated using 

average response (%) 
98 108 110 82 100 

Matrix effects calculated 

using average response (%) 
17 11 26 1 -8 

Table 4.5: Table showing the recovery (%) and matrix effects (%) for PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide for a 100mol/L spiked plasma 

sample extracted by protein precipitation and SPE. The recovery and matrix effects were 

calculated either using average peak area or response according to the Waters UPLC PST 

Therapeutic Peptide Method Development Protocol. 

 

4.2.1.2 Optimisation of the volume of protein precipitation solvent used and investigation of the 

effect of removing the drying stage 

Rationale: Work was carried out on the protein precipitation method to investigate the effect of 

changing the volume of protein precipitation solvent added and also omitting the drying step. The 

aim was to improve recovery. 

Method: The method was as per section 4.2.1.1 except that additional volumes of 500µL and 600µL 

were trialled for the protein precipitation solvent. The amount of supernatant transferred for these 

volumes was 620µL and 700µL respectively. The supernatant volume was either evaporated to 

dryness or 5% NH4OH was added. The quantity of 5% NH4OH added was calculated to reduce the 

ACN concentration in the solution to 20%. This was done because of concerns that if SPE plate 

loading occurred with a high organic solvent, the five gut hormones would be less likely to adsorb to 

the SPE sorbent due to their favourable solubility in the high organic solvent.  
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500µL protein precipitation solvent 

Recovery (%) when evaporated to dryness before 

reconstitution with 500µL 5% NH4OH and loading onto 

the microelution SPE plate 

26 28 50 40 50 

Recovery (%) when 930µL 5% NH4OH added and sample 

loaded onto microelution SPE plate in steps 
14 14 15 19 34 

600µL protein precipitation solvent 

Recovery (%) when evaporated to dryness before 

reconstitution with 500µL 5% NH4OH and loading onto 

the microelution SPE plate 

30 25 37 35 48 

Recovery (%) when 1153µL 5% NH4OH added and sample 

loaded onto microelution SPE plate in steps 
28 32 35 31 50 

720µL protein precipitation solvent 

Recovery (%) when evaporated to dryness before 

reconstitution with 500µL 5% NH4OH and loading onto 

the microelution SPE plate 

39 34 49 40 55 

Recovery (%) when 1427µL 5% NH4OH added and sample 

loaded onto microelution SPE plate in steps 
33 31 33 34 50 

Table 4.6: Table showing the recovery (%) for PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-

36 amide and GLP-1 9-36 amide for 100mol/L spiked protein precipitation and SPE extracted 

plasma samples. The volumes of protein precipitation solvent used were 500, 600 or 720µL 

and the supernatant after centrifugation was either evaporated to dryness then diluted with 

500µL 5% NH4OH or just diluted with 5% NH4OH, before loading onto the microelution SPE 

plate. The recovery was calculated according to the Waters UPLC PST Therapeutic Peptide 

Method Development Protocol using average peak area. 

 

The five gut hormones will also be deprotonated by the 5% NH4OH and will therefore be more likely 

to be retained by ion-exchange with the quaternary amine. The volumes of 5% NH4OH added were 
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930µL, 1153µL and 1427µL to the supernatants of 620µL, 700µL and 800µL respectively, and hence 

when these samples were loaded onto the microelution SPE plate, this had to be done in multiple 

steps. Recovery was calculated using average peak area for each of the three protein precipitation 

solvent volumes, with and without a drying step. 

Results and conclusions: The recovery calculated using average peak area for each of the three 

protein precipitation solvent volumes, with and without a drying step, is shown in table 4.6. The best 

recovery was obtained for the original protein precipitation method. Average peak area was used 

rather than response, although internal standard was present in the solution, so an idea of the 

actual losses of the five gut hormones could be obtained without correction by the internal 

standard. 

4.2.1.3 Optimisation of the drying stage for the protein precipitation step 

Rationale: A particular issue with the protein precipitation step was the variable time it took to 

evaporate the plate to dryness, even when the same settings were used. Samples had to be left 

drying overnight, which lengthened the method time, and were often not dried down by the 

morning. The published method (Howard et al., 2017) described the evaporation to dryness of the 

supernatant as taking ninety minutes at 40°C. Personal communication with the corresponding 

author (J Howard 2017, personal communication, 22 June) identified that the dryer used had a 

nitrogen gas flow rate of 60L/min and that drying had also been trialled at 60°C, although this was 

not ultimately used in the method due to a very slight reduction in peak area. The temperatures and 

nitrogen gas flows that had been used in the protein precipitation experiments up to this point were 

between 25-40°C and 5-15L/min. The maximum nitrogen gas flow recommended for the TurboVap® 

96 Concentration Evaporator Workstation was reported to be 15L/min. Experiments were therefore 

carried out to better understand the drying process and to see whether a drying temperature of 

60°C could be used to compensate for the lower nitrogen gas flow.  

Method: Seven hundred and twenty microlitres of the protein precipitation solvent was added to 

250µL of pooled plasma in a micro tube, vortex mixed, centrifuged and 800µL supernatant 

transferred to a 1mL capacity 96 well plate. This was repeated three times so that the plate had four 

samples in it. Four plates like this were made up. The four plates were then run at 40 or 60°C, at a 

nitrogen gas flow of 10 or 15L/min and in position 1 or 2 in the dryer. The height in cm of the 

supernatant in the plate was recorded every hour for the first six hours and after twenty four hours, 

and the mean of the four results taken.  
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Results: The results are shown in figure 4.2. At 60°C, rapid drying was demonstrated at 10 and 

15L/min nitrogen gas flow rates and in both positions in the dryer. However, at 40°C the drying 

process stagnated and this is compatible with the observed slow and unpredictable drying rate, 

seemingly unaffected by nitrogen gas flow. 

 

 

Figure 4.2: Graph showing the mean height of the supernatant fluid in an Eppendorf 1mL 

capacity 96 well plate (cm) against time elapsed (hours) for different temperatures, gas flow 

and positions in a TurboVap® 96 Concentration Evaporator Workstation. 

 

Conclusions: Drying at 40°C does not allow the protein precipitation supernatant to be evaporated to 

dryness. The gas pressure supplied to the dryer was increased from 50psi to the maximum allowed 

80psi to overcome this, and allow further testing of the 40°C drying temperature.  

Rationale: The different temperatures and gas flows used for the drying stage may affect the recovery 

of the protein precipitation step. 

Method: An experiment was carried out using 100pmol/L spiked plasma samples extracted via protein 

precipitation and SPE as per section 4.2.1.1. Evaporation to dryness was carried out at either 40°C or 

60°C and with a nitrogen gas flow of 15L/min. 

Results: Evaporation to dryness took 3 hours at 60°C and 5 hours at 40°C. The recovery and matrix 

effects using the average peak area were calculated for each of the five gut hormones at each 
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temperature and are shown in table 4.7. Unfortunately due to a technical error, no results could be 

obtained for GLP-1 9-36 amide at 40°C. 

Conclusion: The low recovery and higher matrix effects seen for 60°C means that this drying 

temperature is not suitable for use. 

 

 PYY 1-36 PYY 3-36 Oxyntomodulin GLP-1 7-

36 amide 

GLP-1 9-

36 amide 

40°C 

Recovery (%)  35 32 37 37  

Matrix effects (%) 3 3 16 -4  

60°C 

Recovery (%)  9 11 7 11 12 

Matrix effects (%) -26 -13 -22 -27 -27 

Table 4.7: Table showing the recovery and matrix effects (%) for PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide for 100mol/L spiked protein 

precipitation and SPE extracted plasma samples. The temperatures used to dry the protein 

precipitation supernatant were 40 and 60°C, both with a nitrogen gas flow of 15L/min. The 

recovery and matrix effects were calculated according to the Waters UPLC PST Therapeutic 

Peptide Method Development Protocol using average peak area. Unfortunately due to a 

technical error, no results could be obtained for GLP-1 9-36 amide at 40°C. 

