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Abstract 
 
Peptide therapeutics is a field of research in the pharmaceutical industry that has gained 
increased interest over the past decade, primarily due to the unique physicochemical 
properties of therapeutic peptides and the progress in overcoming their inherent limitations. 
Therapeutic peptides are commonly synthesised with solid-phase peptide synthesis (SPPS), 
which often introduces structurally close impurities. Reversed-phase high-performance liquid 
chromatography (RP-HPLC) is an analytical method widely used for peptide impurity analysis. 
However, for highly polar peptides, RP-HPLC shows limited retention, and the per- and 
polyfluoroalkyl substance (PFAS)-associated additive trifluoroacetic acid (TFA) is often 
required to enhance retention. Given the continued expansion of peptide-based drug 

development, alternative separation strategies are needed to improve impurity resolution 
and reduce reliance on TFA. 
 
In this study, hydrophilic interaction liquid chromatography (HILIC) was evaluated as an 
orthogonal method to conventional RP-HPLC for the impurity analysis of synthetic 

pharmaceutical peptides, to expand the chromatographic toolbox for peptide impurity 
analysis due to the unique set of multiple separation mechanisms and complementary 
selectivity in HILIC. This was done by systematically investigating the effects of mobile phase 
pH and buffer salt concentration across five HILIC columns and one reference RP C18 column. 
The most suitable HILIC conditions were then applied to a set of five crude peptides.  
 
The HILIC screening demonstrated that mobile phase pH and choice of stationary phase were 

the main factors governing peptide retention and selectivity, while bIјh!Ŏ concentration 
primarily affected peak shape and retention. The Amide and Luna columns (0.5% AcOH and 
рл Ƴa bIјh!Ŏ, pH 4.3 and рл Ƴa bIјh!Ŏ, pH 6.6) as well as the PMPC column 
(10 mM bIјh!Ŏ, pH 6.5) demonstrated the most robust and consistent performance, and 
peptide hydrophilicity was identified as an important predictor of retention. Application to 
crude peptide samples demonstrated complementary selectivity compared with RP-HPLC, 
enabling the separation of impurities that coeluted on the RP C18 column. Overall, HILIC 
proved to be a practical, TFA-free complementary technique for routine peptide impurity 

analysis.  
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1. Introduction 
1.1 Therapeutic Peptides 
Peptides are naturally occurring biomolecules with essential roles in diverse physiological 
processes. [1, 2, 3] They consist of 2 to 50 specifically ordered amino acids and can condense 
into longer sequences that fold and assemble into proteins. [4] Therapeutic peptides are a 

category of pharmaceutical agents with physical size ranging between small organic 
molecules and larger biomolecules, such as proteins. [5]  Therapeutic peptides can be derived 

from natural sources, [1] produced biologically, [6, 7] or synthesized chemically. [3] They 
influence and mimic biological processes by mostly acting as hormones, [8] ion channel 
ligands, [9] or anti-infective agents. [10] In many cases, they exert their biological function by 

binding to the cell surface receptors, triggering intracellular signal transduction pathways. 
[11]  

 
Insulin was the first peptide to be introduced into clinical use after the initial pancreatic 
extraction and isolation in 1921. [1] Insulin is administered to patients with diabetes mellitus, 
and the discovery and development of insulin have dramatically improved survival and quality 
of life for patients. [12] Since then, the peptide-based drug market has been an expanding 

field of modern medicine, [13] and therapeutic peptides have been developed and approved 
for clinical use across various therapeutic areas, including oncology, anti-infective, 
pulmonary, and dermatology. [11] For example, leuprolide acetate is a synthetic peptide that 
has been optimized as a gonadotropin-releasing hormone agonist and is used in the 
treatment of prostate cancer and endometriosis. [14] Analgesic ziconotide is another 

therapeutic peptide derived from the venom of the marine snail Conus magus and targets N-
type calcium channels and thereby interrupts pain signalling. [15]  

 
As of 2025, approximately 100 peptide-based drugs have been approved for clinical use in 
major global markets, [16] with around 50 of these being approved within the past two 
decades. Numerous additional candidates are in clinical trials and preclinical development. 
The peptide therapeutics market value had in 2025 reached USD 45.21 billion, [17] and by 

2034, projections indicate that this figure will exceed USD 74.98 billion, with a compound 
annual growth rate (CAGR) of 11.1%. 
 
Therapeutic peptides can act as potent inhibitors of protein-protein interactions, [18, 19] 
enabling them to reach targets often inaccessible to small molecules and cover an unmet 

medical need. They generally exhibit high binding affinity and selectivity towards their targets, 
which contributes to high therapeutic efficacy and reduced immunogenicity, systemic 
toxicity, and off-target side effects. [13] In addition, compared to larger and more complex 
therapeutic proteins and antibodies, peptides typically have lower production costs.  
 
Despite these advantages, peptide-based drugs are associated with two intrinsic limitations 
that have posed challenges to their development. [20] The first, and by far most significant, 

is their poor membrane permeability due to their size and amino acid composition. This limits 
their ability to target intracellular processes and prevents many peptides from passing the 
bloodςbrain barrier. [11] The second major limitation of peptides is their low biological 
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stability, since they consist of amino acids connected by easily hydrolysed or cleaved amide 
bonds, often resulting in a short plasma half-life and rapid clearance in vivo. [11] 

1.2 Peptide Synthesis and Post-modification 
Short peptides used in both commercial manufacturing and academic research are commonly 

produced by chemical synthesis, using solid-phase peptide synthesis (SPPS). [21] SPPS is a 
controlled and stepwise process that enables efficient, scalable, and often automated peptide 
production. Longer or structurally complex peptides are more frequently produced through 
biological production methods, including isolation from natural sources or recombinant DNA 
technology. [20] 

 
SPPS is a technique where the target peptide is assembled by the sequential coupling of amino 
acids (Figure 1), while the C-terminus remains covalently attached to a linker and a solid 
support resin during the process. [22, 23] Protecting groups, such as tert-butyloxycarbonyl (t-
Boc) and 9-fluorenylmethoxycarbonyl (Fmoc), [24] are used to ensure reaction selectivity by 
suppressing unwanted side reactions and ensuring the amino acids are added one at a time 
in the correct sequence. Fmoc-SPPS is the most commonly used approach, due to the Fmoc 

group being easily removed by an elimination reaction under mild basic conditions, compared 
to the strong acidic conditions required for t-Boc. [21]  
 

 
CƛƎǳǊŜ мΦ {ŎƘŜƳŀǝŎ ƻǾŜǊǾƛŜǿ ƻŦ {tt{Φ ¢ƘŜ ǇŜǇǝŘŜ ŎƘŀƛƴ ƛǎ ŀǎǎŜƳōƭŜŘ ǎǘŜǇǿƛǎŜ ƻƴ ŀ ǊŜǎƛƴ ǎǳǇǇƻǊǘ ǘƘǊƻǳƎƘ 
ƛǘŜǊŀǝǾŜ ŎȅŎƭŜǎ ƻŦ ŀƳƛƴƻ ŀŎƛŘ ŎƻǳǇƭƛƴƎ ŀƴŘ ǘŜƳǇƻǊŀǊȅ ǇǊƻǘŜŎǝƴƎπƎǊƻǳǇ ǊŜƳƻǾŀƭ ǳƴǝƭ ǘƘŜ ǘŀǊƎŜǘ ǎŜǉǳŜƴŎŜ ƛǎ 
ƻōǘŀƛƴŜŘΦ 

 
The biological function and stability of the therapeutic peptides are dependent on their 
structure. [13] Therefore, structural modifications are often performed after synthesis to 
optimize pharmacological properties and overcome limitations. Common techniques include 

peptide cyclization, conjugation strategies, N- and C-terminal modifications, and sidechain or 
backbone modifications. 
 
During peptide synthesis, regardless of the technique used, various impurity types may form 
alongside the target peptide and remain in the final sample. [5] As the length of 
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pharmaceutical peptides increases, so does the complexity and number of impurities. In the 
development of new pharmaceuticals, it is essential to evaluate immunogenicity risk, 
toxicological profile, and therapeutic efficiency, etc., through preclinical and clinical studies in 
order to meet regulatory requirements and to ensure safe administration to patients. [25] 
Impurities contribute to unwanted or unintended modulation of the overall immunogenicity 
of the drug product and can adversely affect its safety, efficacy, and consistency. Therefore, 
effective removal of impurities and strict control of purity are critical to ensure reliable 
product performance and meaningful clinical results.  
 
One frequently encountered type of impurity in SPPS is sequence deletion peptides, in which 
one or more amino acids are absent from the target sequence (Figure 2). [26] Such an amino 

acid deletion typically arises from incomplete deprotection of the N-terminal temporary 
protecting group, which prevents coupling of the intended amino acid to the growing peptide 
chain. In contrast, sequence insertion peptides contain one or more additional amino acids 
relative to the target sequence (Figure 2). [27] These impurities may arise from the use of 
excess amino acids during the coupling step, leading to unintended incorporation. In addition 

to sequence variations, diastereomeric impurities may originate as a consequence of amino 
acid racemization during the coupling and activation steps. [28]  
 

 
CƛƎǳǊŜ нΦ /ƻƳƳƻƴ ǇŜǇǝŘŜπǊŜƭŀǘŜŘ ƛƳǇǳǊƛǝŜǎ ƛƴǘǊƻŘǳŎŜŘ ŘǳǊƛƴƎ {tt{Φ {ŜǉǳŜƴŎŜ ŘŜƭŜǝƻƴΣ ƛƴ ǿƘƛŎƘ ƻƴŜ ƻǊ ƳƻǊŜ 
ŀƳƛƴƻ ŀŎƛŘǎ ŀǊŜ ŀōǎŜƴǘ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǘŀǊƎŜǘ ǎŜǉǳŜƴŎŜΣ ŀƴŘ ǎŜǉǳŜƴŎŜ ƛƴǎŜǊǝƻƴΣ ƛƴ ǿƘƛŎƘ ƻƴŜ ƻǊ ƳƻǊŜ 
ŀŘŘƛǝƻƴŀƭ ŀƳƛƴƻ ŀŎƛŘǎ ŀǊŜ ƛƴŎƻǊǇƻǊŀǘŜŘ ǊŜƭŀǝǾŜ ǘƻ ǘƘŜ ǘŀǊƎŜǘ ǎŜǉǳŜƴŎŜΦ 

 
Furthermore, side chain modification impurities may be formed through unwanted side chain 

reactions, including oxidation, reduction, or alkylation, if reactive functional groups are 
inadequately protected during synthesis. [29] Unintended intermolecular reactions between 
the peptide chains can also occur, resulting in the formation of high molecular weight dimeric 
peptide impurities. [5]  
 

Following completion of SPPS, insufficient deprotection may lead to peptides that remain 
covalently bound to protecting group adducts. [29] Finally, impurities may also form after 

synthesis through peptide degradation pathways during storage, ƛƴŎƭǳŘƛƴƎ ʲ-elimination, 
succinimide formation, pyroglutamate formation, and diketopiperazine formation. [5]  
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1.3 Peptide Purification and Purity Analysis 
Removal of these unwanted peptide-based impurities from peptide samples can be 
challenging because of the high degree of structural homology hence very similar chemical 
and physical properties between them. [30] Therefore, peptide purification requires robust 
and accurate analytical separation methods for efficient removal of these impurities. The 

crude peptide sample are typically first subjected to impurity analysis in order to investigate 
and characterise the impurity profile, and to identify a method that effectively separate the 

target from its impurities (Figure 3). The optimised analytical method is then scaled up to 
preparative purification to handle larger batch sizes. During preparative purification the 
impurities are separated from the target peptide, and the purified product is collected in 
discrete fractions for pooling and subsequent characterisation. [31] 
 

 
CƛƎǳǊŜ оΦ hǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ǇŜǇǝŘŜ ǇǳǊƛŬŎŀǝƻƴ ǿƻǊƪƅƻǿΦ tŜǇǝŘŜπǊŜƭŀǘŜŘ ƛƳǇǳǊƛǝŜǎ ŀǊŜ ƛƴǘǊƻŘǳŎŜŘ ōȅ {tt{ ŀƴŘ 
ǘƘŜƴ ƛŘŜƴǝŬŜŘ ǘƘǊƻǳƎƘ ƛƳǇǳǊƛǘȅ ŀƴŀƭȅǎƛǎΦ ¢ƘŜ ŀƴŀƭȅǝŎŀƭ ƳŜǘƘƻŘ ƛǎ ǘƘŜƴ ǎŎŀƭŜŘ ǳǇ ǘƻ ǇǊŜǇŀǊŀǝǾŜ ǇǳǊƛŬŎŀǝƻƴ ǘƻ 
ŀŎŎƻƳƳƻŘŀǘŜ ƭŀǊƎŜǊ ōŀǘŎƘ ǎƛȊŜǎΦ ¢ƘŜ ǇǳǊƛŬŜŘ ǇŜǇǝŘŜ ƛǎ ǘƘŜƴ ǎǳōƧŜŎǘŜŘ ǘƻ ŎƘŀǊŀŎǘŜǊƛǎŀǝƻƴ ǇǊƛƻǊ ǘƻ ŦǳǊǘƘŜǊ 
ǎǘǳŘƛŜǎΦ ώонΣ ооϐ 

 
In peptide drug development, novel candidates are routinely synthesized and purified as part 

of ongoing research. Because each peptide presents distinct properties, each candidate may 
present unique analytical challenges, and no single analytical technique is universally 
applicable. Therefore, complementary analytical separation techniques based on different 
retention mechanisms, commonly referred to as orthogonal methods in chromatography, 
[34] are required for rapid method selection and optimization for efficient separation and 
continued drug development. [30] 
 

The most widely used technique for peptide impurity analysis is reversed-phase (RP) high-
performance liquid chromatography (HPLC), which traditionally is considered the gold 
standard due to its speed and efficiency. [31] Other approaches include size-exclusion (SEC) 

chromatography, ion-exchange (IEX) chromatography, supercritical fluid chromatography 
(SFC), and capillary electrophoresis (CE). [30] 
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1.3.1 Reversed-phase Chromatography 

HPLC is a liquid phase separation technique in which high pressure pumps are used to push 
the mobile phase and the sample through a column packed with a stationary phase composed 
of fine particles. [35] Separation occurs within the column based on the level of interaction 
between the peptides and the stationary phase. Peptides that interact more strongly with the 

stationary phase elute later, and peptides with weaker interactions elute earlier.  
 
HPLC is commonly coupled to mass spectrometry (MS) for detection through an ionisation 
source that generates gas-phase ions from the eluent. [35] These ions are separated and 
detected according to their mass-to-charge ratio (m/z). In parallel, UV detection can be 

applied, where the absorbance of the eluting compounds is measured at selected 
wavelengths, generating peaks proportional to the analyte concentration. 

 
In RP-HPLC, the stationary phase is non-polar, such as silica chemically bonded with C18 alkyl 
chains. [31] The mobile phase is moderately polar and is usually composed of an aqueous 
solvent, such as water, mixed with an organic solvent, such as acetonitrile (ACN), where the 
organic solvent has the higher eluent strength. [36] The separation is primarily based on 

differences in the hydrophobicity of the peptides, with more hydrophobic peptides 
interacting more strongly with the stationary phase and therefore demonstrating longer 
retention times.  

1.3.2 Size-exclusion Chromatography 

SEC is another separation technique traditionally used for peptide impurity analysis. [31] It 
separates peptides based on differences in their molecular size by using column packing 
materials with different pore sizes. [37] Separation occurs due to differences in peptide access 

to the pores, where larger peptides are mainly excluded from the pores and therefore elute 
first, [35] while smaller peptides can penetrate the pores and travel through a larger effective 

volume and therefore elute at later retention times.  

1.3.3 Ion-exchange Chromatography 

IEX is an additional separation technique traditionally used for peptide impurity analysis. [31] 
In IEX, peptides are separated primarily based on the attraction with the stationary phase, 
which arises from the surface charge of the peptide. [38] Two main modes of IEX are 
employed,  in anion exchange chromatography, the stationary phase is positively charged and 
retains negatively charged peptides. [35] In contrast, cation exchange chromatography has a 
negatively charged stationary phase that retains positively charged peptides. 

