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Abstract

Peptide therapeuticss a field of research in the pharmaceutical industry that has gained
increased interest over the past decadprimarily due to the unique physicochemical
properties of therapeutic peptideandthe progress in overcoming their inherent limitations.
Therapeutic peptides are commonly syntisedwith solid-phasepeptide synthesis(SPPS)
which often introducsstructurallycloseimpurities.Reverseegphasehigh-performancdiquid
chromatography(RRHPL(isan analytical methodvidely usedor peptideimpurity analysis
However,for highly polarpeptides RRHPLCshows limited retention, and the per- and
polyfluoroalkyl substance (PFASassociated additivetrifluoroacetic acid (TFA is often
required to enhance retentionGiven the continued expansion of peptib@ased drug
developmentalternative separatiostrategies are needed to improve impurity resolution
and reduce reliance on TFA.

In this study, hydrophilicinteractionliquid chromatography(HILI§ was evaluatedas an
orthogonal method to conventional RRHPLCfor the impurity analysis of synthetic
pharmaceutical peptideso expand the chromatographic toolbox for peptide impurity
analysisdue to the unique set of multiple separation mechanism@sd complementary
selectivityin HILICThis was doneYsystematically investigaigthe effects ofmobile phase
pH and buffer salt concentraticacross five HILIC columns and one refeefRPC18column.
The most suitable HILIC conditionsre then applied to a set of five crude peptides.

TheHILIGcreening demonstrated that mobile phase @kt choice of stationary phasesre

the main factos governing peptide retention and selectivity, whibel j hdor@entration
primarily affected peak shape and retentioFhe Amide and Luna columns (0.5% AcOH and
pn Ya blipf B3a@dpn  Ya b IpH &6 & well as the PMPC column
(10mMb | j h pHX%.5) demonstrated the mosbbust and consistenperformance and
peptide hydrophilicity vasidentified asanimportant predictor of retention. Application to
crude peptide samples demonstrated complementary selectivity compared withl FRIC
enabling the separation of impurities that coeluted on the RP C18 col@waarall HILIC
proved to be a practical, THee complementarytechnique forroutine peptide impurity
analysis.
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1. Introduction
1.1 Therapeutic Peptides

Peptides are naturally occurring biomolecules with essential roles in diverse physiological
processeq1, 2, 3]They consist of 2 to 50 specificadlgleredamino acids and can condense
into longer sequences that fold and asseminit proteins. [4] Therapeutic peptideare a
category of pharmaceutical agentsvith physical size rangingpetween smallorganic
moleculesand larger biomoleculesuch as proteing5] Therapeutic peptides can be derived
from natural sourceg[1] produced biologically{6, 7] or synthesized chemically3] They
influence and mimic biological processes rgstly acting ashormones [8] ion channel
ligands[9] or anti-infective agents[10]In many cases, they eméheir biological function by
binding to the cell surface receptqrgiggering intracellulasignal transductiopathways

[11]

Insulinwas the first peptide to be introduced into clinical use aftke initial pancreatic
extractionand isolationn 1921. [1] Insulinisadministeredo patients with diabetesnellitus,
and the discovery and development of insulin hdvamatically improved survivahd quality
of life for patients[12] Since thenthe peptide-baseddrugmarkethas been an expanding
field of modern medicind13] and therapeutic peptidesiave been developed and approved
for clinical useacross varioustherapeutic areas, including oncologyanti-infective,
pulmonary anddermatology[11] For examp#,leuprolide acetate is a synthetic peptide that
has been optimized as a gonadotropileasing hormone agonist and is used in the
treatment of prostate cancer and endometriosid4] Analgesi@conotide is another
therapeuticpeptide derived from the venom of the marine snail Conus maguakargetsN-
type calcium channelandtherebyinterrupts pain signalling[15]

As of 2025, approximately 100 peptib@sed 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 therapeutemarket value hadn 2025reached USD 45.21 billipfi7] 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 peptidesanact aspotent inhibitors of proteinprotein interactions[18, 19]
enablingthem to reat targetsoften inaccessible to small moleculaed coveran unmet
medicalneed.Theygenerallyexhibithigh binding affinity andedectivitytowardstheir targets,
which contributes tohigh therapeuticefficacy andreduced immunogenicity systemc
toxicity, and offtarget side effecs. [13] In addition, omparedto larger and more complex
therapeuticproteins and antibodiegeptidestypicallyhavelower production cost.