 

As a drying temperature of 60°C was not an option, the dryer specifications were again examined. It 

was noted that although the maximum allowed nitrogen gas flow is 15L/min, this is per position on 

the dryer, and if only one position is in use, the nitrogen gas flow at this position can be increased up 

to 30L/min. A trial was therefore carried out of drying in one position only with a temperature of 

40°C and a nitrogen gas flow of 20L/min. This led to contamination of the plasma blank samples, 

presumably due to the high nitrogen gas flow causing some of the contents of the wells to be 

ejected into other wells. As a compromise, it was found that the first hour of drying should be at 

40°C and 15L/min and then the next three hours should be at 40°C and 20L/min. This initial hour of 

drying at lower speed meant the fluid level dropped enough that there was no contamination of 

surrounding wells when the nitrogen gas flow was increased up to 20L/min. With a consistent 
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evaporation to dryness time of four hours the whole method, from plasma spiking to protein 

precipitation to SPE to loading into the sample manager, for a plate of 96 samples could be done in 

one working day. 

4.2.2 Investigation of phosphocholine-containing lipid species 

 

 

Figure 4.3: Precursors of 184 scans, showing all the precursor ion species that fragment in 

the collision cell to give a product ion of m/z 184. The chromatograms show total ion 

current (% of maximal) against time (minutes) and are for a 20BMA blank sample run 

immediately after a SPE extracted plasma sample (REJC 2017_03_23_14) and again 

immediately after a protein precipitation and SPE extracted plasma sample (REJC 

2017_03_23_26). 

 

Column fouling due to phospholipids was also investigated, a known problem with plasma and 

serum samples (Xia and Jemal, 2009). Some of the most prevalent phospholipids, such as 

phosphatidylcholine and the sphingomyelins, contain a phosphocholine group and hence on 

fragmentation in the collision cell produce a characteristic phosphocholine ion, mass-to-charge ratio 

(m/z)=184. The mass spectrometer tuning file was set to scan for precursors of 184 with a mass 

range of 450-950 and collision energy of 30eV. A ‘precursors of  84 scan’ is where the mass 

spectrometer measures the ions with m/z 184 in the third quadrupole, determines which ion species 

in the first quadrupole were their precursors, and produces a chromatogram of these precursors. 

Examples of this type of scan are shown in figure 4.3 for a 20BMA blank sample run immediately 
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after a SPE extracted plasma sample and a 20BMA blank sample run immediately after a protein 

precipitation and SPE extracted plasma sample. These precursors of 184 scans on a 20BMA blank 

sample give an indication of the phosphocholine-containing lipid species left on the column after 

these extracted plasma samples have been run with the usual wash step at the end of the inlet 

method. The retention times for the phosphocholine-containing lipid species are away from those of 

the five gut hormones and their internal standards. 

 

Time (min)  Flow Rate 

(mL/min) 

Mobile phases (%) 

A B 

Initial  0.35 80 20 

2.00  0.35 10 90 

3.00  0.40 10 90 

4.00 0.45 10 90 

5.00  0.50 10 90 

8.00  0.50 0.1 99.9 

11.00 0.50 10 90 

14.00 0.50 0.1 99.9 

17.00 0.50 10 90 

25.00 0.50 10 90 

26.00 0.45 10 90 

27.00 0.40 50 50 

28.00 0.40 70 30 

29.00 0.35 70 30 

30.00 0.35 80 20 

Table 4.8: Table showing the inlet method developed to reduce the amount of 

phosphocholine-containing lipid species on the column. The total run time is 30 minutes. 

 

Figure 4.3 shows that the additional protein precipitation step does not decrease the amount of 

phosphocholine-containing lipid species in the plasma. This would be expected because 

phosphocholine-containing lipid species are highly soluble in the high organic content protein 
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precipitation solvent and hence would be transferred across to the microelution SPE plate. The area 

of the peak at 10.96 minutes in a precursors of 184 scan of a 20BMA blank sample was chosen as the 

marker of the level of phosphocholine-containing lipid species present on the column, and was given 

the abbreviation 184A. Different inlet methods were investigated to decrease the area of this peak. 

The percentage concentration of mobile phase B was gradually decreased while the mass 

spectrometer tuning page was observed, and the highest intensity signal was seen at 90% i.e. this is 

the percentage at which the most amount elutes from the column. The wash steps in the inlet 

methods were therefore changed to incorporate a 90% mobile phase B step, and higher flows up to 

0.5mL/min and saw tooth washes were also investigated. The most effective inlet method was a 

thirty minute high flow, saw tooth wash as detailed in table 4.8. For example this reduced 184A from 

1.7x1010 after a protein precipitation and SPE extracted plasma sample had been run, to 9.8x107 

after the wash. 

With this combination of an additional protein precipitation step before the SPE and a thirty minute 

wash (table 4.8) after each protein precipitation and SPE extracted plasma sample, batches could be 

run without any peak widening. However, time wise this was not a practical method and so work 

then focused on reducing the amount of phosphocholine-containing lipid species in the protein 

precipitation and SPE extracted plasma samples to a level where the thirty minute wash would not 

be required.  

4.2.3 Reducing the concentration of phosphocholine-containing lipid species 

4.2.3.1 Investigating the elution conditions for phospholipids 

Rationale: Phospholipids are highly soluble in organic solvents. There will be phospholipids from the 

plasma on the SPE plate sorbent. These phospholipids will be eluted from the SPE sorbent by the 

ACN in the elution solvent. An experiment was therefore carried out to ascertain the concentrations 

of ACN in the elution solvent, at which phosphocholine-containing lipid species elute off the SPE 

plate.  

Method: Four 100pmol/L spiked plasma samples underwent protein precipitation as per section 

4.2.1.1 and were then loaded onto the conditioned and equilibrated microelution SPE plate. Wash 1 

and wash 2 were as section 4.1.1 and then different elution solutions were passed in turn through 

the microelution SPE plate and each one collected into a separate well prefilled with 50µL 20BMA. 

The elution solutions trialled were 75, 70, 65, 60, 55, 50, 45 and 40% ACN, all with 1% FA. For each 

elution solution, 184A was measured immediately before and after running each of the four 

extracted plasma samples. The difference in 184A was calculated by subtracting the 184A result 
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obtained for the scan before from the 184A result obtained for the scan after, and the mean of the 

four samples was calculated.  

 

 

Figure 4.4: Chart showing the mean difference in peak area, for the peak at 10.96 minutes in 

a precursors of 184 scan, against the percentage of ACN in the eluting solution. 1% FA was 

also present in all the eluting solution. For each elution solution, precursors of 184 scans 

were done for a 20BMA blank sample immediately before and after running the extracted 

plasma sample. The difference in the peak area for the peak at 10.96 minutes in the 

precursors of 184 scan was calculated by subtracting the result obtained for the scan before 

from the result obtained for the scan after. 

 

Results: The greatest difference in 184A was for 60% ACN 1% FA and the least difference was for 

55% ACN 1% FA (figure 4.4). 

Conclusions: The amount of phospholipid eluting from the SPE sorbent does vary with the 

concentration of ACN in the elution solvent. This needs to be further investigated with consideration 

of the effect of the change in elution solvent, on the elution of the gut hormones (see section 

4.2.3.3.) 

4.2.3.2 Investigating the effect of changing the SPE wash 2 on the elution of phospholipids 
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Rationale: The composition of wash 2 was also considered as using a higher ACN concentration in 

this step, would allow the phosphocholine-containing lipid species to be washed off the microelution 

SPE plate before the eluting step.  

Method: Plasma samples spiked at 100pmol/L underwent protein precipitation as per section 4.2.1.1 

and were then loaded onto the conditioned and equilibrated microelution SPE plate. Wash 1 was as 

in section 4.1.1. Ten, 20, 30, 40, 50 and 60% ACN was trialled as wash 2 and all the wash 2 run 

throughs were collected and the peak area for PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide 

and GLP-1 9-36 amide measured. 184A was also measured immediately before and after running 

each wash 2 run through, and the difference calculated. The elution solvent used was 60%ACN, 1% 

FA and the peak area for PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 

amide was measured in the SPE elute. 184A was also measured immediately before and after 

running the SPE elute for each wash 2, and the difference calculated.  