1.3.4 Hydrophilic Interaction Liquid Chromatography 

Hydrophilic interaction liquid chromatography (HILIC) is a comparatively underexplored and 

less commonly applied technique for peptide impurity analysis. [31, 39] The stationary phase 
is polar, [35] typically consisting of silica or silica functionalized with polar ligands. [40] The 
mobile phase contains a high percentage of a water-miscible organic solvent, such as ACN, 
often mixed with at least 5% water, where water has higher eluent strength. [35] Upon 
column equilibration, a water-rich layer is formed on the stationary phase surface (Figure 4). 
[41]  
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In HILIC,  retention generally increases with peptide polarity [39] and arises from a 
combination of hydrophilic partitioning into the water-rich layer, surface adsorption, and 
electrostatic interactions (Figure 4). [35, 42] However, the relative contributions of these 
retention mechanisms depend strongly on the peptide properties, the stationary phase, and 
experimental conditions, and  are therefore difficult to predict. [43]  
 

 
CƛƎǳǊŜ пΦ ! ǎŎƘŜƳŀǝŎ ǊŜǇǊŜǎŜƴǘŀǝƻƴ ƻŦ ŀ IL[L/ ŎƻƭǳƳƴΣ ǎƘƻǿƛƴƎ ŀ ǇƻƭŀǊ ǎǘŀǝƻƴŀǊȅ ǇƘŀǎŜΣ ŀƴ ƛƳƳƻōƛƭƛȊŜŘ ǿŀǘŜǊπ
ǊƛŎƘ ƭŀȅŜǊΣ ŀƴŘ ŀƴ ƻǊƎŀƴƛŎ ƳƻōƛƭŜ ǇƘŀǎŜΦ tŜǇǝŘŜ ǎŜǇŀǊŀǝƻƴ ƻŎŎǳǊǎ ǘƘǊƻǳƎƘ ǇŀǊǝǝƻƴƛƴƎ ƛƴǘƻ ǘƘŜ ǿŀǘŜǊπǊƛŎƘ ƭŀȅŜǊΣ 
ŀǎ ǿŜƭƭ ŀǎ ǘƘǊƻǳƎƘ ƛƴǘŜǊŀŎǝƻƴǎ ǿƛǘƘ ǘƘŜ ǎǘŀǝƻƴŀǊȅ ǇƘŀǎŜΦ 

 

1.3.5 Current Limitations and Challenges in Peptide Purification and Analysis 

A general limitation in peptide impurity analysis is that many chromatography techniques rely 
primarily on a single physicochemical property for separation. [31, 34] In RP-HPLC, SEC, and 

IEX, separation is mainly based on peptide hydrophobicity, size, or charge, respectively. As a 
result, structurally and chemically similar peptide impurities often show comparable 
chromatographic behaviour to that of the target peptide, which can result in insufficient 
separation. 
 
A second limitation is that RP-HPLC demonstrates limited retention of highly polar peptides 
[30] and therefore, often requires trifluoroacetic acid (TFA) as an ion-pairing additive to 

enhance retention. [44] TFA interacts with basic residues in peptides, increasing their 
hydrophobicity while also suppressing undesired ionic interactions with the stationary phase. 
[45] However, TFA is a subgroup of per- and polyfluoroalkyl substances (PFAS) [46] and has 
raised serious environmental and health concerns, with increasing recommendations to 
reduce and replace its use. [47] Another drawback is that TFA is not biologically inert and has 
been shown to influence cellular responses, receptor activity, and immunogenicity, 
potentially affecting peptide efficacy and toxicity in vitro and vivo studies. [48] Residual 
trifluoroacetate may therefore confound the interpretation of preclinical and clinical results 
and is generally considered incompatible in pharmaceutical applications. As a result, peptides 
purified using TFA typically require an additional counterion exchange step to replace 
trifluoroacetate with a more biocompatible counterion. 
 
In contrast, HILIC separation relies on multiple retention mechanisms [35] and has been 
successfully applied to impurity profiling of synthetic cyclic peptides [34] as well as the 
separation of positional peptide isomers. [49] The technique also offers high column 
efficiency [50] and improved detection sensitivity. [51] Because retention generally increases 
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with peptide polarity in HILIC, the method provides orthogonal selectivity compared to RP-
HPLC. [39, 52] This makes HILIC a promising alternative for the analysis of highly polar 
peptides without the need for harmful TFA, thereby avoiding residual trifluoroacetate and 
eliminating the requirement for additional counterion exchange. Furthermore, the higher 
organic fraction of HILIC mobile phases can reduce the post-purification work further in terms 
of solvent evaporation and freeze-drying times.  

1.4 AstraZeneca 
AstraZeneca is a global pharmaceutical company focused on the discovery, development, and 
manufacturing of therapeutics across three main areas: oncology, biopharmaceuticals, and 

rare diseases. [53]  Within biopharmaceuticals, key disease areas include cardiovascular, renal 
and metabolic diseases, respiratory and immunology diseases, as well as vaccines and 
immune therapies. Peptide-based therapeutics represent one of several modalities currently 
being evaluated within these areas.  
 
New therapeutic peptide candidates under development are commonly synthesized by SPPS, 
and the impurity profile is analysed prior to purification and further biological studies. These 

analytical activities are part of the daily work performed at the separation science laboratory 
(SSL) at AstraZeneca.  

1.5 Aim of the Study  
The primary aim of this study was to explore the orthogonality between HILIC and 

conventional RP-HPLC for the analysis of impurities in synthetic pharmaceutical peptides, thus 
expanding the chromatographic toolbox available for peptide impurity analysis. A secondary 
aim was to identify suitable HILIC conditions for a rapid, TFA-free, and practical HILIC method 

for routine peptide impurity analysis in a pharmaceutical laboratory setting. 
 

To achieve this, a systematic screening of nine mobile phases was performed across five HILIC 
columns and compared with a conventional RP C18 column. The influence of mobile phase 
pH and buffer salt concentration on retention, selectivity, and performance was investigated 

to identify HILIC conditions suitable for crude peptide analysis. The most promising HILIC 
conditions were then applied to five crude peptide samples to evaluate their performance in 

a realistic impurity analysis setting.  
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2. Materials and Methods 
2.1 Chemicals 
Milli-Q ultrapure water and acetonitrile (hypergrade for LCςa{ җффΦф҈Σ aŜǊŎƪ aƛƭƭƛǇƻǊŜΣ 
Burlington, US) were used for sample and mobile phase preparation. Acetic acid (99.8%, Acros 
hǊƎŀƴƛŎǎΣ DŜŜƭΣ .ŜƭƎƛǳƳύΣ ŀƳƳƻƴƛǳƳ ōƛŎŀǊōƻƴŀǘŜ όҗффΦф҈Σ aŜǊŎƪ aƛƭƭƛǇƻǊŜΣ .ǳǊƭƛƴƎǘƻƴΣ ¦{ύ, 
ŀƴŘ ŀƳƳƻƴƛǳƳ ŀŎŜǘŀǘŜ όǇǳǊƛǎǎΣ җфу҈Σ {ŜŜƭȊŜΣ DŜǊƳŀƴȅύ ǿŜǊŜ ŜƳǇƭƻȅŜŘ ŀǎ ƳƻōƛƭŜ ǇƘŀǎŜ 

additives and buffering agents.  
 
The peptides used in this project included desmopressin and carbetocin (MedChemExpress, 
bŜǿ WŜǊǎŜȅΣ ¦{ύΣ ŀƴƎƛƻǘŜƴǎƛƴ LL ƘǳƳŀƴ όҗфо҈Σ {ƛƎƳŀΣ {ǘΦ [ƻǳƛǎΣ ¦{ύΣ ƭŜǳŎƛƴŜ-enkephalin, 

leuprolide, and triptorelin (Bachem, Bubendorf, Switzerland). The additional peptides 
adrenocorticotropic hormone (ACTH), a liraglutide analogue, and somatostatin were 
synthesized internally and kindly provided by AstraZeneca, along with the crude peptides.  

2.1.1 Reference Peptide Mixture 

The reference peptide mixture consisted of nine commercially available peptides (Table 1). 

 
¢ŀōƭŜ мΦ tŜǇǝŘŜǎ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜΦ ¢ƘŜ ƛǎƻŜƭŜŎǘǊƛŎ Ǉƻƛƴǘ όǇLύ ƻŦ ŎŀǊōŜǘƻŎƛƴ ƛǎ ƴƻǘ 
ŘŜǘŜǊƳƛƴŜŘΦЮ

 

Peptide Molecular 

Weight 
(g/mol)

Chemical 

Formula

Sequence pI

1 desmopressin 1069.24 C46H64N14O12S2 H-Cys-Tyr-Phe-Gln-Asn-Cys-Pro-D-Arg-

DƭȅπbIі

8.3

2 angiotensin II 1046.20 C50H71N13O12 H-Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-OH7.8

3 leucine-enkephalin 555.63 C28H37N5O7 H-Tyr-Gly-Gly-Phe-Leu-OH 6.0

4 ACTH 4541.14 C207H308N56O58S H-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-

Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg-

Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-Gly-

Ala-Glu-Asp-Glu-Ser-Ala-Glu-Ala-Phe-

Pro-Leu-Glu-Phe-OH

7.4

5 triptorelin 1311.47 C64H82N18O13 H-Pyr-His-Trp-Ser-Tyr-D-Trp-Leu-Arg-

tǊƻπDƭȅπbIі

11.2

6 leuprolide 1209.42 C59H84N16O12 H-Pyr-His-Trp-Ser-Tyr-D-Leu-Leu-Arg-

Pro-NHEt

11.3

7 somatostatin 1637.91 C76H104N18O19S2 H-Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-

Lys-Thr-Phe-Thr-Ser-Cys-OH

8.3

8 liraglutide analogue3512.85 C156H235N43O50 H-His-Ala-Glu-Gly-Thr-Phe-Thr-Ser-

Asp-Val-Ser-Ser-Tyr-Leu-Glu-Gly-Gln-

Ala-Ala-Lys-Glu-Phe-Ile-Ala-Trp-Leu-

Val-Arg-Gly-Arg-Gly-OH

5.5

9 carbetocin 988.18 C45H69N11O12S H-Cys-Tyr(Me)-Ile-Gln-Asn-Cys-Pro-

[ŜǳπDƭȅπbIі

 -



9 

 

For the reference peptide mixture (Table 1), peptides with different properties, such as 
molecular weight, structure, and isoelectric point (pI), were selected to represent a broad 
range of peptides relevant to pharmaceutical peptide development. In addition, peptide pairs 
5 and 6, and 1 and 9, which differ by only two amino acids each and exhibit high structural 
similarity, were included to evaluate the ability of HILIC to resolve closely related peptides. 
The liraglutide included in the reference peptide mixture was an analogue lacking the lipid 
moiety. The peptide structures and their calculated net charge under each mobile phase (MP) 
condition applied and peptide descriptors are provided as supplementary information (Figure 
20 and Tables 10 and 12, Appendix A).  

2.1.2 Crude Peptides 

The HILIC conditions were evaluated using a set of internally synthesized crude peptides 
(Table 2), both crude of cyclic (oxidized) and linear (reduced) somatostatin were included.  
Several of these peptides are not commercially available, and detailed structural information 
cannot be disclosed, these peptides are presented using coded names. The calculated net 

charge of each crude peptide under the different mobile phase conditions applied is provided 
as supplementary information (Table 11, Appendix A). 
 
¢ŀōƭŜ нΦ /ǊǳŘŜ ǇŜǇǝŘŜǎ ǳǎŜŘ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜ IL[L/ ƳŜǘƘƻŘǎΦ  

 
 

2.2 Experimental 
Mili -Q water 
The ultrapure water was dispensed and filtered using a Milli-Q Q-Pod system (Merck 
Millipore, Burlington, US). 

pH measurements 
The pH measurements were performed with a SevenCompact Duo pH/ion meter (Mettler 

Toledo, Greifensee, Switzerland).  

2.2.1 Ultra-Performance Liquid Chromatography 

The analytical instrument used in this project was a Waters ACQUITY UPLC system equipped 
with a Waters 2998 photodiode array detector and a Waters SQD-2 electrospray ionization 
single quadrupole mass spectrometer. The data acquisition and processing were performed 

using MassLynx 4.2 software.  

2.2.2 Columns 

Six analytical columns were evaluated, one reference RP column and five HILIC columns with 
different stationary phase chemistries (Table 3). All columns had a dimension of 100 mm x 
2.1 mm, and the Daicel columns are synthetic polymeric selectors. Detailed information on 

Crude Peptide Molecular Weight

(g/mol)

Structure pI

cyclic somatostatin 1637.90 cyclic 8.3

linear somatostatin 1639.91 linear  -

crude A 1789.04 cyclic 4.1

crude B 3973.21 linear 9.0

crude C 4310.77 bicyclic 9.2
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the stationary phase structures and additional specifications is provided ŀǎ ǎǳǇǇƭŜƳŜƴǘŀǊȅ 
ƛƴŦƻǊƳŀǝƻƴ ό¢ŀōƭŜ мо ŀƴŘ CƛƎǳǊŜ нмΣ !ǇǇŜƴŘƛȄ !ύΦ  
 
The HILIC Amide and Luna columns have neutral stationary phases, while the HILIC PMPC 
column is zwitterionic with phosphorylcholine groups on the stationary phase. The HILIC PTZ 
column is classified as acidic, containing tetrazolyl moieties that are deprotonated above 
pH 5, [54] and the HILIC P4VP column is basic, with poly(4-vinylpyridine) moieties that are 
protonated under acidic conditions. [55]  
 
According to the manual supplied by the manufacturer, the P4VP column should be operated 
at temperatures below 40 °C. For the purposes of comparing columns in the screening study, 

the column was used slightly above this recommended temperature to ensure consistent 
experimental conditions across all columns.  
 
¢ŀōƭŜ оΦ !ƴŀƭȅǝŎŀƭ ŎƻƭǳƳƴǎ ŜǾŀƭǳŀǘŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅΦ ¢ƘŜ wt /му ŎƻƭǳƳƴ ŀƴŘ ǘƘŜ !ƳƛŘŜ ŎƻƭǳƳƴ ƭƛƎŀƴŘǎ ŀǊŜ ƭƛƴƪŜŘ 
ǘƻ ōǊƛŘƎŜ ŜǘƘȅƭŜƴŜ ƘȅōǊƛŘ ό.9Iύ ǇŀǊǝŎƭŜǎΦ 

 
 

2.2.3 General Chromatographic Conditions 

Chromatographic analyses were performed at a flow rate of 0.40 ml/min and a column 
temperature of 45 °C. The UV spectra was extracted at 230 nm, and the MS was acquired in 
positive mode within the range of m/z 300-3000. 

 
Each HILIC method had a total run time of 13 minutes, comprising a 10-minute gradient (from 

0-10 min), a 3-minute wash segment (from 10-13 min), and a final return to starting 
conditions. Each RP method had a total run time of 12.5 minutes, comprising a 10-minute 
gradient (from 0-10 min), a 2.5-minute wash segment (from 10-12.5 min), and a final return 

to starting conditions.  
 

Different gradients were employed, depending on the column and mobile phase combination 
(Table 4). Injection volumes were 1.0 µl for all analyses, except for the C18 column at MP 1 

and the Amide column at MP 1, MP 2, MP 4, and MP 5, where a reduced injection volume of 
0.5 µl was used. 
 

Prior to each individual HILIC run, a 6-minute equilibration at the initial mobile phase 
composition was performed to ensure equilibration of the stationary phase and the water-

Column Manufacturer Mode Stationary Phase Particle Size 

(µm)

XBridge BEH C18 Waters RP Xbridge BEH C18 2.5  

XBridge BEH Amide Waters HILIC Xbridge BEH Amide 2.5

Luna Polar Pesticides Phenomenex HILIC Proprietary polar 3.0

DCpak PMPC Daicel HILIC Poly(2-Methacryloyloxyethyl 

phosphorylcholine)

3.0

DCpak PTZ Daicel HILIC Poly N-(1H-tetrazole-5-yl)

methacrylamide

3.0

DCpak P4VP Daicel HILIC Poly(4-vinylpyridine) 3.0
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rich layer. Reproducibility was assessed through back-to-back duplicate injections on all 
columns during the screening.  
 