Despite these advantagegseptide-based drugs are associated witho intrinsiclimitations
that haveposedchallenges to thig development [20] The first and by far mossignificant,
istheir poor membrane permeabilitgue totheir size and amino acid compositidris limits
their ability to target intracellular processesd prevents many peptides from passing the
bloodcbrain barrier [11] The secondmajor limitation of peptidesis their low biological
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stability, sincethey consist of amino acids connected by easily hydrolysed or cleaved amide
bonds,often resulting in a shorplasmahalf-life and rapidclearancean vivo.[11]

1.2 PeptideSynthesisandPostmodification

Shortpeptidesusedin bothcommercial manufacturing and academic reseastcommonly
produced by chemical synthesissing solidphase peptide synthesis (SPAQ)1] SPBis a
controlledand stepwise process that enables efficient, scalaoteoften 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]

SPP& a technique wherthe target peptide is assembldxy the sequential coupling of amino
acids(Figure 1) while the Germinus remains covalently attached to a linkemd a solid
support resirduring theprocess[22, 23]Protecting groupssuch as terbutyloxycarbony(t-
Boc) and 9fluorenylmethoxycarbonyl (Roc), [24] are usedo ensurereaction selectivity by
suppressing unwanted side reactions arsuringthe amino acidsareadded one &atime

in the correctsequenceFMocSPPS is the mosbmmony usedapproach dueto the Fmoc
groupbeing easily removed by an elimination reaction under mild basic condjtongpared
to the strongacidic conditionsrequired for tBoc. [21]
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The biological function and stability ofie therapeutic peptides are dependent oreir

structure. [13] Therefore,structural modificationsre often performedafter synthesis to
optimizepharmacologicgbropertiesand overcome limitationsgCommortechniquesnclude

peptide cyclizationgonjugation strategies, Mind Gterminal modificationsandsidechainor

backbonemodifications

During peptide synthesis, regardless of the technique used, various impurity types may form
alongside the target peptide and remain in the final samdhl]. As the length of
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pharmaceutical peptidesincreases, so does the complexity and number of impuritiles.
development of new pharmaceuticals, it is essential to evaluate immunogenicity risk,
toxicological profileand therapeutic efficiengyetc.,through preclinical and clinical studies in
order to meet regulatory requirements and to ensure safe administration to pati¢2%
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 purity are critical to ensure reliable
product performance and meaningful clinical results.

Onefrequently encounteredype of impuity in SPPS sequence deletion peptides, which
one or more amino acids are absent from ttaeget sequencgFigure 2)[26] Suchanamino
acid deletiontypicallyarises fromincomplete deprotection of theN-terminal temporary
protecting group whichprevents coupling of the intended amino ataithe growingpeptide
chain In contrast, sequence insertion peptides contain one or more additional aacis
relative to the target sequencg@igure 2)[27] These impuritiesnayarisefrom the use of
exessamino acidsluringthe coupling stepleading to unintended incorporatioim addition
to sequence variations, diastereomeric impuritreayoriginateas a consequence of amino
acid racemizatiorduringthe coupling and activation step8]
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Furthermore, sidehain modification impurities may be formed through unwanted side chain
reactions, including oxidation, reductipor alkylation, if reactive functional groups are
inadequately protected during synthesj29]Unintendedintermoleculareactions between

the peptide chains can also occur, resulting in the formation of high molecular weightidimer
peptide impurities [5]

Following completion of SPPsufficientdeprotectionmay lead to peptideshat remain
covalently bound to protecting grougdducts [29] Finally, impurities may alsorm after
synthesisthrough peptide degradation pathwaysluring storag, A y Ot dz&ivigadon, |
succinimide formationpyroglutamate formationand diketopiperazinegormation. [5]