Results: For the wash 2 run throughs none of the five gut hormones were detected and the 

difference in 184A was 1.30x108 for 10% ACN, 1.81x108 for 20% ACN, 7.36x108 for 30% ACN, 

1.07x109 for 40% ACN, 5.44x109 for 50% ACN and 4.38x109 for 60% ACN. Using an eluting solution of 

65% ACN 1% FA, for the protein precipitation and SPE extracted plasma sample the difference in 

184A was 2.95x109 for 10% ACN, 5.79x109 for 20% ACN, 1.69x109 for 30% ACN, 1.62x108 for 40% 

ACN, 4.05x108 for 50% ACN and 1.23x108 for 60% ACN. Looking at the peak areas obtained for the 

five gut hormones in the protein precipitation and SPE extracted plasma sample, there was no 

significant difference between the different wash 2 solutions, which would fit with the observation 

that none of the five gut hormones were present in any of the wash 2 run throughs. 

Conclusion: The wash 2 that causes the greatest loss of phosphocholine-containing lipid species into 

the wash 2 run through and the least into the eluting solution, is 60% ACN. The wash 2 should 

therefore be changed to this. 

4.2.3.3 Investigating the effect of changing the SPE elution solvent on the elution of phospholipids 

Rationale: Although the effect of changing the elution solvent on the amount of phospholipid eluting 

had been studied in section 4.2.3.1, the effects of changing the elution solvent on the peak areas of 

the five gut hormones had not been investigated. The aim was to determine which elution solution 

contained the least phosphocholine-containing lipid species and had the highest peak areas for the 

five gut hormones. 
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 PYY 1-36 PYY 3-36 Oxyntomodulin GLP-1 7-36 

amide 

GLP-1 9-

36 amide 

10% ACN 1% FA elution solution 

Recovery (%) 8 8 8 4 3 

Matrix effects (%) 1 1 44 22 37 

20% ACN 1% FA elution solution 

Recovery (%) 21 21 21 13 11 

Matrix effects (%) 16 22 5 14 47 

30% ACN 1% FA elution solution 

Recovery (%) 26 26 30 21 32 

Matrix effects (%) 18 25 34 10 45 

40% ACN 1% FA elution solution 

Recovery (%) 25 24 19 28 36 

Matrix effects (%) 21 27 33 16 52 

50% ACN 1% FA elution solution 

Recovery (%) 27 30 18 29 39 

Matrix effects (%) 29 23 22 10 56 

60% ACN 1% FA elution solution 

Recovery (%) 28 26 26 31 40 

Matrix effects (%) 52 73 129 7 43 

Table 4.9: Table showing the recovery (%) and matrix effects (%) for PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide for a 100mol/L spiked protein 

precipitation and SPE extracted plasma sample, using different elution solutions. The 

recovery and matrix effects were calculated using average peak area according to the 

Waters UPLC PST Therapeutic Peptide Method Development Protocol. 

 

Method: Plasma samples spiked at 100pmol/L underwent protein precipitation as per section 4.2.1.1 

and were then loaded onto the conditioned and equilibriated microelution SPE plate. Wash 1 was as 

in section 4.1.1 and 60% ACN was used as wash 2. The elution solutions tested were 10% ACN 1% FA, 

20% ACN 1% FA, 30% ACN 1% FA, 40% ACN 1% FA, 50% ACN 1% FA, and 60% ACN 1% FA. The peak 

areas for PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide in the protein 
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precipitation and SPE extracted plasma sample were measured for each elution solvent. 184A was 

also measured immediately before and after running the protein precipitation and SPE extracted 

plasma sample for each elution solvent, and the difference calculated.  

Results: The 184A difference for the different elution solutions was -2.84x106 for 10% ACN, 6.51x106 

for 20% ACN, 1.82x107 for 30% ACN, 3.34x107 for 40% ACN, 1.15x108 for 50% ACN and 2.59x108 for 

60% ACN. All of these eluting solutions also contained 1% FA. Recovery and matrix effects for the 

five gut hormones were calculated using average peak area according to the Waters UPLC PST 

Therapeutic Peptide Method Development Protocol, and are shown in table 4.9. 

 

Add internal standard  250µL plasma sample + 10µL 1nmol/L internal 

standard working stock solution at 4°C 

Precipitate sample in microtube + 720µL 75% ACN 0.1% NH4OH at 4°C 

Vortex 20 seconds  

Centrifuge 7000rpm, 10 minutes  

Transfer 800µL supernatant to 96 well plate  

Dry at 40°C with nitrogen gas flow 15-20L/min 

until completely dry 

 

Redissolve + 500µL 5% NH4OH 

Heat seal and mix 1400rpm, 10 minutes  

Microelution SPE plate conditioning 200µL MeOH 

Microelution SPE plate equilibration 200µL Water 

Add sample to microelution SPE plate  

Wash 1  200µL 5% NH4OH 

Wash 2 200µL 60% ACN 

Elute into 50µL 20BMA 2x25µL 1% FA, 30% ACN 

Table 4.10: Table showing protein precipitation and SPE plasma extraction method 

developed to decrease the lipid and protein content of the final elution solution, and hence 

reduce column fouling. 

 

Conclusions: An elution solution of 30% ACN 1% FA was chosen as a balance between the least 

phosphocholine-based lipid species being eluted, and the best recovery and lowest matrix effects. 
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With this new method, summarised in table 4.10, there was no evidence of SDO peak widening even 

after 96 plasma samples run in a row. The 184A had been reduced from the initial 1.7x1010 with the 

old extraction method, to 9.8x107 after the thirty minute wash, to 2.3x107 after a plasma sample 

extracted by this method, a 739 fold decrease. 

4.3 Optimising recovery of the five gut hormones 

The LC-MS/MS method had not been able to detect solvent standard concentrations of 0.5-5pmol/L 

(table 3.28). To understand how this would affect the sensitivity in plasma, the recovery for the 30% 

ACN 1% FA eluting solution in table 4.9 was used. Given this loss of more than two-thirds of the five 

gut hormones in the plasma extraction step but taking into account the x2.5 enrichment by the 

microelution SPE plate, the calibration line standards were changed to run from 10-100pmol/L 

instead of 0.5-100pmol/L. 

4.3.1 Trial of two additional SPE plates 

Rationale: In an attempt to increase recovery, two additional SPE plate types were trialled.  

Method 1: The Thermo Scientific™ S LAµ™ Solid Phase Extraction Plate  Thermo Fisher Scientific  

with a mixed-mode strong anion exchange sorbent has the advantage of not having a frit and 

therefore potentially less opportunity for non-specific adsorption. This was trialled at a very early 

stage in the plasma extraction method development without a protein precipitation step as per 

section 4.1.1. 

Results and conclusions 1: The resultant Thermo SPE extracted plasma samples gave chromatograms 

with wider peaks than those for the Waters SPE extracted plasma samples, and after the run the 

column fouling was so severe that the column had to be replaced. There was therefore no further 

method development using this Thermo plate.  

Method 2: As per the glucagon and GLP-1 published method (Howard et al., 2017), the Bond Elut 

Plexa 96 round-well 1 mL, 30 mg plate (Agilent Technologies, California, USA) was trialled. This is not 

a microelution plate and is not mixed mode, relying only on the hydrophobic solid phase for 

retention of the analyte(s) of interest. Following the published method, the evaporated to dryness 

protein precipitation supernatant was reconstituted in 800µL 2% NH4OH, and then heat sealed and 

mixed at 1400rpm for 10 minutes. The SPE plate was conditioned with 1mL MeOH and equilibrated 

with 1mL water. The sample was then loaded, and washed with 1mL 5% MeOH before being eluted 

with 2x225µL 75% ACN 0.1% FA into an Eppendorf 1mL capacity 96 well plate. As for the Waters 

microelution SPE plate, all of these were drawn through using a vacuum manifold and pump. This 
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eluted solution was then evaporated to dryness at 40°C and a nitrogen gas flow of 15L/min. One 

hundred microlitres of 20BMA was then added, the plate heat sealed and shaken at 1400rpm for 10 

minutes, before transfer to an Eppendorf 360µL capacity 96 well plate which was compatible with 

the sample manager. These additional drying and transfer steps in comparison to the microelution 

SPE plate method were concerning in view of the potential for non-specific adsorption. Plasma 

samples spiked at 100pmol/L were run using this SPE plate at the same time as the samples in table 

4.7 were run. 