¢ŀōƭŜ пΦ DǊŀŘƛŜƴǘǎ ǳǎŜŘ ŦƻǊ ŜŀŎƘ ŎƻƭǳƳƴ ŀƴŘ ƳƻōƛƭŜ ǇƘŀǎŜ ŎƻƳōƛƴŀǝƻƴΣ ǊŜǇƻǊǘŜŘ ŀǎ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ǎƻƭǾŜƴǘ .Φ 

 
 

2.2.4 Mobile Phases 

Nine different mobile phase compositions were evaluated, varying in pH, additives, and buffer 
salt concentration (Table 5). Acetic acid (AcOH), ammonium bicarbonate (bIјI/hї), and 
ammonium acetate (NH4OAc) were employed as mobile phase additives and buffering agents. 
Buffer salt was only added to mobile phase B once, due to solubility limitations at high ACN 
concentrations. 
 
¢ŀōƭŜ рΦ aƻōƛƭŜ ǇƘŀǎŜ ŎƻƳǇƻǎƛǝƻƴǎ ŜǾŀƭǳŀǘŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅΦ  

 
 

2.3 Methods 

2.3.1 Preparation of the Reference Peptide Mixture and the Mobile Phases 

The following peptides were provided as individual stock solutions by AstraZeneca: 
leucine-enkephalin, ACTH, triptorelin, leuprolide, somatostatin, and carbetocin, each at a 
concentration of 10 mg/ml. Desmopressin was provided at a concentration of 5 mg/ml. All 
stocks had been prepared in 50% ACN and 50% water. 

XBridge BEH 

C18

XBridge BEH 

Amide

Luna Polar 

Pesticides

DCpak PMPCDCpak PTZ DCpakP4VP

MP 1 10% - 50% 100% - 55% 100% - 80% 100% - 80% 95% - 45% 100% - 80%

MP 2 10% - 50% 100% - 55% 95% - 70% 100% - 80% 95% - 45% 100% - 80%

MP 3 10% - 50% 100% - 55% 95% - 60% 100% - 80% 95% - 45% 100% - 60%

MP 4 10% - 50% 100% - 55% 95% - 70% 100% - 80% 95% - 45% 100% - 80%

MP 5 10% - 50% 100% - 55% 95% - 70% 100% - 80% 95% - 45% 100% - 80%

MP 6 10% - 50% 100% - 55% 95% - 60% 100% - 80% 95% - 45% 100% - 60%

MP 7 10% - 50% 100% - 55% 95% - 60% 100% - 80% 95% - 45% 100% - 60%

MP 8 10% - 50% 100% - 55% 95% - 60% 100% - 80% 95% - 45% 100% - 60%

MP 9 10% - 50% 100% - 55% 100% - 80% 100% - 55% 100% - 80% 100% - 60%

MP A

Water

MP B

95% ACN + 5% water

pH
Column

MP 1  + 0.5% AcOH  + 0.5% AcOH 2.8 C18

MP 2  Ҍ рл Ƴa bIјh!Ŏ Ҍ лΦр҈ !ŎhI + 0.5% AcOH 4.3 Amide

MP 3  Ҍ рл Ƴa bIјh!Ŏ  - 6.6

MP 4  Ҍ мл Ƴa bIјh!Ŏ Ҍ лΦнп҈ !ŎhI  + 0.24% AcOH 4.0

MP 5  Ҍ мл Ƴa bIјh!Ŏ Ҍ лΦнп҈ !ŎhI  Ҍ лΦнп҈ !ŎhI Ҍ мл Ƴa bIјh!Ŏ4.0

MP 6  Ҍ мл Ƴa bIјh!Ŏ  - 6.5

MP 7  Ҍ рл Ƴa bIјI/hї - 7.8

MP 8  Ҍ млл Ƴa bIјh!Ŏ - 6.4

MP 9  -  - 6.6



12 

 

Additional stock solutions for angiotensin II and liraglutide analogue were prepared. 5.3 mg 
of angiotensin II was dissolved in 0.25 ml of water and 0.25 ml of ACN to yield a final 
concentration of 10.6 mg/ml. 5.2 mg liraglutide analogue was dissolved in 0.25 ml of water 
and 0.25 ml of ACN to yield a final concentration of 10.4 mg/ml.  
 
CƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǘƛŘŜ ƳƛȄǘǳǊŜΣ п ˃ƭ ƻŦ ŜŀŎƘ ǎǘƻŎƪ ǿŀǎ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ŀ ǎƛƴƎƭŜ ǘǳōŜΣ 
ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ нн ˃ƭ of ACN ŀƴŘ нн ˃ƭ of water. The resulting mixture had a total 
ǾƻƭǳƳŜ ƻŦ ул ˃ƭ ŀƴŘ a concentration of 0.5 mg/ml per peptide, except for desmopressin at 
0.25 mg/ml. Ten samples were prepared with the same method and stored in the freezer.   
 
The mobile phases were prepared in 1 L solvent bottles. For solvent A, the required amount 

of buffer salt was dissolved in water, after which AcOH was added, and the pH was adjusted 
and measured. For solvent B, the required amount of buffer salt was first dissolved in water, 
followed by the addition of ACN and AcOH.  

2.3.2 Analysis of Samples 

Individual chromatograms and corresponding MS data were reviewed to identify 
characteristic m/z signals corresponding to the protonated molecular ions [M+H]+ for each 
peptide. Then the reference peptide mixture was analysed, and peaks were assigned by 
matching observed m/z values to the expected masses of each peptide to confirm 
composition. 
 
The screening was initiated using MP 1 to establish suitable gradient conditions for each 
column. MP 1-MP 9 were then systematically evaluated across all six columns, divided into 
three sets, using the reference peptide mixture. The first set, MP 2, MP 4, and MP 5, evaluated 
the effect of NH4OAc addition and concentration (10 mM and 50 mM) in MP A and/or MP B 
(10 mM) at pH 4. The second set, MP 3, MP 6, and MP 8, explored the effect of NH4OAc 

addition and concentration (0 mM, 10 mM, 50 mM, and 100 mM) in MP A at pH 6.5. The third 
set, MP 1, MP 2, MP 3, and MP 7, investigated the influence of different pH (2.8, 4.3, 6.6, and 
7.8) in MP A. Gradients and injection volumes were adjusted when necessary. 
 
The crude peptides were analysed individually under both the reference RP-HPLC method and 

the more optimal HILIC methods obtained, with further optimization of the gradient and 
injection volume when required. 

2.4 Data Analysis  
Chromatographic and MS data were acquired and initially processed in MassLynx. Data were 

exported to Excel (Microsoft 365) for curation and generation of chromatograms and tables. 
Further data handling, statistical analyses, and visualizations were performed in R Statistical 

Software (version 4.4.1) [56] using the R packages tidyverse, [57] corrplot, [58] ggbreak, [59] 
and viridis. [60] Only peptides eluting in the gradient (0-10 min) were included in the data 
analysis. 

 
Retention times for the peptides in the reference peptide mixture were converted into the 

corresponding percentage of solvent B at elution (%B), which was used to evaluate conditions 
over columns and gradients. In cases where peptides exhibited double peaks, both resolved 
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and unresolved peaks, the retention time of the first eluting peak was used. Peptides eluting 
in the post gradient wash (from 10-13 min) were assigned the final gradient %B plus 0.1.  
 
An elution order rank (1-9) was assigned for each peptide based on retention time. In cases 
of partially overlapping peaks, the elution order was determined by inspecting the extracted 
ion chromatogram. Each peptide was further classified as eluting in the gradient (from 0-
10 min), in the wash phase (from 10ς13 min), or not eluting at all under all applied conditions.  
 
The separation was evaluated using a scoring system, where each peptide was assigned a 
separation score.  A score of three for baseline separation, a score of two for partial shoulder 
separation, and a score of one for elution without separation from adjacent peaks, and a score 

of zero for not eluted in the gradient. Peak shape symmetry was visually evaluated. 
 
To further investigate which peptide properties influenced the retention behaviour on the 
HILIC and RP columns under different mobile phase conditions, Pearson correlation 
coefficients (r) were calculated between %B and each selected peptide descriptor. Peptide 

descriptors and net peptide charge values were computed and provided in-house by 
AstraZeneca and are provided as supplementary information (Tables 10-12, Appendix A). The 
selected descriptors were chosen to represent different physicochemical properties of the 
peptides. 
 
The average hydrophilicity was included to represent the overall hydrophilicity of the 
peptides based on their amino acid composition, calculated using data from Hopp&Woods. 

[61] Topological polar surface area (TPSA) was selected to represent the overall polarity of 
the peptides, while the octanol-water partition coefficient (LogP) was used to represent 
peptide hydrophobicity. Net peptide charge was included to describe the overall charge of 
the peptides at a given pH and was based on the balance between positively and negatively 
charged residues. Molecular weight was also selected. 
 
In addition, descriptors corresponding to specific functional groups were included to further 
assess the contribution of distinct chemical functionalities to retention behaviour, including 

the number of amide groups, carboxylate groups, aliphatic groups, and secondary amino 
groups.  
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3. Results and Discussion 
3.1 HILIC Condition Screening 
To identify suitable HILIC conditions for peptide impurity analysis, a systematic screening was 
performed. Nine mobile phases with variations in pH and buffer salt concentration were 
explored (Table 5) across five HILIC columns and one standard RP C18 column (Table 3), using 
a reference peptide mixture (Table 1). Individual chromatograms, retention times, %B, and 

separation scores from the screening are provided ŀǎ ǎǳǇǇƭŜƳŜƴǘŀǊȅ ƛƴŦƻǊƳŀǝƻƴ όCƛƎǳǊŜǎ ннπ
тр ŀƴŘ ¢ŀōƭŜǎ мпπррΣ !ǇǇŜƴŘƛȄ .ύΦ  
 
Selectivity in HILIC is influenced by several experimental parameters, with the stationary 

phase generally having the greatest impact, followed by mobile phase pH, organic solvent 
composition, and buffer salt concentration. [62] These parameters can be adjusted during 
method development to identify optimal conditions. [35] Therefore, the screening also aimed 
to investigate the effects of mobile phase pH and buffer salt concentration on retention and 
selectivity across different HILIC stationary phases. 

3.1.1 Effect of NH4OAc Addition and Concentration at pH 4 

In HILIC, buffer salt can shield charged groups on both the peptides and the stationary phase, 

thereby reducing electrostatic interactions. [63] This can improve peak shape and 
chromatographic performance. [64] Furthermore, hydrated counterions may facilitate the 
partitioning of charged peptides into the water-rich layer on the HILIC stationary phase, thus 

affecting peptide retention. [64] Therefore, an initial screening task at pH 4 was performed to 
explore the influence of NH4OAc addition and concentration in mobile phase A (10 mM and 

50 mM) and/or mobile phase B (10 mM) across the five HILIC columns and the reference 
RP C18 column (Figure 5).  
 

The mobile phases in which NH4OAc was present only in mobile phase A generally yielded 
qualitatively good chromatographic separations across all HILIC columns (Figure 5), with the 

exception of the P4VP column, where the peaks were generally broader, resulting in a lower 
UV peak intensity (Figure 5F). In contrast, the mobile phase containing NH4OAc in both mobile 
phase A and B resulted in a broad undefined peak on most HILIC columns (Figures 5B-5D and 

5F). This may be related to the limited solubility of NH4OAc under high ACN conditions, as 
ƻƴƭȅ мл Ƴa bIјh!Ŏ ŎƻǳƭŘ ōŜ ŘƛǎǎƻƭǾŜŘ ƛƴ фр҈ !/b ǿƛǘƘ р҈ ǿŀǘŜǊ during mobile phase 

preparation. This may have resulted in phase separation or pump mixing effects when mobile 
phase A and B were combined in the system. Since this made peak analysis almost impossible, 

this mobile phase condition was excluded from further evaluation. 
 
Increasing the NH4OAc concentration from 10 mM to 50 mM at pH 4 resulted in the elution 

of an equal or greater number of peptides (Figure 6A) and an improved peak shape symmetry 
(Figure 5) across the HILIC columns. This is likely due to more effective shielding of charged 

groups on both the peptides and the stationary phase at higher NH4OAc concentration, 
resulting in reduced electrostatic interactions.  
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CƛƎǳǊŜ рΦ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ƛƴ мл Ƴƛƴ ŀŎǊƻǎǎ ǘƘŜ ŎƻƭǳƳƴǎ !Φ /му wt ŦǊƻƳ 
мл҈ ǘƻ рл҈ at . .Φ !ƳƛŘŜ IL[L/ ŦǊƻƳ млл҈ ǘƻ рр҈ at . /Φ [ǳƴŀ IL[L/ ŦǊƻƳ фр҈ ǘƻ тл҈ at . 5Φ tat/ IL[L/ 
ŦǊƻƳ млл҈ ǘƻ ул҈ at . 9Φ t¢½ IL[L/ ŦǊƻƳ фр҈ ǘƻ пр҈ at . CΦ tп±t IL[L/ ŦǊƻƳ млл҈ ǘƻ ул҈ at .Φ CƻǊ ǘƘŜ 
ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at н όǘƻǇ ǘǊŀŎŜΣ at ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhI Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ 
ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIύ ŀǘ ǇI пΦоΣ at р όƳƛŘŘƭŜ ǘǊŀŎŜΣ at ! ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhI Ҍ мл Ƴa bIјh!ŎΣ at . фр҈ !/b 
Ҍ р҈ ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhI Ҍ мл Ƴa bIјh!Ŏύ ŀǘ ǇI пΦл ŀƴŘ at п όōƻǧƻƳ ǘǊŀŎŜΣ at ! ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhI Ҍ 
мл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhIύ ŀǘ ǇI пΦлΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ 
ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 
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Increasing the NH4OAc concentration affected peptide retention across all HILIC columns but 
showed no general trend (Figure 6B). The PTZ column showed the greatest sensitivity to the 
increase in NH4OAc concentration, while the RP C18 column was the least affected (Figure 
6C). Within each HILIC column, all peptides shifted in the same direction with increased 
bIјh!Ŏ ŎƻƴŎŜƴǘǊŀǘƛƻƴ όCƛƎǳǊŜ 6D), indicating that the effect in these conditions is primarily 
dependent on the column rather than specific peptide properties. 
 
Interestingly, only peptides 9 and 3 could be eluted on the PTZ column (Figure 5E), even when 
the ACN content was reduced to 45%, indicating a strong interaction between positively 
charged peptides and the acidic but neutral PTZ column at pH 4. The aromatic ring on the PTZ 

stationary phase is protonated neutral at pH 4 and could potentially have a strong preference 
for peptides via ̄-stacking at evaluated conditions. 

 
CƛƎǳǊŜ сΦ ¢ƘǊƻǳƎƘƻǳǘ ǘƘŜ ǎƛȄ ŎƻƭǳƳƴǎ ŀǘ мл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI пΦл ŀƴŘ рл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI пΦоΦ 
!Φ LƴŘƛǾƛŘǳŀƭ ǇŜǇǝŘŜǎ ŜƭǳǘŜŘ ƛƴ ǘƘŜ ƎǊŀŘƛŜƴǘΣ ǿŀǎƘ ǇƘŀǎŜΣ ƻǊ ŘƛŘ ƴƻǘ ŜƭǳǘŜ ŀǘ ŀƭƭ .Φ LƴŘƛǾƛŘǳŀƭ ǇŜǇǝŘŜ ǊŜǘŜƴǝƻƴ 
ŀǎ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ƳƻōƛƭŜ ǇƘŀǎŜ . ό҈.ύ /Φ !ōǎƻƭǳǘŜ ƳŜŀƴ ŎƘŀƴƎŜ ƛƴ ҈. ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ 5Φ 
/ƘŀƴƎŜ ƛƴ ǊŜǘŜƴǝƻƴ ƎƛǾŜƴ ŀǎ ҈. ŦƻǊ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭ ǇŜǇǝŘŜǎΦ tƻǎƛǝǾŜ ɲ҈. ƛƴŘƛŎŀǘŜǎ ǊŜŘǳŎŜŘ ǊŜǘŜƴǝƻƴΣ ŀƴŘ 
ƴŜƎŀǝǾŜ ɲ҈. ƛƴŘƛŎŀǘŜǎ ƛƴŎǊŜŀǎŜŘ ǊŜǘŜƴǝƻƴ ŀǘ ƘƛƎƘŜǊ bIпh!Ŏ ŎƻƴŎŜƴǘǊŀǝƻƴΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ 
ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 
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At 50 mM NH4OAc, the Amide, PMPC, and PTZ columns showed reduced peptide retention 
compared to at 10 mM (Figure 6D), likely due to reduced electrostatic interactions between 
the peptides and the stationary phase at higher NH4OAc concentration. In contrast, the Luna 
and P4VP columns showed increased peptide retention at 50 mM NH4OAc, suggesting that 
higher NH4OAc concentration may enhance peptide partitioning into the water-rich layer. 
 