Results and conclusion 2: The recovery obtained is shown in table 4.11. Again due to a technical 

problem, no result could be obtained for GLP-1 9-36 amide. Comparing these results to those for the 

microelution plate in table 4.7, the conclusion was that the use of the Bond plate does not lead to a 

higher recovery. 

 

 PYY 1-36 PYY 3-36 Oxyntomodulin GLP-1 7-36 amide 

Recovery (%)  

 
28 26 20 11 

Table 4.11: Table showing the recovery (%) for PYY 1-36, PYY 3-36, oxyntomodulin and GLP-

1 7-36 amide for 100mol/L spiked protein precipitation and Bond SPE extracted plasma 

samples. The recovery was calculated according to the Waters UPLC PST Therapeutic 

Peptide Method Development Protocol using average peak area.  

 

4.4 Plasma calibration line 

Rationale: A protein precipitation and SPE extraction step has been developed which does not cause 

column of fouling. Although the recovery observed is low, it does enrich the sample. A test of the 

method was therefore undertaken using spiked plasma standards for a calibration line and spiked 

plasma QC samples to determine precision. 

Method: A 2.5nmol/L working stock solution of all five gut hormones of known purity was made, as 

per section 3.7.1. This was then was used to make standard spikes for the plasma calibration line 

standards in microtubes as per table 4.12. 

An internal standard 1nmol/L working stock solution, and spiking solutions for QC solutions at 12, 40 

and 80pmol/L were also made as per section 3.7.1.  
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Concentration of 

standard required 

(pmol/L) 

Concentration 

required in 10µL for 

dilution to 250µL 

(pmol/L) 

To make 1mL of column B concentration 

Amount of 2.5nmol/L 

solution required 

(µL) 

Amount of 20BMA 

required (µL) 

100 2500 1000 0 

75 1875 750 250 

60 1500 600 400 

50 1250 500 500 

30 750 300 700 

25 625 250 750 

20 500 200 800 

15 375 150 850 

12.5 312.5 125 875 

10 250 100 900 

Table 4.12: Spiking solutions for each calibration line point were made from a 2.5nmol/L 

working stock solution of PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 

9-36 amide in 20BMA.  

 

The required number of plasma containing CorningTM centrifuge tubes were defrosted overnight at 

4°C, and then centrifuged at 4°C at 7000rpm for 10 minutes. The supernatant was transferred to a 

fresh CorningTM centrifuge tube and for every 5mL of pooled plasma, 125µL of aprotinin and 91µL of 

a 1mg/mL solution of DDP-IV inhibitor in saline was added. Two hundred and forty microlitres of 

pooled plasma was then aliquoted into a microtube and 10µL of the appropriate spiking solution and 

10µL internal standard 1nmol/L working stock solution added bringing the total volume to 260µL. 

For blanks, replacement was with 20BMA. The aliquoting of the plasma and addition of the spikes 

was performed at 4°C, using ice blocks under the microtubes. 

Seven hundred and twenty microlitres of protein precipitation solvent (75% ACN, 0.1% NH4OH) was 

then added to the 260µL sample in the microtube. The protein precipitation solvent was cooled to 

4°C in the fridge prior to addition. The microtube was then vortex mixed for 20 seconds prior to 

centrifugation at 7000rpm for 10 minutes. Eight hundred microlitres of supernatant was then 
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transferred to a 1mL capacity Eppendorf 96 well plate and this was evaporated to dryness at 40°C on 

the TurboVap® 96 Concentration Evaporator Workstation. This took 4 hours, and for the first hour 

the nitrogen gas flow was 15L/min and for the last three hours the nitrogen gas flow was 20L/min. 

Five hundred microlitres of 5% NH4OH was then added to each well, the plate heat sealed and then 

mixed for 10 minutes at 1400rpm on the Eppendorf MixMate. The microelution SPE plate was 

conditioned with 200µL MeOH followed by 200µL water before the 500µL sample was loaded on in 

one pipette motion, and drawn through by the vacuum manifold. The plate was then washed to 

waste with 200µL 5% NH4OH followed by 200µL 60% ACN, before being eluted with 2x25µL 30% 

ACN, 1% FA. The sample was eluted into a 360µL capacity Eppendorf microplate which already 

contained 50µL 20BMA. The microplate containing the eluted samples was heat sealed and placed in 

the sample manager at 4°C. One transition was measured for each of the five endogenous gut 

hormones and their internal standards to maximise dwell time and number of points per peak. The 

method was also separated out by retention time so that from 1-6 minutes the mass spectrometer 

was set to measure PYY 1-36, PYY 3-36 and oxyntomodulin, and from 6-12 minutes the mass 

spectrometer was set to measure GLP-1 7-36 amide and GLP-1 9-36 amide. The flow was diverted 

from the column to waste from 0.1-1 minute and from 10-11.1 minutes. The inlet method used was 

as per table 3.8, the mass spectrometer tuning file as per section 3.4 and the tuning as per sections 

3.5.2 and 3.6.2. 

The plasma standard calibration line series (10-100pmol/L) was run in triplicate and the QC samples 

repeated eight times. The peak areas were integrated using MassLynx, and the response, and CVs of 

the responses, calculated for each gut hormone. 

Results: The CVs of the responses are shown in table 4.13. The data for 10-25pmol/L oxyntomodulin 

was not suitable due to S:N<10. The data for the 100pmol/L calibration line standard is presumed to 

be affected by a specific error as the CVs are markedly different to those expected. 

A representative endogenous and internal standard peak for each gut hormone is shown in figure 

4.5, for the 30pmol/L calibration line standard for oxyntomodulin and the 10pmol/L calibration line 

standards for PYY 1-36, PYY 3-36, GLP-1 7-36 amide and GLP-1 9-36 amide. 
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 PYY 1-36 PYY 3-36 Oxyntomodulin GLP-1 7-36 

amide 

GLP-1 9-36 

amide 

Calibration line standard 

10pmol/L 36 57 ND 37 7 

12.5pmol/L 53 64 ND 31 7 

15pmol/L 26 51 ND 61 5 

20pmol/L 10 23 ND 16 3 

25pmol/L 21 21 ND 56 19 

30pmol/L 20 25 109 22 4 

50pmol/L 30 26 21 12 16 

60pmol/L 51 17 49 17 13 

75pmol/L 21 3 26 50 8 

100pmol/L 127 70 73 74 67 

Quality control sample 

12pmol/L 64 35 55 40 21 

40pmol/L 41 25 16 46 17 

80pmol/L 19 33 48 52 28 

Table 4.13: Table showing the coefficient of variation (CV) (%) of the response for PYY 1-36, 

PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide in the calibration line 

standards and the QC samples. The calibration line standards were measured in triplicate 

and the QC samples repeated eight times. Samples that could not be determined are 

marked ND. 
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Figure 4.5 (a)-(j): Chromatograms showing peak (% of maximal) against time (minutes) for 

integrated peaks for a 10pmol/L or 30pmol/L calibration line standard for (a) PYY 1-36, (b) 

internal standard of PYY 1-36, (c) PYY 3-36, (d) internal standard of PYY 3-36, (e) 

oxyntomodulin, (f) internal standard of oxyntomodulin, (g) GLP-1 7-36 amide, (h) internal 

standard of GLP-1 7-36 amide, (i) GLP-1 9-36 amide and (j) internal standard of GLP-1 9-36 

amide. PYY 1-36, PYY 3-36, oxyntomodulin and their internal standards were measured from 

0-6 minutes and GLP-1 7-36 amide, GLP-1 9-36 amide and their internal standards were 

measured from 6-12 minutes.  

 

Figure 4.6 shows the calibration lines for PYY 1-36, PYY 3-36, oxyntomodulin, GLP-1 7-36 amide and 

GLP-1 9-36 amide and table 4.14 summarises the r2 values of these calibration lines, and the CVs of 

the peak areas for the internal standards for each. The internal standard peak area will vary between 

samples due to differing ionisation at the cone and any matrix effects.  
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 PYY 1-36 PYY 3-36 Oxyntomodulin GLP-1 7-36 

amide 

GLP-1 9-36 

amide 

r2 of calibration 

line 

0.63 0.87 0.46 0.85 0.95 

CV of internal 

standard area (%) 

34.3 29.0 40.2 26.8 15.3 

Table 4.14: Table showing the r2 value for the calibration lines of PYY 1-36, PYY 3-36, 

oxyntomodulin, GLP-1 7-36 amide and GLP-1 9-36 amide using protein precipitation and SPE 

extracted plasma standards measured in triplicate, and the CV of the peak area (%) of the 

internal standard measurements used in the calibration line. 
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Compound name: PYY 3-36

Correlation coefficient: r = 0.933431, r^2 = 0.871294

Calibration curve: 0.068457 * x + 0.118811

Response type: Internal Std ( Ref 7 ), Area * ( IS Conc. / IS Area )
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Figure 4.6 (a)-(e): Calibration lines showing response against concentration (pmol/L) for 

protein precipitation and SPE extracted plasma standards of (a) PYY 1-36, (b) PYY 3-36, (c) 

oxyntomodulin, (d) GLP-1 7-36 amide and (e) GLP-1 9-36 amide.  

Compound name: GLP -1 (7-36)

Correlation coefficient: r = 0.921301, r^2 = 0.848796

Calibration curve: 0.0224357 * x + -0.0221644

Response type: Internal Std ( Ref 9 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Exclude, Weighting: 1/x, Axis trans: None
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Conclusions: The CVs obtained were not <15% for any of the gut hormones for a consistent 

concentration range. This method developed to quantify GLP-1 7-36 amide, GLP-1 9-3 amide, 

oxyntomodulin, PYY 1-36 and PYY 3-36 is therefore not able to be clinically validated at this time due 

to the poor precision. Unlike for the solvent standards (section 3.7.1), this poor precision affected 

the correlation between response and concentration. The calibration lines obtained (figure 4.6) had 

r2 values <0.9, except for GLP-1 9-36 amide (table 4.14). The CVs for the internal standard peak areas 

(table 4.14) were >20%, except for GLP-1 9-36 amide and are therefore not acceptable. Although we 

would expect some variation in internal standard peak areas due to differing matrix effects, pooled 

plasma was used for the experiments in chapter 4. Therefore there should not have been any 

difference in the plasma composition between samples. The possible reasons for the poor precision 

observed will be discussed in chapter 5 and a plan of further work developed. 
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Chapter 5: Evaluation of LC-MS/MS method development and future plans  

5.1 Evaluation of the thesis objectives 

Unfortunately, a validated LC-MS/MS method could not be developed for GLP-1 7-36 amide, GLP-1 

9-36 amide, oxyntomodulin, PYY 1-36 and PYY 3-36 in the time available. However, the majority of 

the objectives of the thesis were completed. 

Suitable calibration line standards and QC materials were designed. As part of this, experiments 

were carried out to look at the stability of gut hormone mixtures in different surrogate matrices, 

container types and at different temperatures. This was in accordance with the literature 

recommendations, as detailed in section 2.3. As a result of these stability experiments, the following 

conclusions were drawn. Master stock solutions of the gut hormones in 20% ACN 0.1% FA are best 

stored at 1mg/mL in microtubes at -80°C, and stability has been shown up to 20 months. Working 

stock solutions of the gut hormones are best made up in the surrogate matrix 20BMA, and stored at 

4°C. These must be freshly made up from the master stock solutions each week. Particular attention 

was paid to non-specific adsorption. There was complete consistency in all sample handling, to 

equalise and standardise any non-specific adsorption occurring. The smallest possible volume 

pipettes and containers were used to minimise non-specific adsorption losses. The surrogate matrix 

used was chosen to minimise non-specific adsorption. It consisted of an organic modifier and an acid 

to maximise solubility, and a carrier protein to bind to any non-specific adsorption sites. Although 

multiple carrier proteins were trialled, only BSA offered improved stability for all the gut hormone 

species. The disadvantage in using BSA is that it contains a mixture of proteins. Hence there is likely 

to be variation in its content between batches and there is the problem of how to undertake 

acceptance testing. However, given the small amounts required it may be that recombinant BSA 

could be used to overcome these problems. 

Internal standards were designed and custom made, and performed well for PYY 1-36, PYY 3-36, 

GLP-1 7-36 amide and GLP-1 9-36 amide. The internal standards eluted at the same retention time 

and were observed to reduce matrix effects (table 4.5). Unfortunately the internal standard for 

oxyntomodulin was incorrectly specified and eluted at a different retention time to endogenous 

oxyntomodulin; therefore it was exposed to different matrix effects. However, other LC-MS/MS 

methods (Howard et al., 2017, Xi et al., 2012b) use internal standards which elute at different 

retention times to the analyte. The difference between the retention times for oxyntomodulin and 

its internal standard was 0.15s. 
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The MS/MS was tuned for all five gut hormones and their internal standards. They ionised well but 

as predicted in the literature, multiple precursor and product ions were formed. This multiplicity was 

due to the multiple charge states formed for the precursor and product ions, and the multiple 

collision-associated dissociation product ions formed. When combined with the multiple isotopic 

forms present in endogenous gut hormones this means that, the ionisation of what would be 

considered structurally as one form of a gut hormone, produces ions split over multiple m/z values. 

This compromises sensitivity and means a lower level of quantification is required for a LC-MS/MS 

assay, as compared to an immunoassay, where there is no separation on the basis of isotopic 

molecular weight or ions formed. The precursor and product ions formed for the five gut hormones 

and their internal standards were mostly characterised (tables 3.12 – 3.16 and 3.18 – 3.22) and high-

field asymmetric waveform ion mobility studies would be a possible option to allow determination 

of the few unknown identities. Interestingly during the tuning, dimers of PYY 3-36 were identified 

due to the high concentrations used for tuning. Due to the specificity of MRM MS/MS it was not 

ascertained whether these dimers were also present at endogenous concentrations but the 

literature would suggest not (Keire et al., 2000a). All product ions used for quantification were 

formed by the breaking of an amide bond between a serine and another amino acid (proline for PYY 

1-36 and 3-36, aspartic acid for oxyntomodulin, valine for GLP-1 7-36 amide and threonine for GLP-1 

9-36 amide). There is no literature to explain why serine-adjacent amide bonds would be 

preferentially broken. However for the product ions of PYY 1-36 and PYY 3-36 used for 

quantification, y23
5+ and y23

4+ / y17
3+ respectively, the serine-proline bond broken is at a point where 

the proline is initiating a turn. The product ion formed contains the alpha helix and C-terminal of PYY 

(Nygaard et al., 2006). There may therefore be a structural reason why this bond is preferentially 

broken. 

The liquid chromatography method was developed until all five gut hormones were consistently 

observed. There was good separation of the retention times for the gut hormones. There was also 

separation of the gut hormone retention times from the retention time of the carrier protein BSA. 

The mobile phases of aqueous 0.1% FA and ACN with 0.1% FA were compatible with the MS/MS 

system. The column used was a Waters ACQUITY UPLC Peptide BEH C18 130Å 1.7µm (2.1 x 100mm) 

column which gave the best peak shape for all five gut hormones. The final inlet method was as in 

table 3.8 with a column temperature of 40°C. The sample manager method was refined to increase 

the volume injected to 25µL and decrease the filling speed of the syringe to 3µL/s. 