Despite the observed retention shift, the elution order generally remained across columns 
ǿƘŜƴ ǘƘŜ bIјh!Ŏ ŎƻƴŎŜƴǘǊŀǘƛƻƴ was increased (Figure 7A). Minor reordering was observed 
on the Amide and P4VP ŎƻƭǳƳƴǎΦ ¢ƘŜǎŜ ǊŜǎǳƭǘǎ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ bIјh!Ŏ 
concentration primarily affected retention rather than selectivity.  
 

рл Ƴa bIјh!Ŏ ǇǊƻǾƛŘŜŘ ǘƘŜ optimal separation on the P4VP column, and the Amide, Luna, 
and PMPC columns showed optimal separation at 10 mM bIјh!ŎΣ ǿƘƛƭŜ ǘƘŜ t¢½ ŎƻƭǳƳƴ 
showed equally good separation over the monitored conditions (Figure 7B). Improved 
separation at мл Ƴa bIјh!Ŏ was consistent with a broader elution window and fewer eluted 
peptides, compared to at 50 mM. 

 
Interestingly, peptide pairs 5 and 6 showed poor separation on the RP C18 column at pH 4, 
while they were well separated on all evaluated HILIC columns (Figure 5), with the exception 
of the PTZ column, which could not elute the peptides. The peptides (5 and 6) differ by only 
two amino acids, and these results highlight the ability of HILIC to separate peptides with 
minor differences, but also the different selectivity between HILIC and RP.  
 

 
CƛƎǳǊŜ тΦ ¢ƘǊƻǳƎƘƻǳǘ ǘƘŜ ǎƛȄ ŎƻƭǳƳƴǎ ŀǘ мл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI пΦл ŀƴŘ рл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI пΦоΦ 
!Φ tŜǇǝŘŜ Ŝƭǳǝƻƴ ƻǊŘŜǊ ŦƻǊ ƛƴŘƛǾƛŘǳŀƭ ǇŜǇǝŘŜǎ .Φ aŜŀƴ ǎŜǇŀǊŀǝƻƴ ǎŎƻǊŜ ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜΦ 
{ŜǇŀǊŀǝƻƴ ǿŀǎ ǎŎƻǊŜŘ ŀǎ о όōŀǎŜƭƛƴŜ ǎŜǇŀǊŀǝƻƴύΣ н όǇŀǊǝŀƭ ǎƘƻǳƭŘŜǊ ǎŜǇŀǊŀǝƻƴύΣ м όŎƻπŜƭǳǝƻƴύΣ ŀƴŘ л όƴƻǘ 
ŜƭǳǘŜŘύΦ hƴƭȅ ǇŜǇǝŘŜǎ ŜƭǳǘŜŘ ƛƴ ǘƘŜ ƎǊŀŘƛŜƴǘ όǎŎƻǊŜ мπоύ ǿŜǊŜ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ŜǾŀƭǳŀǝƻƴΦ ¢ƘŜ ƴǳƳōŜǊǎ 
ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 

 

3.1.2 Effect of NH4OAc Addition and Concentration at pH 6.5 

To further investigate the trends of NH4OAc addition and concentration in mobile phase A 
observed at pH 4, the same concentrations (10 mM and 50 mM) were evaluated at pH 6.5. In 
addition, one mobile phase without additives and one mobile phase with a higher bIјh!Ŏ 
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concentration (100 mM) were included to investigate whether further improvements in 
performance could be achieved and the role of bIјh!Ŏ in more detail.  
 
The mobile phases ŎƻƴǘŀƛƴƛƴƎ bIјh!Ŏ ƎŜƴŜǊŀƭƭȅ ȅƛŜƭŘŜŘ ǉǳŀƭƛǘŀǘƛǾŜƭȅ ƎƻƻŘ chromatographic 
separations across all HILIC columns (Figure 8), with the exception of the P4VP column, where 
the peaks were generally broader, resulting in a lower UV peak intensity (Figure 8F). In 
contrast, the mobile phase without NH4OAc resulted in significantly different results, and 
gradient adjustments were required for the Luna, PMPC, and PTZ columns due to large shifts 
in retention and increased backpressure.  
 
As observed at pH 4, increasing the NH4OAc concentration from 10 mM to 50 mM at pH 6.5 

affected peptide retention across all HILIC columns (Figure 9B), and resulted in equal or more 
peptides eluted (Figure 9A) and improved peak shape symmetry (Figure 8). A further increase 
to 100 mM NH4OAc resulted in only a limited retention shift, slightly improved elution and 
comparable peak shape, suggesting that most charged groups are sufficiently paired with 
counterions at 50 mM, and a further increase in salt concentration has therefore a minor 

additional effect. The exception was for the P4VP column, which showed poor peak symmetry 
across all concentrations of NH4OAc (Figure 8F).  
 
The Amide, Luna, and PMPC columns showed similar trends in individual retention shifts 
(Figure 9C), with reduced retention of peptides 1, 6, and 7 when the NH4OAc concentration 
was increased. These peptides are composed of neutral and basic amino acids, and the 
decreased peptide retention may reflect reduced electrostatic interactions with the 

stationary phase at increased buffer concentration.  
 
In contrast, the PTZ and P4VP columns showed more distinct individual behaviour (Figure 9C), 
and the PTZ column showed the highest sensitivity to the change in NH4OAc concentration, 
with improved peptide elution and retention at җ рл mM (Figure 8E). At 10 mM NH4OAc, only 
two peptides could be eluted, and at 100 mM, seven peptides eluted on the PTZ column. 
Suggesting the increased NH4OAc concentration reduces peptide and stationary phase 
interactions at pH 6.5. 

 
Only minor changes in peptide retention were observed for the RP C18 column when the 
NH4OAc concentration was increased from 10 mM at both pH 4 and 6.5, compared to the 
HILIC columns (Figures 6D and 9C). This can be explained by the fundamentally different 
retention mechanisms of the two modes. RP retention is primarily driven by hydrophobic 
interactions, [36] and peptide hydrophobicity remains relatively unaffected at evaluated 
buffer conditions. Resulting in comparatively constant retention on the RP C18 column 
compared to the HILIC columns, where the buffer salt may influence retention by facilitating 
hydrophilic partitioning. [64] 
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CƛƎǳǊŜ уΦ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ƛƴ мл Ƴƛƴ ŀŎǊƻǎǎ ǘƘŜ ŎƻƭǳƳƴǎ !Φ /му wt ŦǊƻƳ 
мл҈ ǘƻ рл҈ at . .Φ !ƳƛŘŜ IL[L/ ŦǊƻƳ млл҈ ǘƻ рр҈ at . /Φ [ǳƴŀ IL[L/ ŦǊƻƳ фр҈ ǘƻ сл҈ at . ŦƻǊ ǘƘŜ ǘƘǊŜŜ ǘƻǇ 
ǘǊŀŎŜǎ ŀƴŘ млл҈ ǘƻ ул҈ at . ŦƻǊ ǘƘŜ ōƻǧƻƳ ǘǊŀŎŜ 5Φ tat/ IL[L/ ŦǊƻƳ млл҈ ǘƻ ул҈ at . ŦƻǊ ǘƘŜ ǘƘǊŜŜ ǘƻǇ 
ǘǊŀŎŜǎ ŀƴŘ млл҈ ǘƻ рр҈ at . ŦƻǊ ǘƘŜ ōƻǧƻƳ ǘǊŀŎŜ 9Φ t¢½ IL[L/ ŦǊƻƳ фр҈ ǘƻ пр҈ at . ŦƻǊ ǘƘŜ ǘƘǊŜŜ ǘƻǇ ǘǊŀŎŜǎ 
ŀƴŘ млл҈ ǘƻ ул҈ at . ŦƻǊ ǘƘŜ ōƻǧƻƳ ǘǊŀŎŜ CΦ tп±t IL[L/ ŦǊƻƳ млл҈ ǘƻ сл҈ at .Φ CƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ 
ƳƛȄǘǳǊŜ ŦƻǊ at у όǘƻǇ ǘǊŀŎŜΣ at ! ǿŀǘŜǊ Ҍ млл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦпΣ at о όǎŜŎƻƴŘ 
ǘƻǇ ǘǊŀŎŜΣ at ! ǿŀǘŜǊ Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦсΣ at с όǘƘƛǊŘ ǘƻǇ ǘǊŀŎŜΣ at ! ǿŀǘŜǊ 
Ҍ мл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦр ŀƴŘ at ф όōƻǧƻƳ ǘǊŀŎŜΣ at ! ǿŀǘŜǊΣ at . фр҈ !/b Ҍ 
р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦсΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 
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CƛƎǳǊŜ фΦЮ¢ƘǊƻǳƎƘƻǳǘ ǘƘŜ ǎƛȄ ŎƻƭǳƳƴǎ !Φ LƴŘƛǾƛŘǳŀƭ ǇŜǇǝŘŜǎ ŜƭǳǘŜŘ ƛƴ ǘƘŜ ƎǊŀŘƛŜƴǘΣ ǿŀǎƘ ǇƘŀǎŜΣ ƻǊ ŘƛŘ ƴƻǘ ŜƭǳǘŜ 
ŀǘ ŀƭƭ ŀǘ л Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦсΣ мл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦрΣ рл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦсΣ 
ŀƴŘ млл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦпΦ .Φ LƴŘƛǾƛŘǳŀƭ ǇŜǇǝŘŜ ǊŜǘŜƴǝƻƴ ŀǎ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ƳƻōƛƭŜ ǇƘŀǎŜ . ό҈.ύ 
ŜƭǳǘŜŘ ŀǘ л Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦсΣ мл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦрΣ рл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦсΣ 
ŀƴŘ млл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦпΦ /Φ /ƘŀƴƎŜ ƛƴ ǊŜǘŜƴǝƻƴ ƎƛǾŜƴ ŀǎ ҈. ŦƻǊ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭ ǇŜǇǝŘŜǎ ōŜǘǿŜŜƴ 
мл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦр ŀƴŘ млл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦпΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ 
ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 
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At both pH 4 and 6.5, highly net-charged peptides demonstrated larger retention shifts with 
increased NH4OAc concentration, while uncharged peptides were comparatively less affected 
(Figure 10). This observation may arise because hydrated counterions facilitate the 
partitioning of charged peptides into the water-rich layer, thereby affecting their retention.  
 

Figure 10. Throughout six columns, absolute change in retention given as %B for the individual peptides vs. 
absolute peptide net charge at A. between 10 mM NH4OAc in MP A at pH 4.0 and 50 mM NH4OAc in MP A at 
pH 4.3 B. between 10 mM NH4OAc in MP A at pH 6.5 and 100 mM NH4OAc in MP A at pH 6.4. The numbers 
correspond to the peptides from the reference peptide mixture (Table 1). 
 
TƘŜ Ŝƭǳǘƛƻƴ ƻǊŘŜǊ ƎŜƴŜǊŀƭƭȅ ǊŜƳŀƛƴŜŘ ŀŎǊƻǎǎ ŎƻƭǳƳƴǎ ǿƘŜƴ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ bIјh!Ŏ 

concentration from 10 mM to 100 mM, with only minor reordering observed on the Amide, 
PMPC, PTZ, and P4VP columns (Figure 11A). Consistent with the results observed at pH 4, the 

bIјh!Ŏ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǇǊƛƳŀǊƛƭȅ ŀŦŦŜŎǘŜŘ ǊŜǘŜƴǘƛƻƴ ǊŀǘƘŜǊ ǘƘŀƴ ǎŜƭŜŎǘƛǾƛǘȅ.  
 
OverallΣ рл Ƴa bIјh!Ŏ ǇǊƻǾƛŘŜŘ ǘƘŜ ōŜǎǘ ǎŜǇŀǊŀǘƛƻƴ ŀŎǊƻǎǎ ǘƘŜ IL[L/ ŎƻƭǳƳƴǎΣ ŜȄŎŜǇǘ ŦƻǊ 

the Amide column, which ǎƘƻǿŜŘ ƛƳǇǊƻǾŜŘ ǎŜǇŀǊŀǘƛƻƴ ŀǘ млл Ƴa bIјh!Ŏ όCƛƎǳǊŜ 11B). 
Peptides 8 and 5 coeluted on the RP C18 column at pH 6.5 but were well separated across all 

HILIC columns when NH4OAc was included in mobile phase A (Figure 8), demonstrating the 
different selectivity between RP and HILIC.  

 
In the absence of additives, most columns showed reduced performance with altered peptide 
retention (Figure 9B), compared to the conditions including bIјh!Ŏ. The Amide and PTZ 

columns showed increased retention and limited peptide elution (Figures 8B and 8E). This 
suggested excessive peptide and stationary phase interaction due to unmodulated 
electrostatic interactions without buffer salt at pH 6.5. The Luna column showed significantly 
reduced peptide retention and separation in the absence of bIјh!Ŏ (Figure 8C), indicating 
that the addition of bIјh!Ŏ is essential for enabling effective interactions between the 

peptides and the stationary phase. 
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Interestingly, the PMPC and P4VP columns were less dependent on additives, maintaining 
acceptable performance with peptide elution and separation in the absence of additives 
(Figures 8D and 8F). The PMPC column largely maintained the selectivity but showed poorer 
peak shape and increased retention, indicating modulation of electrostatic interactions by 
bIјh!Ŏ. The P4VP column demonstrated a slightly different selectivity, improved separation, 
and peak shape in the absence of bIјh!ŎΦ In addition, retention remained relatively 
unaffected by bIјh!Ŏ concentrations, suggesting a limited influence of buffer salt at pH 6.5. 
Potentially, the pyridine nitrogen of the P4VP stationary phase can form hydrogen bonds with 
the silanol groups on the silica surface and the mobile phase, [65] thus masking these sites 
and suppressing undesired adsorption of peptides and also contributing to maintaining a 
stable water-rich layer on the column, which enables peptide separation even in the absence 

of additives. Similarly, the zwitterionic PMPC stationary phase contains a similar nitrogen 
atom that may enable separation in the same way on this column, as on the P4VP column.  
 

 
CƛƎǳǊŜ ммΦЮ¢ƘǊƻǳƎƘƻǳǘ ǘƘŜ ǎƛȄ ŎƻƭǳƳƴǎ !Φ tŜǇǝŘŜ Ŝƭǳǝƻƴ ƻǊŘŜǊ ŦƻǊ ƛƴŘƛǾƛŘǳŀƭ ǇŜǇǝŘŜǎ ŀǘ мл Ƴa bIпh!Ŏ ƛƴ 
at ! ŀǘ ǇI сΦрΣ рл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦсΣ ŀƴŘ млл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦпΦ .Φ aŜŀƴ ǎŜǇŀǊŀǝƻƴ 
ǎŎƻǊŜ ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŀǘ л Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦсΣ мл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦрΣ 
рл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦсΣ ŀƴŘ млл Ƴa bIпh!Ŏ ƛƴ at ! ŀǘ ǇI сΦпΦ {ŜǇŀǊŀǝƻƴ ǿŀǎ ǎŎƻǊŜŘ ŀǎ о όōŀǎŜƭƛƴŜ 
ǎŜǇŀǊŀǝƻƴύΣ н όǇŀǊǝŀƭ ǎƘƻǳƭŘŜǊ ǎŜǇŀǊŀǝƻƴύΣ м όŎƻπŜƭǳǝƻƴύΣ ŀƴŘ л όƴƻǘ ŜƭǳǘŜŘύΦ hƴƭȅ ǇŜǇǝŘŜǎ ŜƭǳǘŜŘ ƛƴ ǘƘŜ 
ƎǊŀŘƛŜƴǘ όǎŎƻǊŜ мπоύ ǿŜǊŜ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ŜǾŀƭǳŀǝƻƴΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ 
ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ  
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3.1.3 Effect of pH 

Varying the pH of the mobile phase is, after changing the stationary phase, the second most 
effective approach to influence selectivity in HILIC, [62] particularly for peptides. [31] The 
amino acids that the peptides are composed of typically possess ionizable functional groups, 
causing the net charge of a peptide to vary with pH, [66] altering the hydrophilicity of the 

peptide, and thus effectively modulate selectivity in HILIC. [62] Therefore, a second screening 
task was performed to explore the influence of mobile phase pH (2.8, 4.3, 6.6, and 7.8) across 
the HILIC columns and the reference RP C18 column (Figure 12).  
 
Different buffer systems were used (Table 5). The mobile phases at pH 4.3, 6.6, and 7.8 were 

prepared with the same ion strength (50 mM), and the mobile phase at pH 2.8 was without 
buffer salt and included only AcOH as an additive. The mobile phases with buffer salts 

generally yielded qualitatively good chromatographic separations across all HILIC columns 
(Figure 12), with the exception of the P4VP column, where the peaks were generally broader, 
resulting in a lower UV peak intensity (Figure 12F). In contrast, the mobile phase without 
buffer salt (pH 2.8) resulted in reduced performance, with altered peptide retention and 
poorer peak shapes. Based on the results from the earlier screening task, the different result 

was likely related to the absence of buffer salt in the mobile phase, rather than the low pH. 
 
Across the HILIC columns, most peptides eluted at pH 6.6 and 7.8 (Figure 13A), and the best 
peak shape symmetry was generally observed at pH 4.3 and 6.6 (Figure 12), except for the 
P4VP column, which showed poor peak shape symmetry across all evaluated conditions 

(Figure 12F). The poorer peak shape at higher pH could be due to the fact that lower pH 
conditions can be advantageous by minimizing unwanted ionic interactions between basic 
peptides and silanol groups on the stationary phase. [31] 
 
Varying the pH affected peptide retention across all columns, although showing no general 
trend (Figure 13B). The neutral net charge Amide, Luna, and PMPC columns showed similar 
trends in the peptide individual retention shifts, with increased retention of peptides 1 and 6 

and reduced retention of peptides 2 and 3 when pH was increased (Figure 13C). Additionally, 
the Luna column showed the greatest sensitivity to pH changes with increased peptide 
retention at higher pH, which required gradient adjustments.  
 
While the PTZ and P4VP columns showed more distinct individual behaviour (Figure 13C). A 

significant improvement in peptide elution was observed at ǇI җ сΦс for the PTZ column, 
consistent with deprotonation of the acidic tetrazolyl moieties on the negatively charged 

stationary phase above pH 5 (Figure 13A), improving peptide elution especially for peptides 
whose net charge shifted from slightly positive to negative (peptides 2 and 3, Figure 12E). This 
suggests that at lower pH, strong interactions between the positively net charged peptides 

and the protonated but neutral stationary phase may result in excessive retention and only 
near neutral peptides (peptides 9 and 3, Figure 12E) eluted from the column.  
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CƛƎǳǊŜ мнΦ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ƛƴ мл Ƴƛƴ ŀŎǊƻǎǎ ǘƘŜ ŎƻƭǳƳƴǎ !Φ /му wt ŦǊƻƳ 
мл҈ ǘƻ рл҈ at . .Φ !ƳƛŘŜ IL[L/ ŦǊƻƳ млл҈ ǘƻ рр҈ at . /Φ [ǳƴŀ IL[L/ ŦǊƻƳ фр҈ ǘƻ сл҈ at . ŦƻǊ ǘƘŜ ǘǿƻ ǘƻǇ 
ǘǊŀŎŜǎΣ фр҈ ǘƻ тл҈ at . ŦƻǊ ǘƘŜ ǘƘƛǊŘ ǘƻǇ ǘǊŀŎŜ ŀƴŘ млл҈ ǘƻ ул҈ at . ŦƻǊ ǘƘŜ ōƻǧƻƳ ǘǊŀŎŜ 5Φ tat/ IL[L/ ŦǊƻƳ 
млл҈ ǘƻ ул҈ at . 9Φ t¢½ IL[L/ ŦǊƻƳ фр҈ ǘƻ пр҈ at . CΦ tп±t IL[L/ ŦǊƻƳ млл҈ ǘƻ сл҈ at . ŦƻǊ ǘƘŜ ǘǿƻ ǘƻǇ 
ǘǊŀŎŜǎ ŀƴŘ млл҈ ǘƻ ул҈ at . ŦƻǊ ǘƘŜ ǘǿƻ ōƻǧƻƳ ǘǊŀŎŜǎΦ CƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at т όǘƻǇ ǘǊŀŎŜΣ 
at ! ǿŀǘŜǊ Ҍ рл Ƴa bIјI/hїΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI тΦуΣ at о όǎŜŎƻƴŘ ǘƻǇ ǘǊŀŎŜΣ at ! ǿŀǘŜǊ Ҍ 
рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦсΣ at н όǘƘƛǊŘ ǘƻǇ ǘǊŀŎŜΣ at ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhI Ҍ 
рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIύ ŀǘ ǇI пΦо ŀƴŘ at м όōƻǧƻƳ ǘǊŀŎŜΣ at ! ǿŀǘŜǊ Ҍ 
лΦр҈ !ŎhIΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIύ ŀǘ ǇI нΦуΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ 
ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 
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CƛƎǳǊŜ моΦ ¢ƘǊƻǳƎƘƻǳǘ ǘƘŜ ǎƛȄ ŎƻƭǳƳƴǎ !Φ LƴŘƛǾƛŘǳŀƭ ǇŜǇǝŘŜǎ ŜƭǳǘŜŘ ƛƴ ǘƘŜ ƎǊŀŘƛŜƴǘΣ ǿŀǎƘ ǇƘŀǎŜ ƻǊ ŘƛŘ ƴƻǘ ŜƭǳǘŜ 
ŀǘ ŀƭƭ ŀǘ ǇI нΦуΣ пΦоΣ сΦс ŀƴŘ тΦу ƛƴ at ! .Φ LƴŘƛǾƛŘǳŀƭ ǇŜǇǝŘŜ ǊŜǘŜƴǝƻƴ ŀǎ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ƳƻōƛƭŜ ǇƘŀǎŜ . ό҈.ύ 
ŜƭǳǘŜŘ ŀǘ ǇI нΦуΣ пΦоΣ сΦс ŀƴŘ тΦу ƛƴ at ! /Φ /ƘŀƴƎŜ ƛƴ ǊŜǘŜƴǝƻƴ ƎƛǾŜƴ ŀǎ ҈. ŦƻǊ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭ ǇŜǇǝŘŜǎ ōŜǘǿŜŜƴ 
ǇI пΦо ƛƴ at ! ŀƴŘ ǇI тΦу ƛƴ at !Φ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ 
ό¢ŀōƭŜ мύΦ 

 
The P4VP column showed improved performance with increased peptide retention at 
pH җ 6.6 (Figures 12F and 13B), and gradient adjustments were required across the pH range. 
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This was consistent with the pH dependent deprotonation of the basic poly(4-vinylpyridine) 
moieties on the stationary phase. At low pH, the pyridine groups are predominately 
protonated and positively charged, which can lead to the P4VP column electrostatically 
repelling the net positively charged peptides, explaining the reduced retention, less stable 
behaviour, and reduced performance observed on the P4VP column.  
 
The RP C18 column was the least affected column by changes in mobile phase pH, with only 
minor changes in peptide retention, compared with the HILIC columns (Figure 13C). This 
observation is likely explained by the same conclusion proposed for the bIјh!Ŏ 
concentration, that the peptide hydrophobicity remains relatively unaffected by different pH, 
in contrast to the hydrophilicity of the peptides.  

 
The peptide elution order varied across nearly all explored pH conditions across all columns, 
with most reordering observed on the Amide and Luna columns (Figure 14A). These results 
confirm that changing the pH affects the selectivity in HILIC.  
 

Overall, pH 4.3 and 6.6 provided the best separation across all HILIC columns (Figure 14B). 
Notably, the two earliest eluting peptides (3 and 2) coeluted at both pH 6.6 and 7.8 on the 
RP C18 column but were well separated across all evaluated HILIC columns (Figure 12). 
Highlighting the different selectivity between RP and HILIC. 
 

 
CƛƎǳǊŜ мпΦ ¢ƘǊƻǳƎƘƻǳǘ ǘƘŜ ǎƛȄ ŎƻƭǳƳƴǎ !Φ tŜǇǝŘŜ Ŝƭǳǝƻƴ ƻǊŘŜǊ ŦƻǊ ƛƴŘƛǾƛŘǳŀƭ ǇŜǇǝŘŜǎ ŀǘ ǇI нΦуΣ пΦоΣ сΦсΣ ŀƴŘ 
тΦу ƛƴ at ! .Φ aŜŀƴ ǎŜǇŀǊŀǝƻƴ ǎŎƻǊŜ ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŀǘ ǇI нΦуΣ пΦоΣ сΦсΣ ŀƴŘ тΦу ƛƴ at !Φ 
{ŜǇŀǊŀǝƻƴ ǿŀǎ ǎŎƻǊŜŘ ŀǎ о όōŀǎŜƭƛƴŜ ǎŜǇŀǊŀǝƻƴύΣ н όǇŀǊǝŀƭ ǎƘƻǳƭŘŜǊ ǎŜǇŀǊŀǝƻƴύΣ м όŎƻπŜƭǳǝƻƴύΣ ŀƴŘ л όƴƻǘ 
ŜƭǳǘŜŘύΦ hƴƭȅ ǇŜǇǝŘŜǎ ŜƭǳǘŜŘ ƛƴ ǘƘŜ ƎǊŀŘƛŜƴǘ όǎŎƻǊŜ мπоύ ǿŜǊŜ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ŜǾŀƭǳŀǝƻƴΦ ¢ƘŜ ƴǳƳōŜǊǎ 
ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 
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3.1.4 Summary of the HILIC Condition Screening  

In summary, most of the evaluated HILIC columns yielded qualitatively good chromatographic 
separations when buffer salt was included in mobile phase A. The Amide column 
demonstrated the most robust and consistent performance across the tested conditions, 
followed by the Luna and PMPC columns. In contrast, the P4VP column generally yielded poor 

chromatograms and was the weakest-performing column overall. The PTZ column heavily 
retained many of the peptides, especially at mobile phase pH Җ пΦо and buffer salt 
concentrations < 50 mM. Interestingly, could the PMPC and P4VP columns maintain 
acceptable performance under low buffer concentrations. 
 

The screening demonstrated that both bIјh!Ŏ ŎƻƴŎŜƴǘǊŀǘƛƻƴ and mobile phase pH 
influenced peptide retention and selectivity in HILIC. Increasing the bIјh!Ŏ ŎƻƴŎŜƴǘǊŀǘƛƻƴ 

primarily affected peptide retention, while changes in pH altered both peptide retention and 
selectivity. Overall, the most generally suitable HILIC conditions appeared to be between 
pH 4.3 and 6.6 using 50 mM bIјh!Ŏ in mobile phase A. The extent and direction of the effects 
from different mobile phases depended strongly on the stationary phase and can be 
attributed to variations in the dominant interaction mechanism contributing to separation 

across the evaluated HILIC columns. [67] The neutral columns (Amide, Luna, and PMPC) 
showed similar elution order and retention trends, suggesting comparable selectivity and a 
dominant interaction mechanism. In contrast, the charged columns (PTZ and P4VP) showed 
more distinct and condition dependent behaviour. 
 

HILIC provided complementary selectivity to RP, as demonstrated by differences in elution 
order (Figure 14A) and the ability to resolve peptide pairs that coeluted on the RP C18 column. 
The HILIC columns did not show a simple reversed elution order of that observed in RP, 
indicating the contribution of different and multiple interaction mechanisms.  Most peptides 
were effectively separated, including structurally similar peptides, although peptides 4 and 8 
showed consistently strong retention with limited elution across the evaluated HILIC columns. 
The strong retention observed could be due to the high hydrophilicity of these peptides, 

which could arise from the presence of multiple basic and acidic amino acids, as well as amide 
and hydroxyl groups. [52, 39]  
 
In order to understand which molecular properties influenced peptide retention on the 
evaluated columns, correlations were calculated between %B at elution and selected peptide 

descriptors for each column and mobile phase condition (Figure 15, Tables 56-63, Appendix 
B). The PTZ column exhibited excessive peptide retention under several conditions, which 

limited the correlation analysis for this column.  
 
Across the HILIC columns, the data indicated that retention generally increased with peptide 

hydrophilicity (Figure 15), reflected by a strong negative correlation score between %B and 
average hydrophilicity, particularly for the Amide column with a remarkable -0.93 at pH 6.6, 
making peptide hydrophilicity a major factor to understand peptide retention. Similar, 
although weaker, correlations were observed for TPSA and several functional group 
descriptors, supporting hydrophilic interactions as the primary retention mechanism. The 
Luna and PTZ columns also showed strong correlations with peptide hydrophilicity, while the 
PMPC column showed only moderate correlations. Further, the P4VP column only showed 

some correlation at pH 6.4 with respect to the peptide hydrophilicity.  
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CƛƎǳǊŜ мрΦ /ƻǊǊŜƭŀǝƻƴ ŎƻŜŶŎƛŜƴǘǎ όǊύ ōŜǘǿŜŜƴ ҈. ŦƻǊ ǘƘŜ ŜƭǳǘŜŘ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ 
ŀƴŘ ǎŜƭŜŎǘŜŘ ǇŜǇǝŘŜ ŘŜǎŎǊƛǇǘƻǊǎ ŀŎǊƻǎǎ ŜƛƎƘǘ ƳƻōƛƭŜ ǇƘŀǎŜ ŎƻƴŘƛǝƻƴǎΦ at м όat ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIΣ at . 
фр҈ !/b Ҍ р҈ ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIύ ŀǘ ǇI нΦуΦ at н όat ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhI Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b 
Ҍ р҈ ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIύ ŀǘ ǇI пΦоΦ at о όat ! ǿŀǘŜǊ Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦсΦ 
at п όat ! ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhI Ҍ мл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhIύ ŀǘ ǇI пΦлΦ at с 
όat ! ǿŀǘŜǊ Ҍ мл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦрΦ at т όat ! ǿŀǘŜǊ Ҍ рл Ƴa bIјI/hїΣ 
at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI тΦуΦ at у όat ! ǿŀǘŜǊ Ҍ млл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ 
ǇI сΦпΦ at ф όat ! ǿŀǘŜǊΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦсΦ 

 
However, at mobile phase pH 2.8, the PMPC column showed quite distinct behaviour, and 
peptide net charge became a major factor for peptide elution (Figure 15), which might be due 
to the loss of the zwitterionic nature of the stationary phase as the pKa of the phosphoester 
might be in this pH range, resulting in a positively charged stationary phase. A similar 
behaviour was observed for the Amide and Luna columns, which showed strong negative 
correlation scores with peptide net charge at low pH conditions, with remarkable -0.99, -0.90, 
and -0.94, respectively, at pH 2.8. This trend got much weaker with increasing pH, potentially 
it could be a shift in the dominant retention mechanism in HILIC at increasing pH. 
Interestingly, the P4VP column showed the strongest correlation with the number of 

carboxylate groups across all mobile phase conditions but significantly less correlation with 
all other selected descriptors. On the contrary, at basic pH 7.8, almost all selected descriptors 
correlated well with the elution times of the peptides.  
 
Clear differences were observed between the RP C18 column and the HILIC columns, the RP 
C18 column generally showed a weak or no correlation across the evaluated descriptors, 
while the HILIC columns showed a much stronger overall correlation (Figure 15). Additionally, 

the HILIC columns generally showed a positive correlation with logP, particularly the Amide 
and Luna columns, demonstrating a strong positive correlation at pH > 4.3, indicating reduced 
retention of more hydrophobic peptides. In conclusion, the fact that the correlation scores 
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clearly showed a strong pH dependence seems to support the conclusion that pH is the major 
determinant of peptide retention.  