The sample extraction step required extensive optimisation to prevent column fouling from the 

plasma, and different SPE plates and protein precipitation steps were trialled. The SPE plate chosen 
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was the Oasis MAX 96-well µElution Plate with 2mg sorbent/well and a 30µm particle size. The 

optimised conditions for the SPE plate (determined in sections 4.1.3, 4.2.3.2, and 4.3.3.3) are shown 

in table 4.10. Protein precipitation was with 75% ACN 0.1% NH4OH. The optimised volumes and 

drying down conditions (determined in sections 4.2.1.2 and 4.2.1.3) are shown in table 4.10. The 

method was able to enrich all five gut hormones but the benefit of this enrichment was lost due to 

the poor recovery seen. The use of average peak area to calculate the recovery allowed this loss to 

be noted (table 4.9). Recovery calculated using response would not have shown this loss due to 

similar losses in the internal standard. Recoveries calculated using average peak area and response 

are therefore required during method development. This loss of gut hormone during the sample 

extraction stage increases the sensitivity required from the LC-MS/MS assay and again decreases the 

lower level of quantification required. 

The emphasis throughout this thesis was placed on multiplexing these five gut hormones and hence 

the liquid chromatography, MS/MS and sample extraction steps were developed to give the best 

overall result for all five gut hormones. This is particularly challenging given their different 

chemistries. For example the isoelectric point (pI) for GLP-1 7-36 amide is 5.74, for GLP-1 9-36 amide 

is 4.89, for oxyntomodulin is 10.18, for PYY 1-36 is 7.34 and for PYY 3-36 is 7.34. The pI is the pH at 

which a peptide has zero net charge. However, in the acidic conditions present in the diluent and 

surrogate matrix used in the experiments in this thesis, the pH is below that of all the pI values and 

hence it is expected that all five gut hormones would have a net positive charge. This net positive 

charge was planned to increase the solubility of the gut hormones in the mainly aqueous solvents 

and reduce non-specific adsorption to the container walls. It could be that the emphasis of this 

thesis on simultaneous measurement of all five gut hormones has led to a very generic method. If 

the sample extraction step was generic, this may explain why there were particular problems with 

interferents. 

The method could not be validated due to the poor precision observed. For spiked plasma samples, 

the CVs for the calibration line standards and QCs were not <15% over a consistent concentration 

range (table 4.13). As the method could not be validated, this prevented its comparison to other 

methods and application to research samples. The experiments possible were constrained by the 

equipment available but one of the aims of the thesis was to specify a method that could be 

routinely used in a clinical chemistry laboratory. This means the method must be robust. It should be 

able to be used routinely by a biomedical scientist following a standard operating procedure (SOP). It 

should not need constant trouble-shooting and the technology used must be well characterised and 

understood (Grebe and Singh, 2011). The machinery available for this thesis was representative of 
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what would be found in a clinical chemistry laboratory, and is currently in routine use by biomedical 

scientists. 

5.2 Specificity of the LC-MS/MS method developed 

The main advantage of the LC-MS/MS method that was partially developed, is that it did show 

specificity for GLP-1 7-36 amide, GLP-1 9-36 amide, oxyntomodulin, PYY 1-36 and PYY 3-36. This is 

advantageous because of the different biological activities of the different forms of the gut 

hormones, and the need to specifically quantify these different forms to determine their role in 

increasing satiety, in the efficacy of bariatric surgery and as future pharmaceutical agents to treat 

obesity. Because ionisation was by ESI and therefore low energy, the precursor ions were the 

molecular ions, and this provided excellent confirmation that the correct form of the gut hormone 

was being assayed. The product ions chosen were specific to each gut hormone group although for 

the PYY and GLP-1 species could have come from either form assayed. These nonspecific product 

ions do not affect the ability of the assay to distinguish one form of PYY or GLP-1 from another, as 

the precursor ion is specific. The product ions were formed by a loss of amino acid residues and not 

water, ammonia or carbon dioxide and so are more specific (Honour, 2011). For PYY 3-36, GLP-1 7-

36 amide and GLP-1 9-36 amide the product ions chosen had a higher m/z than the precursor ions 

due to a change in charge and this is considered advantageous in reducing background noise. None 

of the precursor or product ions chosen would have also detected the peptides or proteins identified 

to have overlapping amino acid sequences with the gut hormones (tables 1.1, 1.2 and 1.3). The 

precursor and product ion transition used for GLP-1 9-36 amide corresponds to that used by 

Chappell et al (2014), Lee et al (2016) and Eng et al (2014). Interestingly none of the product ions 

formed were b ions although Amao et al (2015) did observe and use b ions in their assay for the 

quantification of GLP-1 species. The [M+6H]6+ precursor ion for GLP-1 that Howard et al (2017) 

observed was not seen in the experiments in this thesis but the mass spectrometer used was a 

different model to that used in this thesis. The transition used by Lee et al (2016) for oxyntomodulin 

was seen on tuning (section 3.5.2.3) but did not have the highest intensity signal under the 

conditions used in this thesis. It may be that the nano-flow liquid chromatography used in the 

method of Lee at al (2016) which enhances ionisation, is the reason for this difference in the 

transition chosen. The [M+5H]5+ > y32
4+ transition used by Xi et al (2012) for PYY 1-36 was seen on 

tuning (section 3.5.2.1) but again did not have the highest intensity signal under the conditions used 

in this thesis. The different precursor and product ions used for different LC-MS/MS assays of the 

same form of a gut hormone, unlike with the different antibodies used in immunoassays, do not 

cause a difference in specificity between the LC-MS/MS assays. The different transitions are all from 
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the same form of the gut hormone. Different transitions can affect the lower level of quantification 

achievable though, depending on the intensities observed.  

The enhanced specificity however, means that the LC-MS/MS method does not measure the same 

forms of a gut hormone that an immunoassay would. Whereas an immunoassay measures the sum 

of all forms of the gut hormone that react with the antibody used, the LC-MS/MS method only 

measures one form of that gut hormone. This means that the absolute concentration that the LC-

MS/MS assay measures is usually lower. Therefore the LC-MS/MS assay needs a lower level of 

quantification.  

There are therefore at least four reasons why this LC-MS/MS method requires a lower level of 

quantification than that of an immunoassay. Due to the poor precision it could not be ascertained 

what the lower limit of quantification for this method was. However the S:N ratio was too low for 

integration of peak areas for oxyntomodulin at concentrations <30pmol/L in spiked plasma samples. 

30pmol/L is higher than the baseline fasting concentration observed by Tan et al (2017). However it 

was shown, using solvent standards, that micro-flow liquid chromatography allows measurement of 

lower concentrations than UPLC with better precision. Micro-flow liquid chromatography has been 

shown to be robust and could potentially be introduced into a clinical chemistry laboratory and run 

by a trained biomedical scientist. 

5.3 Methods for improving the precision of the LC-MS/MS method 

The CVs obtained were <15% for GLP-1 9-36 amide solvent standards 10-100pmol/L, GLP-1 7-36 

amide solvent standards 25-100pmol/L and, GLP-1 9-36 amide solvent QCs at 40 and 80pmol/L 

(table 3.28). European and American guidelines suggest that CVs should be <15%, except at the 

lower limit of quantification where <20% may be acceptable (Lynch, 2016). None of the CVs for the 

protein precipitation and SPE extracted plasma samples met these criteria consistently across a 

concentration range. It is unexpected that, for solvent standards, GLP-1 9-36 amide had the highest 

precision as it elutes from the liquid chromatography system last. This, in the literature, had been 

suggested to be a sign of a tendency towards increased non-specific adsorption as a result of 

increased hydrophobicity (Hoofnagle et al., 2016, van Midwoud et al., 2007). The method 

development in this thesis initially focused on the lower end of the sensitivity required as it was felt 

that this would be the most challenging area.  

The solvent standards for calibration lines and QCs were sampled multiple times from the same vial, 

unlike for the plasma standards where each measurement was from a different well in a plate. The 

literature had suggested that multiple measurements from the same container would increase non-
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specific adsorption by affecting the surface to volume ratio (van Midwoud et al., 2007). However, 

this was not observed and the precision of the solvent standards was better than that of the spiked 

plasma samples. This could be because of the deactivated glass vials used or the presence of the 

carrier protein. 

The immunoassays detailed in chapter 1 mainly have intra-assay CVs below the recommended 15% 

(Lynch, 2016). However most of the literature on these immunoassays only gives one CV value per 

immunoassay, and the analyte concentration for which the specified CV value was obtained is not 

given. It can be very useful in assessing the performance of any assay to see how the CV varies with 

concentration. Some literature did give this information (Guo et al., 2006) or an indication of the 

concentration at which the CV was measured (Flint et al., 1998). However, some give no CV data at 

all (Dar et al., 2012) and others give CV values above those acceptable e.g. 31%  Mor nigo et al., 

2006). This may be an indication of the fact that immunoassays used in the literature for gut 

hormones infusion experiments, investigation of bariatric surgery etc. are generally carried out by 

staff not specialising in this area, following the SOP given by the commercially available assay. This 

means they are reliant on the manufacturer’s information and this information has been shown by 

Bak et al (2014a, 2014b) to be misrepresentative for immunoassays of GLP-1 and oxyntomodulin. 

Commercial methods should be fully verified prior to their use in a laboratory to ensure their 

performance characteristics meet those specified by the manufacturer. 

The poor precision observed in the experiments in this thesis, which is demonstrated by the high CVs 

seen, could potentially be improved by optimising a number of factors. These include the absolute 

peak areas seen, the dwell time on the mass spectrometer and the liquid chromatography 

conditions. This is discussed below. 

The fact that the CVs obtained for GLP-1 9-36 amide were lower, may suggest that the method was 

optimised to this gut hormone form. The differing chemistries of the five gut hormones may mean 

that a multiplex method is not possible. However, the absolute peak areas observed were higher for 

GLP-1 9-36 amide (figure 3.23). Micro-flow liquid chromatography, which also increases the peak 

areas seen (data not shown), also led to decreased CVs (table 3.30). These latter two observations 

suggest that the low peak areas obtained for the experiments in this thesis may be disadvantageous. 

Low peak areas indicate that the MS/MS is working at the limit of its sensitivity and the accuracy will 

therefore be less. The low recovery seen for the sample extraction step will be a significant 

contributor to the low absolute peak areas observed. Methods to improve this recovery will be 

discussed in section 5.4. Recoveries seen for other sample extraction methods have varied from 24 – 
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53.7% (Howard et al., 2017, Lee et al., 2016) and so there seems to be inevitable loss of analyte at 

this stage. 

For RIA the high inter-assay CV can be the result of different operators or batches of antibody / 

radiolabelled analytes, and reflects the sensitivity of RIA to any change in circumstances. For this LC-

MS/MS assay there was only one operator and no antibodies or radiolabelled analytes used. 

However, sensitivity to conditions is also likely to be true for a LC-MS/MS method although every 

step possible was taken in this method to ensure consistency. The temperature in the laboratory is 

rigorously controlled. Only one mass spectrometer was used and there were no other experiments 

run on it during the thesis. The mass spectrometer underwent annual preventative maintenance 

which was always followed by a rigorous testing with standard solutions, and the retuning of the gut 

hormones due to the accompanying change in calibration of the mass spectrometer. After any 

instance of mechanical failure, the mass spectrometer was again rigorously tested with standard 

solutions, and all of this was to ensure consistent performance. However, non-specific adsorption 

could be time dependent. It is noted that in some experiments the peak area seen increased to 

above that of the starting peak area (this is demonstrated in figure 3.16). This possibility of time 

dependency is supported by studies on the kinetics of protein adsorption. These describe the most 

abundant protein in a solution adsorbing first before displacement by the protein with the highest 

affinity for the container wall (Fang and Szleifer, 2001). The exact time elapsing between the making 

and the measuring of a solution could therefore be a factor. This was not recorded or controlled in 

the experiments performed in this thesis. 

The observation that the precursor ion intensities change with flow rate during tuning (figure 3.21) 

suggests that the ionisation step in particular is very sensitive to any change in conditions. This may 

also cause poor precision. However, mobile phase conditions were kept the same and for the 

experiments in this thesis, the matrix effects should have been consistent as the same pooled 

plasma was used.  

If we look at the integration for the peaks obtained, for example figure 4.5 (e) and (f), we can see 

that the automated integration by TargetLynx does not cover the whole peak area that the eye 

would visualise as one peak. This integration can be adjusted via the settings in TargetLynx. 

However, these settings had already been optimised for the peaks shown in figure 4.5. Manual 

integration is not used due to the subjectivity of the results obtained. Another option is to increase 

the dwell time, the amount of time the mass spectrometer takes to make each measurement or 

point, to improve the peak shape. While doing this though, one must ensure that the number of 

points measured per peak stays above the minimum recommended of 15-18. The dwell time during 
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the experiments in this thesis was set to automatic. This means the mass spectrometer predicted the 

dwell time required based on information about the peak width and the minimum number of points 

per peak required. Howard et al (2017) had dwell times of 60ms for their LC-MS/MS assay to 

quantify GLP-1 7-36 amide and glucagon. For the experiments in this thesis, the dwell times were 

30ms for PYY 1-36, PYY 3-36 and oxyntomodulin and 47ms for GLP-1 7-36 amide and GLP-1 9-36 

amide. To increase these dwell times further would involve measuring fewer gut hormones at the 

same time and therefore remove the advantageous multiplexing aspect of the method. The better 

peak shape observed for solvent standards (figure 3.22) suggests that peak shape could also be 

improved by further optimising the sample extraction method. The aim of improving the shape of 

the peaks and hence the quality of their integration, is to improve the reproducibility of the peak 

areas obtained and hence the precision of the assay. 

Modification of the liquid chromatography method could also improve the quality of the peaks seen 

and hence the reproducibility of the peak areas. The peaks seen were wider than the 5s width 

recommended, at a width of around 18s (Honour, 2011). Optimising the liquid chromatography 

method further could involve changing column temperature, flow rate and adjusting the gradient. 

However, a higher column temperature may not be suitable due to the structural changes in BSA 

which occur at temperatures >45°C and which may adversely affect the column. Other column 

chemistries that could be trialled include the Waters charged surface hybrid column. The particles in 

this column have a low-positive charge and hence a different separation selectivity, and this column 

has a greater load capacity. There is also a high strength silica column (Waters) where the pores in 

the particles are more accessible for peptide interaction due to reduced C18 density. Another 

consideration is to try another mobile phase composition, such as MeOH, or to consider adding a 

different additive to the mobile phase e.g. 3-NBA. 3-NBA changes the precursor and product ions 

seen and this could lead to the formation of an ion with a higher intensity. Using 3-NBA, Halquist et 

al (2012) used the [M+7H]7+ > y27
5+ transition for quantification. Although this transition was 

observed in the tuning of oxyntomodulin (section 3.5.2.3) it was not observed to be the most intense 

ion under the conditions used in this thesis.  

Imprecision may also arise from the build-up of carrier protein or gut hormone species on the 

column. This will lead to inconsistency in the interactions on the column. From its first use BSA was 

observed in all chromatograms, even those of different carrier proteins (figures 3.8 and 3.10). This 

suggests that there was excess BSA on the column and in the LC-MS/MS system which was not fully 

removed during the inlet method. Column conditioning before a batch can help to standardise the 

interactions, assuming a steady state can be reached. Alternatively an improved wash step could be 
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added to the inlet method to help reduce any build up on the column. For example the wash step 

could incorporate the 10% mobile phase B which was found to be effective at cleaning plasma 

interferents off the column and/or use a saw tooth pattern of mobile phase composition and a 

higher flow rate. 

Chemical degradation cannot be ruled out as a cause of the poor precision as MRM MS/MS does not 

give any information on additional species formed. Additional experimental methods such as HPLC 

or high resolution mass spectrometry could be used to study this. Chemical degradation could also 

be an explanation of the low recovery seen in the sample extraction step. The effect of the pH 

changes, from dilution with 5% NH4OH to elution with 1% FA, on peptide stability was not 

investigated. 

5.4 Additional experiments 

There are other experiments which could be carried out using the equipment available and which 

would help develop the method further. 