3.2 Analysis of Crude Peptides using Pre-optimized HILIC Conditions 
To further evaluate HILIC as a complementary technique for peptide impurity analysis, the 

optimal conditions identified in the screening were applied to five crude peptide samples 
(Table 2). This was done to assess HILIC under realistic impurity analysis conditions and to 
explore the complementarity between HILIC and RP. The main focus was on evaluating the 
separation between target peptides and their peptide-based impurities, as well as differences 
in selectivity as reflected by changes in elution order.  

 
 Based on the column screening results, the following conditions were chosen for the analysis:  

¶ Amide and Luna columns: MP 2 using 0.5% AcOH and рл Ƴa bIјh!Ŏ ŀǘ ǇI пΦо and 
MP 3 using рл Ƴa bIјh!Ŏ ŀǘ ǇI 6.6. 

¶ PMPC column: MP 1 using 0.5% AcOH at pH 2.8, and MP 9 without additives at pH 6.6, 
ŀƴŘ at с ǳǎƛƴƎ мл Ƴa bIјh!Ŏ ŀǘ ǇI сΦрΦ  

¶ PTZ column: MP 3 with рл Ƴa bIјh!Ŏ ŀǘ ǇI сΦс. 

¶ P4VP column: MP 9 without additive at pH 6.6. 
 
All mobile phase conditions were also applied to the RP C18 column, which was used as a 
reference. Individual chromatograms from the analysis of the crude peptides are provided ŀǎ 
ǎǳǇǇƭŜƳŜƴǘŀǊȅ ƛƴŦƻǊƳŀǝƻƴ όCƛƎǳǊŜǎ тсπммуΣ !ǇǇŜƴŘƛȄ /ύΦ 

3.2.1 Cyclic and Linear Crude Somatostatin  

The Luna and Amide columns yielded qualitatively good separations for the crude of cyclic 
(oxidized) and linear (reduced) somatostatin samples at pH 4.3 and 6.6 using рл Ƴa bIјh!Ŏ 
(Figure 16 and Table 6). The PMPC column also provided satisfactory performance at pH 6.5 

using a lower buffer concentration (10 mM bIјh!Ŏ). The Luna, Amide, PMPC, and RP C18 
columns separated the impurities (S1, S2, and S3) from the target peptide, with the Amide 
column showing the best separation of the HILIC columns. 
 
The RP C18 column and the HILIC columns showed different selectivity toward the crude of 

somatostatin samples. For the crude of cyclic somatostatin, all impurities eluted before the 
target peak on the RP C18 column, and on the HILIC columns, the impurities eluted after the 

target peak (Figure 16). In contrast, for the crude of linear somatostatin sample, the impurities 
eluted after the target on the RP C18 column but before the target on the HILIC columns. 
 
¢ŀōƭŜ сΦ ¢ŀǊƎŜǘ ŀƴŘ ƛƳǇǳǊƛǝŜǎ ŘŜǘŜŎǘŜŘ ƛƴ ǘƘŜ ŎȅŎƭƛŎ ŀƴŘ ƭƛƴŜŀǊ ǎƻƳŀǘƻǎǘŀǝƴ ŎǊǳŘŜ ǎŀƳǇƭŜǎΦ 

 

Code Peptide Molecular Weight

(g/mol)

C cyclic somatostatin 1637.8

L linear somatostatin 1639.9

S1 impurity 1 1735.4

S2 impurity 2 1759.8

S3 impurity 3 1696.0
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CƛƎǳǊŜ мсΦЮ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀƴ at . ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ƛƴ мл Ƴƛƴ ƻŦ ǘƘŜ ŎǊǳŘŜ ƳŀǘŜǊƛŀƭ ƻŦ 
ŎȅŎƭƛŎ ǎƻƳŀǘƻǎǘŀǝƴ ŀƴŘ ƭƛƴŜŀǊ ǎƻƳŀǘƻǎǘŀǝƴΦ CƻǊ !Φ at о ό at ! ǿŀǘŜǊ Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ 
ǿŀǘŜǊύ ŀǘ ǇI сΦс .Φ at н όat ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhI Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIύ 
ŀǘ ǇI пΦо /Φ at с όat ! ǿŀǘŜǊ Ҍ мл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦрΦ ¢ƘŜ ƭŜǧŜǊǎ ŀƴŘ ƴǳƳōŜǊǎ 
ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǘŀǊƎŜǘ ŀƴŘ ƛƳǇǳǊƛǝŜǎ ŦǊƻƳ ǘƘŜ ŎǊǳŘŜ ǎŀƳǇƭŜ ό¢ŀōƭŜ сύΦ ¢ƘŜ ǘŀǊƎŜǘ ƛǎ ƘƛƎƘƭƛƎƘǘŜŘ όōƻƭŘύΦ 

 

The crude of cyclic and linear somatostatin showed different results, with different impurities 
being observed. These observed impurities showed increased molecular masses compared to 
somatostatin, commonly associated with side reactions or unintended amino acid 
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incorporation during synthesis. While the impurities S1 and S2 could not be assigned to a 
specific species, S3 was consistent with the incorporation of an additional glycine residue. 
Additionally, a minor peak of cyclic somatostatin was detected in the linear sample, and a 
small peak of the linear form was present in the cyclic sample (Figure 16). The two forms of 
somatostatins were well separated across conditions, with the linear form consistently eluted 
later on the HILIC columns, potentially due to increased conformational flexibility and 
exposure of hydrophilic residues. 
 
For application in preparative-scale purification of crude cyclic somatostatin, the HILIC 
columns provided the best overall separation between the target peak and impurities at pH 
6.6 (Figure 16). In contrast, pH 4.3 offered a practical advantage, as all impurities eluted on 

the same side of the target peak. The different elution order of the impurities with respect to 
the target peak between RP and HILIC is a key advantage for the application for preparative 
purification, where the ability to change impurity elution order relative to the target peptide 
is highly advantageous. This allows for strategic repositioning of impurities before the target 
peak, which can simplify purification.  

3.2.2 Crude A  

The Amide and Luna columns yielded qualitatively good chromatographic separations for the 
crude of sample A ŀǘ ǇI пΦо ŀƴŘ сΦс ǳǎƛƴƎ рл Ƴa bIјh!Ŏ (Figure 17 and Table 7). 
Interestingly, the PTZ column also provided acceptable performance at pH 6.6 under the same 
buffer conditions. This result is consistent with the net negative charge of A at this pH, which 
may lead to electrostatic repulsion from the similarly charged PTZ column, reducing the 
retention and improving peak elution, compared to the other crude samples. The PMPC 
column also provided satisfactory performance at pH 6.5 using a lower buffer concentration 
(10 mM bIјh!Ŏ) as well as at pH 2.8 using no buffer salt (0.5% AcOH).  
 

In crude A, the same impurities (A1 and A2) eluted across the different evaluated conditions 
and were successfully separated from the target A peptide on both HILIC and RP C18 columns 
(Figure 17). The impurities could be identified, showing that A1 had an additional mass of 
16 Dalton and A2 had an additional mass of 32 Dalton relative to the target mass, which 
indicated the oxidation of a cysteine residue, adding one or two oxygen atoms. The impurities 

A1 and A2 eluted before the target on the RP C18 column, while they eluted after the target 
on the HILIC columns across evaluated conditions. This reflects the different selectivity 
between HILIC and RP, and also the increased hydrophilicity of oxidized impurities.  
 
¢ŀōƭŜ тΦ ¢ŀǊƎŜǘ ŀƴŘ ƛƳǇǳǊƛǝŜǎ ŘŜǘŜŎǘŜŘ ƛƴ ǘƘŜ ŎǊǳŘŜ ! ǎŀƳǇƭŜΦ 

 
 
However, the separation of the impurities from the target peak was generally better under 

acidic conditions for all columns and conditions outlined in Figure 17. Regarding the 
application in preparative scale purification, the Amide (pH 4.3) and PMPC (pH 2.8) columns 

Code Peptide Molecular Weight

(g/mol)

MP 8

A crude A 1789.0 Set 3

A1 impurity 1 1804.8 MP 1

A2 impurity 2 1820.8 MP 2
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showed the greatest potential with respect to the impurities A1 and A2, as they separated 
fairly well from the target peak.  
 

 
CƛƎǳǊŜ мтΦ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀƴ at . ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ƛƴ мл Ƴƛƴ ƻŦ ǘƘŜ ŎǊǳŘŜ ! ƳŀǘŜǊƛŀƭΦ 
CƻǊ !Φ at н όat ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhI Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIύ ŀǘ ǇI пΦо .Φ 
at о όat ! ǿŀǘŜǊ Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦс /Φ at с όat ! ǿŀǘŜǊ Ҍ мл Ƴa bIјh!ŎΣ 
at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦр 5Φ at м όat ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIύ 
ŀǘ ǇI нΦуΦ ¢ƘŜ ƭŜǧŜǊǎ ŀƴŘ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǘŀǊƎŜǘ ŀƴŘ ƛƳǇǳǊƛǝŜǎ ŦǊƻƳ ǘƘŜ ŎǊǳŘŜ ǎŀƳǇƭŜ ό¢ŀōƭŜ тύΦ ¢ƘŜ 
ǘŀǊƎŜǘ ƛǎ ƘƛƎƘƭƛƎƘǘŜŘ όōƻƭŘύΦ 

 

3.2.3 Crude B 

The Amide and Luna columns yielded qualitatively good chromatograms for crude B (Figure 
18 and Table 8) at pH 4.3 and pH сΦс ǳǎƛƴƎ рл Ƴa bIјh!ŎΦ The PMPC column also provided 
satisfactory performance at pH 6.5 using a lower buffer concentration (10 mM bIјh!Ŏ). 
 
Both the HILIC and RP C18 columns could separate B2 from the target peak (Figure 18). In 
contrast, B1 coeluted with the target under most conditions. Partial separation of B1 was only 
achieved on the Amide column (pH 4.3) and the PMPC column (pH 6.5). The limited separation 
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of B1 indicates similar properties to the target peptide, making it challenging to resolve under 
the tested conditions. 
 
As already observed for crude A, the same impurities were detected across evaluated 
chromatographic conditions in crude B, with different selectivity between HILIC and RP. 
Specifically, B2 eluted after the target peak on the RP C18 column, but before the target peak 
on the HILIC columns (Figure 18).  
 
¢ŀōƭŜ уΦЮ¢ŀǊƎŜǘ ŀƴŘ ƛƳǇǳǊƛǝŜǎ ŘŜǘŜŎǘŜŘ ƛƴ ǘƘŜ ŎǊǳŘŜ . ǎŀƳǇƭŜΦ 

 
 

 
CƛƎǳǊŜ муΦЮ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀƴ at . ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ƛƴ мл Ƴƛƴ ƻŦ ǘƘŜ ŎǊǳŘŜ . ƳŀǘŜǊƛŀƭΦ CƻǊ 
!Φ at н όat ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhI Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIύ ŀǘ ǇI пΦоΦ.Φ at 
о όat ! ǿŀǘŜǊ Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦс /Φ at с όat ! ǿŀǘŜǊ Ҍ мл Ƴa bIјh!ŎΣ 
at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦрΦ ¢ƘŜ ƭŜǧŜǊǎ ŀƴŘ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǘŀǊƎŜǘ ŀƴŘ ƛƳǇǳǊƛǝŜǎ ŦǊƻƳ ǘƘŜ 
ŎǊǳŘŜ ǎŀƳǇƭŜ ό¢ŀōƭŜ уύΦ ¢ƘŜ ǘŀǊƎŜǘ ƛǎ ƘƛƎƘƭƛƎƘǘŜŘ όōƻƭŘύΦ 

Code Peptide Molecular Weight

(g/mol)

B crude B 3973.2

B1 impurity 1 4011.1

B2 impurity 2 4249.0
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The identification of the impurities was not straightforward for B1 and B2. B1 had an 
additional mass of 38 Dalton relative to B, and B2 displayed a larger additional mass, 
consistent with the incorporation of multiple additional impurities or other synthesis-related 
modifications. 

3.2.4 Crude C  

The Amide and Luna columns yielded qualitatively good separation for the crude C (Figure 19 
and Table 9) ŀǘ ǇI пΦо ŀƴŘ сΦс ǳǎƛƴƎ рл Ƴa bIјh!ŎΦ The PMPC column also provided 
satisfactory performance at pH 6.5 using a lower buffer concentration (10 mM bIјh!Ŏ).  
 
Throughout the analysis, the same impurities were observed in crude C across the different 
chromatographic conditions. The results showed that the HILIC and RP C18 columns could 
separate the impurities C1 and C2 from the target peak, with complementary selectivity 
between the two modes (Figure 19). Interestingly, only the HILIC columns could separate C3 

from the target peak, while it coeluted with the target in the RP C18 column.  
 
The observed impurities showed decreased molecular masses compared to C and are 
associated with incomplete coupling reactions, resulting in missing amino acids during 
synthesis. While C1 was consistent with the loss of a phenylalanine residue, C3 indicated a 
missing tyrosine, and C2 indicated a missing cysteine and serine residue. The inability of the 
RP C18 column to resolve C3 from the target peak suggest that the loss of a tyrosine residue 
has only a minor effect on the overall hydrophobicity of the large and multiple charged 
peptide C, resulting in nearly identical retention behaviour in RP.  
 
¢ŀōƭŜ фΦ ¢ŀǊƎŜǘ ŀƴŘ ƛƳǇǳǊƛǝŜǎ ŘŜǘŜŎǘŜŘ ƛƴ ǘƘŜ ŎǊǳŘŜ / ǎŀƳǇƭŜΦ 

 
 
Interestingly, across the HILIC columns, all deletion impurities (C1, C2, and C3) eluted after 

the bicyclic target peptide C (Figure 19), indicating increased retention despite the reduced 
molecular size. As already observed for crude somatostatin, the linear form showed higher 
retention than the cyclic form, likely due to increased conformational flexibility and exposure 
of hydrophilic residues. Similarly, the deletion impurities may promote a more flexible or less 
constrained structure, enhancing interactions with the stationary phase.  
 
In contrast to the analysis of somatostatin, an improved separation between the target and 

its impurities was observed at pH 6.5 compared to at pH 4.3 across the HILIC columns, 
suggesting that pH-dependent changes in the peptides enhance selectivity under these 
conditions (Figure 19). 

Code Peptide Molecular Weight

(g/mol)

C crude C 4310.8

C1 impurity 1 4163.2

C2 impurity 2 4121.2

C3 impurity 3 4147.4
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CƛƎǳǊŜ мфΦ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ at . ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ƛƴ мл Ƴƛƴ ƻŦ ǘƘŜ ŎǊǳŘŜ / ƳŀǘŜǊƛŀƭΦ CƻǊ 
!ΦШat н όat ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhI Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIύ ŀǘ ǇI пΦоΦ .Φ at 
о όat ! ǿŀǘŜǊ Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦсΦ /Φ at с όat ! ǿŀǘŜǊ Ҍ мл Ƴa bIјh!ŎΣ 
at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦрΦ ¢ƘŜ ƭŜǧŜǊǎ ŀƴŘ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǘŀǊƎŜǘ ŀƴŘ ƛƳǇǳǊƛǝŜǎ ŦǊƻƳ ǘƘŜ 
ŎǊǳŘŜ ǎŀƳǇƭŜ ό¢ŀōƭŜ фύΦ ¢ƘŜ ǘŀǊƎŜǘ ƛǎ ƘƛƎƘƭƛƎƘǘŜŘ όōƻƭŘύΦ 

 
In summary, the Amide and Luna columns showed the most robust and consistent 
performance across the crude peptide samples, employing conditions of рл Ƴa bIјh!Ŏ ŀǘ 
pH 4.3 and 6.6. Moreover, the Amide column showed the best overall separation between 
the target peptides and impurities. On the contrary, the PMPC column performed very well 
separating the impurities from the target at pH 6.5 using a reduced buffer concentration 
(10 mM bIјh!Ŏ) as well as at pH 2.8 using only 0.5% AcOH, but the later was observed only 

for crude A. In contrast, the PTZ column was only able to elute crude sample A at pH 6.6 using 
рл Ƴa bIјh!Ŏ, and the separation performance of the P4VP column was generally not 
satisfactory within the chosen conditions. The other selected HILIC conditions could not elute 
the target or yielded poor chromatograms for the crude peptides and were excluded from 
further evaluation. 
 