There was no significant difference noted for the peak areas of the gut hormones between different 

container types. The literature shows that reproducibility is often improved by low retention 

containers due to consistency in the available adsorption sites (Bark and Hook, 2007). Reviewing the 

results for the experiment on pre-soaking the vials (section 3.2.1.4), the peaks areas obtained were 

unchanged by pre-soaking the vials. However, the standard deviation for the peak areas is lower 

when the vials are pre-soaked, for both IMA and 20BMA. It would therefore be worthwhile to repeat 

the experiments on vial type looking at the CVs of multiple replicate measurements. As 

unfortunately the experiment to test polypropylene vials was not valid (section 3.3.3.2), it would 

also be worthwhile to retest this vial type while repeating the vial type experiment (section 3.2.2.1) 

to look at the CVs. Another way to measure non-specific adsorption would be to sequentially 

transfer a gut hormone solution between vials of the same type and see how the peak area obtained 

is affected.  

As per the literature it may be worthwhile looking at summing transitions as a way of increasing the 

peak areas seen. However, to allow the measurement of the extra transitions, not all of the gut 

hormones will be able to be measured simultaneously. Summing may also add noise, and hence 

decrease S:N.  

Aprotinin and a DPP-4 inhibitor were added to the pooled plasma to replicate the conditions under 

which research samples would be collected. However, these protease inhibitors may affect assay 

performance, and so plasma with one or neither of them present should also be tested. This would 
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also allow the method, if it were to be successfully developed, to be applied to a wider range of 

samples. A validated LC-MS/MS method could also be applied to investigating the need for these 

enzyme inhibitors in the pre-analytical stages, due to its specificity. 

The methionine residue in oxyntomodulin has a S-methyl thioether side chain. The oxidation state of 

this sulphur was not considered in the experiments in this thesis but there will be a mass difference 

depending on whether the sulphur is present in the reduced or oxidised form (Linde et al., 1990). On 

oxidation methionine sulphoxide is formed by an addition of oxygen and this would not be detected 

by the LC-MS/MS method developed. This oxidation is accelerated by freeze-thaw cycles and high 

pH (Hoofnagle et al., 2016). Experiments using peptides with sulphur groups have therefore reduced 

and alkylated this group to harmonise the form in which the sulphur is found, for example by using 

dithiothreitol and iodoacetamide (Hoofnagle et al., 2016). This may help improve the results for 

oxyntomodulin. An oxidising agent e.g. hydrogen peroxide could alternatively be added to ensure all 

the sulphur groups were in the same state (Xi et al., 2012b). This methionine residue may also have 

caused adsorption of oxyntomodulin to the stainless steel needle in the Hamilton syringe in the 

sample manager. However, there is a Teflon end on the plunger in the syringe to prevent such 

adsorption and so this is unlikely to have occurred. There was also no consideration of the mass 

change in the known variant of PYY rs229969, although the prevalence, and therefore significance, 

of this variant is unknown. 

The effects of multiple freeze thaws should be investigated without the intervening time periods so 

it is only the freeze-thaw cycles and not the prolonged storage time that is tested. However, it is 

unlikely that in the currently specified experimental conditions there would be a need for multiple 

freeze-thaw cycles in a small time frame. It may also be that lyophilisation should be investigated for 

storage of master stock solutions (Kraut et al., 2009). 

The sample pre-extraction method would especially benefit from further development, in particular 

to improve recovery. This may best be done for individual gut hormones and not as a multiplex 

method. There are many more protein precipitation solvents and SPE plate types that could be 

trialled. For example, SPE plates which use size exclusion have not yet been considered. It may be 

that a chaotropic agent such as guanidine hydrochloride is required to disrupt any binding of the gut 

hormone species to larger proteins prior to protein precipitation. However, use of a chaotropic 

agent may cause an additional complication if it needs to be removed prior to MS/MS. A keeper 

solvent for the dry down step and throughout the method could be introduced to enhance solubility 

and prevent non-specific adsorption e.g. glycerol, DMSO. Another issue to consider is that for 

glucagon, spiked plasma samples were found not to be equivalent to endogenous samples (Lapko et 
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al., 2013). This lack of equivalence is thought to be due to different interactions with proteins and 

peptides in the plasma. There may therefore be an advantage to carrying out some of the sample 

extraction method development using high concentration endogenous samples, for example from 

infusate studies. The amount of sample used could also be increased and this could lead to a lower 

level of quantification due to enrichment, if the elution volume is kept constant. Other LC-MS/MS 

methods for peptide gut hormones have used 400µL or 1mL of sample however, this is only possible 

if the interferents are not also increased and hence S:N decreased. The use of two dimensional liquid 

chromatography has not been considered due to the machinery requirements and the technical skill 

involved. Immunoaffinity sample extraction has not been considered as it requires antibody 

production which negates one of the key advantages of a LC-MS/MS assay; that it does not require 

antibody production. 

The experiments looking at non-specific adsorption in this thesis were carried out at relatively high 

concentrations in comparison to those found endogenously and there may be some benefit to 

repeating them with 10-50pmol/L solutions. The relative losses to non-specific adsorption are higher 

at lower concentrations. 

5.5 Future work 

Research in this area continues with emphasis on PYY species only as there is currently no suitable 

LC-MS/MS method for this gut hormone. PYY 1-36 and 3-36 eluted earliest from the column in the 

liquid chromatography method developed, and therefore according to van Midwoud et al (2007) the 

peak area reproducibility is likely to be better. The early elution of PYY also means that the gradient 

elution step can be shorter. The time when previously the GLP-1 species were eluting can therefore 

be used for an improved wash step. Method development will also be faster due to the production 

of less data and the need to handle fewer analytes but there is not the advantage of developing a 

single method for multiple types of gut hormones. 

There is the capacity to develop methods for any other expected forms of a gut hormone e.g. PYY 1-

34, as long as a preparation of that form can be manufactured for tuning and standard purposes. A 

requirement for MRM is that a preparation of the analyte of interest is available for tuning the mass 

spectrometer and choosing the appropriate precursor and product ions to study. This preparation 

can also be used as a standard for calibration lines if the purity is known and/or quality control 

samples. One could also use mass spectrometers capable of measuring accurate mass to discover 

new forms of a gut hormone qualitatively and then design MRM MS/MS assays to quantify them. A 

mass spectrometer capable of measuring accurate mass could also be used for quantification of the 

gut hormones providing there are no interferents eluting at the same time. This may be particularly 
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beneficial in increasing sensitivity as there is no requirement for product ion formation, and 

therefore the signal obtained is not split over multiple product ions. 

5.6 The future of LC-MS/MS assays for peptides 

For many clinically relevant analytes, immunoassays are available commercially and used by multiple 

laboratories following standard operating procedures (SOPs) and using the same antibodies and 

reagents (Lassman et al., 2016). External quality assurance (EQA) schemes are in place to allow users 

to compare their results to others using the same immunoassay. Although currently most LC-MS/MS 

methods for clinically relevant analytes are in house and not commercially supported, many are 

signed up to these EQA schemes if available. An in house method is one in which the method has 

been designed, developed, validated and used within a single laboratory.  

However, for GLP-1, PYY and oxyntomodulin there is no standard reference material or method. This 

makes the comparison of assays subjective and inaccurate. This affects both quantification by 

immunoassay and LC-MS/MS (Hoofnagle et al., 2016). If standard reference materials were 

available, then assays could be more easily standardised and transferred between laboratories 

(Percy et al., 2015). Without this standardisation, meta-analysis cannot be performed and the gut 

hormone field remains a series of small scale studies, each comparing to a placebo. Standardisation 

may also allow the elucidation of a concentration above which side effects are more common or a 

concentration at which the increased satiety causes significant weight loss. The previously 

mentioned study in chapter one in which two assays for the same analyte had to be used (Korner et 

al., 2009) illustrates this lack of standardisation. It may be however that a LC-MS/MS assay could 

provide a future reference method (Chappell et al., 2014b) for standardisation of immunoassays. 

The comparison of immunoassays to mass spectrometry has already been published for 

oxyntomodulin although the mass spectrometry method used was not a reference method and 

there was still the issue of the lack of standard reference materials (Lee et al., 2016).  

As the use of LC-MS/MS for peptide gut hormone quantification increases, it is anticipated that the 

manufacture of reference materials for gut hormones will become commercially viable (Lynch, 

2016). This combined with improvements in mass spectrometry technology will allow sensitive and 

specific quantification of gut hormones either by standardised immunoassays or LC-MS/MS assay. 
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