Across the crude samples, all impurities could be detected, and in most cases, the HILIC 
columns successfully separated the target peptide from its impurities. While many impurities 
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were also resolved by RP, HILIC frequently showed different elution orders and 
complementary selectivity. HILIC was able to resolve closely related target peptide and 
impurities, including cyclic and linear forms (crude somatostatin), single amino acid insertions 
or deletions (crude somatostatin and crude C), and oxidation with the addition of a single 
oxygen (crude A).  
 
Notably, HILIC demonstrated interesting results, with especially improved separation in two 
cases compared with RP. For crude B, partial separation of impurity B1 was achieved using 
the Amide and PMPC columns, while these coeluted under RP conditions. Similarly, for crude 
C, the HILIC columns enabled the resolution of impurity C3, which coeluted with the target 
peak on the RP C18 column. These observations demonstrated the increased sensitivity in 

HILIC, potentially due to the multiple separation mechanisms. Furthermore, RP provided 
better separation for certain samples, highlighting the complementary nature of the two 
separation modes and supporting the use of HILIC as an orthogonal technique for peptide 
impurity analysis.  
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4. Conclusion 
This study investigated HILIC as an orthogonal technique to conventional RP-HPLC for the 

analysis of impurities in synthetic pharmaceutical peptides and evaluated potential conditions 
for routine peptide impurity analysis.  
 
In order to understand HILIC applicability for routine peptide analysis, nine mobile phase 
conditions were systematically investigated across five HILIC columns. The screening 

demonstrated that both mobile phase pH and bIјh!Ŏ concentration influence peptide 
retention and selectivity. Mobile phase pH was identified as the major factor governing 
retention and selectivity, while bIјh!Ŏ concentration primarily affected retention and peak 
shape. The addition of buffer salt was generally essential for achieving good peak shape and 
qualitatively good chromatographic separation under the evaluated conditions. 

 
The correlation analysis indicated that peptide hydrophilicity is a major factor of retention in 

HILIC, particularly for the classical Amide and Luna columns, where strong correlations 
between peptide hydrophilicity and retention were observed. At low pH, peptide net charge 

became increasingly important, although its influence decreased with increasing pH. These 
results indicate that the relative contributions of electrostatic interactions and hydrophilic 
partitioning vary with the mobile phase pH. Importantly, the observed correlations suggest 

that peptide descriptors such as hydrophilicity and net charge may be used to predict peptide 
retention, thereby facilitating future method development and column selection.   
 
Application of the selected HILIC conditions to five crude peptide samples further 
demonstrated that HILIC provides complementary selectivity to RP-HPLC. Differences in 

elution order were consistently observed, and several closely related impurities, including 
oxidation with the addition of a single oxygen, cyclic and linear forms, and amino acid 
insertion or deletion variants, could be separated. In some cases, HILIC resolved impurities 
that coeluted with the target peak on the RP column, while RP provided superior separation 
for other samples. These results highlight the additional separation possibilities offered by 
HILIC and demonstrate that HILIC should not replace RP-HPLC but rather serve as a 
complementary separation technique. 

 
Among the evaluated columns, the Amide and Luna columns (0.5% AcOH and рл Ƴa bIјh!Ŏ, 
pH 4.3 and рл Ƴa bIјh!Ŏ, pH 6.6) showed the most stable and consistent performance and 
the broadest applicability, making them suitable candidates for routine peptide analysis. The 
PMPC column (10 mM bIјh!Ŏ, pH 6.5) also performed well, particularly under low buffer 

concentrations, which may be advantageous for impurity analysis of therapeutic peptides, 
thus improving compatibility with the following biological studies. In contrast, the PTZ and 
P4VP columns demonstrated stronger condition dependence and more limited applicability. 
 
The different selectivity observed between HILIC and RP may be particularly valuable for 
preparative purification, as the ability to modify impurity elution order relative to the target 
peptide can facilitate fraction collection and improve purification strategies. Furthermore, the 

developed methods are TFA-free and require only the implementation of HILIC columns on 
existing HPLC systems, making them easily applicable in pharmaceutical laboratories. 
Adjustment of mobile phase pH proved to be a key parameter for improving selectivity, as 
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variations in pH changed both peptide retention and impurity separation depending on the 
crude sample. In addition, the developed HILIC methods offered a shorter analysis time of 
19 minutes, compared with previously reported peptide analysis methods [34] and with good 
reproducibility.  
 
In conclusion, this study demonstrated that HILIC is a valuable orthogonal technique for 
impurity analysis of synthetic pharmaceutical peptides. The combination of complementary 
selectivity, tuneable retention through pH and column selection, and the possibility of 
predicting retention from peptide properties highlights the potential of HILIC as a practical 
complement to RP-HPLC for routine peptide analysis. Future work should focus on further 
method optimization and evaluation and scale-up of the HILIC methods for preparative-scale 

peptide purification.  
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CƛƎǳǊŜ нлΦ {ǘǊǳŎǘǳǊŜǎ ƻŦ ǇŜǇǝŘŜǎ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ǇŜǇǝŘŜ ǊŜŦŜǊŜƴŎŜ ƳƛȄǘǳǊŜΦ 

 
¢ŀōƭŜ млΦ bŜǘ ŎƘŀǊƎŜ ƻŦ ǇŜǇǝŘŜǎ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ǇŜǇǝŘŜ ǊŜŦŜǊŜƴŎŜ ƳƛȄǘǳǊŜ ŀǘ ŘƛũŜǊŜƴǘ ƳƻōƛƭŜ ǇƘŀǎŜ 
ŎƻƳǇƻǎƛǝƻƴǎΦ 

 
 

¢ŀōƭŜ ммΦЮbŜǘ ŎƘŀǊƎŜ ƻŦ ǘƘŜ ŎǊǳŘŜ ǇŜǇǝŘŜǎ ŀǘ ŘƛũŜǊŜƴǘ ƳƻōƛƭŜ ǇƘŀǎŜ ŎƻƳǇƻǎƛǝƻƴǎΦЮ 

 

 

Peptide MP 1

pH 2.8

MP 2

pH 4.3

MP 3

pH 6.6

MP 4

pH 4.0

MP 5

pH 4.0

MP 6

pH 6.5

MP 7

pH 7.8

MP 8

pH 6.4

MP 9

pH 6.6

desmopressin 1.00 1.00 1.00 1.00 1.00 1.00 0.96 1.00 1.00

angiotensin II 2.54 1.36 0.37 1.57 1.57 0.43 -0.42 0.50 0.37

leucine-enkephalin 0.60 0.05 -0.05 0.09 0.09 -0.04 -0.46 -0.03 -0.05

ACTH 8.44 5.44 1.30 6.38 6.38 1.39 -0.66 1.49 1.30

triptorelin 2.00 1.99 1.41 2.00 2.00 1.46 1.00 1.52 1.41

leuprolide 2.00 1.99 1.41 2.00 2.00 1.46 1.00 1.52 1.41

somatostatin 2.82 2.13 1.90 2.22 2.22 1.92 0.98 1.94 1.90

liraglutide analogue4.46 1.82 -1.63 2.62 2.62 -1.55 -2.72 -1.47 -1.63

carbetocin 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Crude Peptide MP 1

pH 2.8

MP 2

pH 4.3

MP 3

pH 6.6

MP 4

pH 4.0

MP 5

pH 4.0

MP 6

pH 6.5

MP 7

pH 7.8

MP 8

pH 6.4

MP 9

pH 6.6

cyclic somatostatin 2.82 2.13 1.90 2.22 2.22 1.92 0.98 1.94 1.90

linear somatostatin  -  -  -  -  -  -  -  -  - 

crude A 0.87 -0.25 -1.09 0.07 0.07 -1.08 -1.43 -1.06 -1.09

crude B 5.67 3.21 1.26 3.84 3.84 1.29 0.55 1.37 1.26

crude C 6.74 4.49 2.27 5.13 5.13 2.31 1.52 2.40 2.27
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¢ŀōƭŜ мнΦ tŜǇǝŘŜ ŘŜǎŎǊƛǇǘƻǊǎ ŦƻǊ ǘƘŜ ǇŜǇǝŘŜǎ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜΦ 

 
 
Table 13. Extra column specifications, considering working conditions for the longest lifetime of the columns. 
 

 
 

 
CƛƎǳǊŜ нмΦ {ǘŀǝƻƴŀǊȅ ǇƘŀǎŜ ǎǘǊǳŎǘǳǊŜǎ ƻŦ ǘƘŜ ŜǾŀƭǳŀǘŜŘ ŎƻƭǳƳƴǎΦ 

Peptide Average 

Hydrophilicity

TPSA LogP Amide 

Group

Carboxylate 

Group

Aliphatic 

Hydroxyl 

Group

Secondary 

Amine 

Group

desmopressin -0.38 437.91 -4.34 11 0 0 7

angiotensin II -0.32 408.84 -1.31 7 2 0 7

leucine-enkephalin -1.32 199.95 -0.16 4 1 0 4

ACTH 0.38 1836.25 -15.16 39 7 3 42

triptorelin -0.90 490.42 -2.29 11 0 1 12

leuprolide -0.81 431.54 -1.44 10 0 1 11

somatostatin -0.55 613.23 -4.91 14 1 3 14

liraglutide analogue0.08 1510.68 -15.80 32 6 5 37

carbetocin -0.83 362.51 -2.50 11 0 0 7

Column Pore 

Size 

(Å)

pH 

Range

Temperature 

Range

(°C)

Maximum 

Pressure

(psi)

Surface 

Area

(m²/g)

EndcappedCarbon 

Load

(%)

Ligand

Density

ό˃ƳƻƭκƳчύ

C18 130   1-12  20-90 18000 185 Yes 17.7 3.1

Amide 130   2-11  20-90 18000 185 No 12.0 7.5

Luna 100   2-8  max 60 5802 380 No 8.0  - 

PMPC  -   2-8  5-70 4350  -  -  -  - 

PTZ  -   2-8  0-40 4350  -  -  -  - 

P4VP  -   2-8  5-70 4350  -  -  -  - 
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Appendix B 
 

 
CƛƎǳǊŜ ннΦ /му wt ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ мл҈ ǘƻ рл҈ at . ƛƴ мл ƳƛƴΣ ŦƻǊ 
ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at м όat ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIύ ŀǘ 
ǇI нΦуΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 

 

 
CƛƎǳǊŜ ноΦ /му wt ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ мл҈ ǘƻ рл҈ at . ƛƴ мл ƳƛƴΣ ŦƻǊ 
ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at н όat ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhI Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ 
Ҍ лΦр҈ !ŎhIύ ŀǘ ǇI пΦоΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 
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CƛƎǳǊŜ нпΦ /му wt ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ мл҈ ǘƻ рл҈ at . ƛƴ мл ƳƛƴΣ ŦƻǊ 
ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at о όat ! ǿŀǘŜǊ Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦсΦ 
¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 

 

 
CƛƎǳǊŜ нрΦ /му wt ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ мл҈ ǘƻ рл҈ at . ƛƴ мл ƳƛƴΣ ŦƻǊ 
ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at п όat ! ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhI Ҍ мл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ 
Ҍ лΦнп҈ !ŎhIύ ŀǘ ǇI пΦлΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 
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CƛƎǳǊŜ нсΦ /му wt ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ мл҈ ǘƻ рл҈ at . ƛƴ мл ƳƛƴΣ ŦƻǊ 
ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at р όat ! ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhI Ҍ мл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ 
Ҍ лΦнп҈ !ŎhI Ҍ мл Ƴa bIјh!Ŏύ ŀǘ ǇI пΦлΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ 
ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 

 

 
CƛƎǳǊŜ нтΦ /му wt ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ мл҈ ǘƻ рл҈ at . ƛƴ мл ƳƛƴΣ ŦƻǊ 
ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at с όat ! ǿŀǘŜǊ Ҍ мл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦрΦ 
¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 
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CƛƎǳǊŜ нуΦЮ/му wt ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ мл҈ ǘƻ рл҈ at . ƛƴ мл ƳƛƴΣ ŦƻǊ 
ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at т όat ! ǿŀǘŜǊ Ҍ рл Ƴa bIјI/hїΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI тΦуΦ 
¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 

 

 
CƛƎǳǊŜ нфΦЮ/му wt ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ мл҈ ǘƻ рл҈ at . ƛƴ мл ƳƛƴΣ ŦƻǊ 
ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at у όat ! ǿŀǘŜǊ Ҍ млл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦпΦ 
¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 
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CƛƎǳǊŜ олΦЮ/му wt ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ мл҈ ǘƻ рл҈ at . ƛƴ мл ƳƛƴΣ ŦƻǊ 
ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at ф όat ! ǿŀǘŜǊΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦсΦ ¢ƘŜ ƴǳƳōŜǊǎ 
ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 

 
¢ŀōƭŜ мпΦ /му wt ǇŜǇǝŘŜ Ŝƭǳǝƻƴ ƎƛǾŜƴ ŀǎ ǊŜǘŜƴǝƻƴ ǝƳŜ όƳƛƴύ ŦƻǊ at м ǘƻ at фΦ  

 
 
 

Peptide MP 1 MP 2 MP 3 MP 4 MP 5 MP 6 MP 7 MP 8 MP 9

1 3.43 3.78 3.81 3.76 3.77 3.80 3.82 3.83 8.62

2 3.08 3.54 3.59 3.50 3.50 3.59 3.54 3.57 10.81

3 3.88 3.67 3.55 3.80 3.78 3.48 3.53 3.53 8.39

4 3.42 5.19 5.34 5.10 5.08 5.52 5.31 5.21 8.40

5 4.94 5.80 6.02 5.76 5.77 6.04 6.03 5.99 11.97

6 4.71 5.82 6.33 5.63 5.68 6.33 6.39 6.35 11.70

7 5.02 6.06 6.27 5.93 5.96 6.23 6.60 6.27 10.09

8 5.90 6.85 6.01 6.91 6.90 6.03 5.84 5.98 8.41

9 6.72 6.70 6.67 6.71 6.71 6.69 6.67 6.66 10.88
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¢ŀōƭŜ мрΦ /му wt ǇŜǇǝŘŜ Ŝƭǳǝƻƴ ƎƛǾŜƴ ŀǎ ҈. ŀǘ ǇI п ǿƛǘƘ ǾŀǊȅƛƴƎ bIпh!Ŏ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƛƴ at ! ŀƴŘκƻǊ at .ΦЮЮ 

 
 
¢ŀōƭŜ мсΦ /му wt ǎŜǇŀǊŀǝƻƴ ǎŎƻǊŜ ǇŜǊ ǇŜǇǝŘŜ ŀǘ ǇI п ǿƛǘƘ ǾŀǊȅƛƴƎ bIпh!Ŏ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƛƴ at ! ŀƴŘκƻǊ at 
.ΦЮЮ 

 
 
¢ŀōƭŜ мтΦ /му wt ǇŜǇǝŘŜ Ŝƭǳǝƻƴ ƎƛǾŜƴ ŀǎ ҈. ŀǘ ǇI сΦр ǿƛǘƘ ǾŀǊȅƛƴƎ bIпh!Ŏ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƛƴ at !Φ tŜǇǝŘŜǎ 
ŜƭǳǘŜŘ ŀƊŜǊ ŎƻƳǇƭŜǝƻƴ ƻŦ ǘƘŜ ƎǊŀŘƛŜƴǘ ŀǊŜ ƘƛƎƘƭƛƎƘǘŜŘ όōƻƭŘύΦЮ 

 
 

Peptide мл Ƴa bIјh!Ŏ

 in MP A (%B)

мл Ƴa bIјh!Ŏ 

in MP A and MP B (%B)

рл Ƴa bIјh!Ŏ 

in MP A (%B)
Peptide

1 25.04 25.08 25.12 1

2 24.00 24.00 24.16 2

3 25.20 25.12 24.68 3

4 30.40 30.32 30.76 4

5 33.04 33.08 33.20 5

6 32.52 32.72 33.28 6

7 33.72 33.84 34.24 7

8 37.64 37.60 37.40 8

9 36.84 36.84 36.80 9

Peptide мл Ƴa bIјh!Ŏ

 in MP A

мл Ƴa bIјh!Ŏ 

in MP A and MP B

рл Ƴa bIјh!Ŏ 

in MP A

Peptide

1 1 1 3 1

2 3 3 3 2

3 2 1 3 3

4 3 3 3 4

5 2 2 1 5

6 2 2 1 6

7 3 3 3 7

8 3 3 3 8

9 3 3 3 9

Peptide л Ƴa bIјh!Ŏ 

in MP A (%B)

мл Ƴa bIјh!Ŏ                    

in MP A (%B)

рл Ƴa bIјh!Ŏ                   

in MP A (%B)

млл Ƴa bIјh!Ŏ        

in MP A (%B)

1 44.48 25.20 25.24 25.32

2 50.01 24.36 24.36 24.28

3 43.56 23.92 24.20 24.12

4 43.60 32.08 31.36 30.84

5 50.01 34.16 34.08 33.96

6 50.01 35.32 35.32 35.40

7 50.01 34.92 35.08 35.08

8 43.64 34.12 34.04 33.92

9 50.01 36.76 36.68 36.64
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¢ŀōƭŜ муΦ /му wt ǎŜǇŀǊŀǝƻƴ ǎŎƻǊŜ ǇŜǊ ǇŜǇǝŘŜ ŀǘ ǇI сΦр ǿƛǘƘ ǾŀǊȅƛƴƎ bIпh!Ŏ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƛƴ at !Φ 

 
 
¢ŀōƭŜ мфΦ /му wt ǇŜǇǝŘŜ Ŝƭǳǝƻƴ ƎƛǾŜƴ ŀǎ ҈. ŀǘ ŘƛũŜǊŜƴǘ ǇI ƛƴ at !Φ 

   
 
¢ŀōƭŜ нлΦЮ/му wt ǎŜǇŀǊŀǝƻƴ ǎŎƻǊŜ ǇŜǊ ǇŜǇǝŘŜ ŀǘ ŘƛũŜǊŜƴǘ ǇI ƛƴ at !Φ 

 
 

Peptide л Ƴa bIјh!Ŏ 

in MP A

мл Ƴa bIјh!Ŏ                    

in MP A

рл Ƴa bIјh!Ŏ                   

in MP A

млл Ƴa bIјh!Ŏ        

in MP A

1 1 3 3 3

2 0 3 1 1

3 1 3 1 2

4 1 3 3 3

5 0 1 1 1

6 0 3 3 3

7 0 2 2 3

8 1 1 1 1

9 0 3 3 3

Peptide pH 2.8

(%B)

pH 4.3 

(%B)

pH 6.6 

(%B)

pH 7.8 

(%B)

1 23.72 25.12 25.24 25.28

2 22.32 24.16 24.36 24.16

3 25.52 24.68 24.20 24.12

4 23.68 30.76 31.36 31.24

5 29.76 33.20 34.08 34.12

6 28.84 33.28 35.32 35.56

7 30.08 34.24 35.08 36.40

8 33.60 37.40 34.04 33.36

9 36.88 36.80 36.68 36.68

Peptide pH 2.8 pH 4.3 pH 6.6 pH 7.8 

1 1 3 3 3

2 3 3 1 1

3 3 3 1 1

4 1 3 3 3

5 1 1 1 3

6 3 1 3 3

7 1 3 2 2

8 3 3 1 3

9 3 3 3 3
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CƛƎǳǊŜ омΦ !ƳƛŘŜ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ млл҈ ǘƻ рр҈ at . ƛƴ мл 
ƳƛƴΣ ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at м όat ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ Ҍ лΦр҈ 
!ŎhIύ ŀǘ ǇI нΦуΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 

 

 
CƛƎǳǊŜ онΦ !ƳƛŘŜ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ млл҈ ǘƻ рр҈ at . ƛƴ мл 
ƳƛƴΣ ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at н όat ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhI Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ 
р҈ ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIύ ŀǘ ǇI пΦоΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ 
ό¢ŀōƭŜ мύΦ 
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CƛƎǳǊŜ ооΦ !ƳƛŘŜ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ млл҈ ǘƻ рр҈ at . ƛƴ мл 
ƳƛƴΣ ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at о όat ! ǿŀǘŜǊ Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ 
ǇI сΦсΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 

 

 
CƛƎǳǊŜ опΦ !ƳƛŘŜ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ млл҈ ǘƻ рр҈ at . ƛƴ мл 
ƳƛƴΣ ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at п όat ! ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhI Ҍ мл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ 
р҈ ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhIύ ŀǘ ǇI пΦлΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ 
ό¢ŀōƭŜ мύΦ 
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CƛƎǳǊŜ орΦ !ƳƛŘŜ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ млл҈ ǘƻ рр҈ at . ƛƴ мл 
ƳƛƴΣ ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at р όat ! ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhI Ҍ мл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ 
р҈ ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhI Ҍ мл Ƴa bIјh!Ŏύ ŀǘ ǇI пΦлΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ 
ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 

 

 
CƛƎǳǊŜ осΦ !ƳƛŘŜ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ млл҈ ǘƻ рр҈ at . ƛƴ мл 
ƳƛƴΣ ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at с όat ! ǿŀǘŜǊ Ҍ мл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ 
ǇI сΦрΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 
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CƛƎǳǊŜ отΦ !ƳƛŘŜ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ млл҈ ǘƻ рр҈ at . ƛƴ мл 
ƳƛƴΣ ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at т όat ! ǿŀǘŜǊ Ҍ рл Ƴa bIјI/hїΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ 
ǇI тΦуΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 

 

 
CƛƎǳǊŜ оуΦ !ƳƛŘŜ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ млл҈ ǘƻ рр҈ at . ƛƴ мл 
ƳƛƴΣ ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at у όat ! ǿŀǘŜǊ Ҍ млл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ 
ǇI сΦпΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 
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CƛƎǳǊŜ офΦ !ƳƛŘŜ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ млл҈ ǘƻ рр҈ at . ƛƴ мл 
ƳƛƴΣ ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at ф όat ! ǿŀǘŜǊΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI сΦсΦ ¢ƘŜ ƴǳƳōŜǊǎ 
ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 

 
¢ŀōƭŜ нмΦ !ƳƛŘŜ IL[L/ ǇŜǇǝŘŜ Ŝƭǳǝƻƴ ƎƛǾŜƴ ŀǎ ǊŜǘŜƴǝƻƴ ǝƳŜ όƳƛƴύ ŦƻǊ at м ǘƻ at фΦЮ 

 
 

Peptide MP 1 MP 2 MP 3 MP 4 MP 5 MP 6 MP 7 MP 8 MP 9

1 6.16 5.29 5.57 5.56 5.28 6.23 6.67 5.45 12.24

2 9.15 6.77 6.31 7.15 6.76 6.24 5.35 6.36 12.25

3 4.48 3.63 3.24 3.87 3.60 3.25 2.70 3.29 0.74

4  - 9.31 9.03 10.50 9.51 9.27 9.01 9.08  -

5 7.48 5.30 5.17 5.55 5.17 5.21 5.19 5.16 12.26

6 7.26 4.42 4.51 4.84 3.89 5.09 5.63 4.38  -

7 9.65 6.68 6.39 7.35 6.75 7.43 6.66 6.26  -

8 11.40 7.76 8.38 7.95 7.95 7.69 7.44 8.38  -

9 3.07 3.06 3.05 3.10 3.08 3.16 3.18 3.12 0.73
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¢ŀōƭŜ ннΦ !ƳƛŘŜ IL[L/ ǇŜǇǝŘŜ Ŝƭǳǝƻƴ ƎƛǾŜƴ ŀǎ ҈. ŀǘ ǇI п ǿƛǘƘ ǾŀǊȅƛƴƎ bIпh!Ŏ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƛƴ at ! ŀƴŘκƻǊ 
at .Φ tŜǇǝŘŜǎ ŜƭǳǘŜŘ ŀƊŜǊ ŎƻƳǇƭŜǝƻƴ ƻŦ ǘƘŜ ƎǊŀŘƛŜƴǘ ŀǊŜ ƘƛƎƘƭƛƎƘǘŜŘ όōƻƭŘύΦ 

 
 
¢ŀōƭŜ ноΦЮ!ƳƛŘŜ IL[L/ ǎŜǇŀǊŀǝƻƴ ǎŎƻǊŜ ǇŜǊ ǇŜǇǝŘŜ ŀǘ ǇI п ǿƛǘƘ ǾŀǊȅƛƴƎ bIпh!Ŏ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƛƴ at ! ŀƴŘκƻǊ 
at .ΦЮЮ 

 
 
¢ŀōƭŜ нпΦ !ƳƛŘŜ IL[L/ ǇŜǇǝŘŜ Ŝƭǳǝƻƴ ƎƛǾŜƴ ŀǎ ҈. ŀǘ ǇI сΦр ǿƛǘƘ ǾŀǊȅƛƴƎ bIпh!Ŏ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƛƴ at !Φ 
tŜǇǝŘŜǎ ŜƭǳǘŜŘ ŀƊŜǊ ŎƻƳǇƭŜǝƻƴ ƻŦ ǘƘŜ ƎǊŀŘƛŜƴǘ ŀǊŜ ƘƛƎƘƭƛƎƘǘŜŘ όōƻƭŘύΦ 

 

Peptide мл Ƴa bIјh!Ŏ

 in MP A (%B)

мл Ƴa bIјh!Ŏ 

in MP A and MP B (%B)

рл Ƴa bIјh!Ŏ 

in MP A (%B)

Peptide

1 74.94 76.19 76.15 1

2 67.80 69.55 69.50 2

3 82.52 83.74 83.60 3

4 54.99 57.20 58.10 4

5 74.98 76.69 76.10 5

6 78.17 82.43 80.05 6

7 66.90 69.59 69.91 7

8 64.20 64.20 65.06 8

9 85.98 86.07 86.16 9

Peptide мл Ƴa bIјh!Ŏ

 in MP A

мл Ƴa bIјh!Ŏ 

in MP A and MP B

рл Ƴa bIјh!Ŏ 

in MP A

Peptide

1 1 2 1 1

2 3 1 2 2

3 3 3 3 3

4 0 3 3 4

5 1 2 1 5

6 3 3 3 6

7 3 1 2 7

8 3 3 3 8

9 3 3 3 9

Peptide л Ƴa bIјh!Ŏ 

in MP A (%B)

мл Ƴa bIјh!Ŏ                    

in MP A (%B)

рл Ƴa bIјh!Ŏ                   

in MP A (%B)

млл Ƴa bIјh!Ŏ        

in MP A (%B)

1 54.99 71.93 74.89 75.43

2 54.99 71.88 71.57 71.34

3 96.58 85.31 85.35 85.13

4  - 58.28 59.36 59.13

5 54.99 76.51 76.69 76.73

6  - 77.05 79.65 80.23

7  - 66.54 71.21 71.79

8  - 65.37 62.27 62.27

9 96.62 85.71 86.21 85.89
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¢ŀōƭŜ нрΦ !ƳƛŘŜ IL[L/ ǎŜǇŀǊŀǝƻƴ ǎŎƻǊŜ ǇŜǊ ǇŜǇǝŘŜ ŀǘ ǇI сΦр ǿƛǘƘ ǾŀǊȅƛƴƎ bIпh!Ŏ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƛƴ at !Φ 

 

 
¢ŀōƭŜ нсΦ !ƳƛŘŜ IL[L/ ǇŜǇǝŘŜ Ŝƭǳǝƻƴ ƎƛǾŜƴ ŀǎ ҈. ŀǘ ŘƛũŜǊŜƴǘ ǇI ƛƴ at !Φ tŜǇǝŘŜǎ ŜƭǳǘŜŘ ŀƊŜǊ ŎƻƳǇƭŜǝƻƴ ƻŦ 
ǘƘŜ ƎǊŀŘƛŜƴǘ ŀǊŜ ƘƛƎƘƭƛƎƘǘŜŘ όōƻƭŘύΦ 

 
 
¢ŀōƭŜ нтΦШШ!ƳƛŘŜ IL[L/ ǎŜǇŀǊŀǝƻƴ ǎŎƻǊŜ ǇŜǊ ǇŜǇǝŘŜ ŀǘ ŘƛũŜǊŜƴǘ ǇI ƛƴ at !Φ 

 

Peptide л Ƴa bIјh!Ŏ 

in MP A

мл Ƴa bIјh!Ŏ                    

in MP A

рл Ƴa bIјh!Ŏ                   

in MP A

млл Ƴa bIјh!Ŏ        

in MP A

1 0 1 3 3

2 0 1 2 3

3 1 2 1 2

4 0 3 3 3

5 0 3 3 3

6 0 2 3 3

7 0 2 1 2

8 0 2 3 3

9 1 2 1 2

Peptide pH 2.8

(%B)

pH 4.3 

(%B)

pH 6.6 

(%B)

pH 7.8 

(%B)

1 72.24 76.15 74.89 69.95

2 58.82 69.50 71.57 75.88

3 79.78 83.60 85.35 87.78

4  - 58.10 59.36 59.45

5 66.31 76.10 76.69 76.60

6 67.30 80.05 79.65 74.62

7 56.57 69.91 71.21 70.00

8 54.99 65.06 62.27 66.49

9 86.12 86.16 86.21 85.62

Peptide pH 2.8 pH 4.3 pH 6.6 pH 7.8 

1 3 1 3 1

2 2 2 2 2

3 3 3 1 3

4 0 3 3 3

5 1 1 3 3

6 1 3 3 3

7 1 2 1 1

8 0 3 3 3

9 3 3 1 3
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CƛƎǳǊŜ плΦ [ǳƴŀ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ млл҈ ǘƻ ул҈ at . ƛƴ мл ƳƛƴΣ 
ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at м όat ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIύ 
ŀǘ ǇI нΦуΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 

 

 
CƛƎǳǊŜ пмΦ [ǳƴŀ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ фр҈ ǘƻ тл҈ at . ƛƴ мл ƳƛƴΣ 
ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at н όat ! ǿŀǘŜǊ Ҍ лΦр҈ !ŎhI Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ 
ǿŀǘŜǊ Ҍ лΦр҈ !ŎhIύ ŀǘ ǇI пΦоΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ 
ό¢ŀōƭŜ мύΦ 
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CƛƎǳǊŜ пнΦ [ǳƴŀ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ фр҈ ǘƻ сл҈ at . ƛƴ мл ƳƛƴΣ 
ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at о όat ! ǿŀǘŜǊ Ҍ рл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI 
сΦсΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 

 

 
CƛƎǳǊŜ поΦ [ǳƴŀ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ фр҈ ǘƻ тл҈ at . ƛƴ мл ƳƛƴΣ 
ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at п όat ! ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhI Ҍ мл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ 
ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhIύ ŀǘ ǇI пΦлΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ 
ό¢ŀōƭŜ мύΦ 
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CƛƎǳǊŜ ппΦ [ǳƴŀ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ фр҈ ǘƻ тл҈ at . ƛƴ мл ƳƛƴΣ 
ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at р όat ! ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhI Ҍ мл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ 
ǿŀǘŜǊ Ҍ лΦнп҈ !ŎhI Ҍ мл Ƴa bIјh!Ŏύ ŀǘ ǇI пΦлΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ 
ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 

 

 
CƛƎǳǊŜ прΦ [ǳƴŀ IL[L/ ¦±π±ƛǎ ŎƘǊƻƳŀǘƻƎǊŀƳ ŀǘ нол ƴƳ ǳǎƛƴƎ ŀ ƭƛƴŜŀǊ ƎǊŀŘƛŜƴǘ ŦǊƻƳ фр҈ ǘƻ сл҈ at . ƛƴ мл ƳƛƴΣ 
ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ŦƻǊ at с όat ! ǿŀǘŜǊ Ҍ мл Ƴa bIјh!ŎΣ at . фр҈ !/b Ҍ р҈ ǿŀǘŜǊύ ŀǘ ǇI 
сΦрΦ ¢ƘŜ ƴǳƳōŜǊǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǇŜǇǝŘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇŜǇǝŘŜ ƳƛȄǘǳǊŜ ό¢ŀōƭŜ мύΦ 




























