1.3 Peptide Purificaticand Purity Analysis

Removal of theseunwanted peptide-based impurities from peptide samplesan be
challengingpecause of the high degree of structural homoldgncevery similar chemical
and physical propertiesetweenthem. [30] Therefore, peptide purification requirgsbust
and accurateanalytical separatiomethodsfor efficient removal of these impuritiesThe
crude peptide sample argpicallyfirst subjected to impurity analysis in order to investigate
and characterise the impurity profijand to identify a method that effectively separate the
target fromits impurities(Figure 3) The optimised analytical method is then scaled up to
preparative purification to handle larger batch siz&uring preparative purificatiothe
impurities areseparatedirom the target peptide,and the purified product is collected in
discrete fractions for pooling and subsequent characterisat[8h]

Step 1: SPPS Step 2: Impurity analysis
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In peptide drugdevelopment novelcandidates are routinelgynthesized angurified as part
of ongoing researclBecause achpeptidepresentdistinctproperties each candidate may
present unique analytical challenges, and no single analytical techniquaiiersally
applicable Therefore,complementaryanalyticalseparation techniques based on different
retention mechanismsgcommonlyreferred to asorthogonal methods irchromatography,
[34] are requiredfor rapid method selection andptimizationfor efficient separationand
continued drug developmen{30]

The most widely used techniquer peptide impurity analysis reversedphase(RP)high
performanceliquid chromatography (HPLCWhich traditionally is considered the gold
standarddue to its speed and efficiendd1] Other approaches includsze-exclusion(SEC)
chromatography ion-exchange(IEX)chromatography supercriticalfluid chromatography
(SFG)and capillaryelectrophoresis (CE[30]
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1.3.1 Reverseephase Chromatography

HPLGs a liquidphase separation technigua whichhigh pressure pumpare used to push
the mobile phase and the samplerougha column packed withstationary phase composed
of fine particles[35] Separation occurs within the column basedtbe level of interaction
betweenthe peptidesand thestationary phasePeptideghat interact more strongly with the
stationary phase elute lateand peptideswith weaker interactions elute earlier.

HPLC is commonly coupléal massspectrometry(MS) for detectiorthrough an ionisation
source that generates ggshase ions from the eluenf35] Theseions are separated and
detected according totheir massto-charge ratio (m/z)In paralle] UV detecton can be
applied where the absorbance of the eling compounds is measured at selected
wavelengths, generating peaks proportional to the analyte concentration

In RPHPLCthe stationary phase is nepolar, such as silica chemically bonded with C18 alkyl
chains.[31] The mobile phase is moderately polar aisdisually composed odn aqueous
solvent such as watemixed withan organic solventsuch ascetonitrile (ACN)where the
organic solvent hathe higher eluent strength[36] The separation is primarily based on
differences inthe hydrophobicity of the peptides with more hydrophobic peptides
interacting more strongly with the stationary phasand therefore demonstrating longer
retention times.

1.3.2 Sizeexclusion Chromatography

SECis anotherseparationtechniquetraditionallyused forpeptideimpurity analysis[31] It
separates peptidesbased on differences in themolecularsizeby using columnpacking
materialwith different pore size. [37] Separatioroccurs due taifferences inpeptideaccess
to the pores where largepeptidesare mainlyexcluded from the poreand thereforeelute
first, [35] while smalleppeptidescanpenetrate the poresndtravelthroughalargereffective
volumeandtherefore elute at later retention times.

1.3.3 lon-exchangeChromatography

IEXisanadditional separation techniquieaditionallyused for peptidempurity analysis[31]

In IEX peptides are separategrimarilybasedon the attraction with the stationary phase
which arises fromthe surface charge of the peptid¢38] Two main modes of Mare
employed inanionexchangehromatographythe stationary phase is positively charged and
retainsnegatively chargeg@eptides[35] In contrast, cation exchang#romatography has a
negatively charged stationary phat®at retains positively chargedeptides

1.3.4 Hydrophilic Interaction Liquid Chromatography

Hydrophilic interaction liquid chromatography (HILKZ comparativelyunderexploredand
less commonlyppliedtechnique for peptide impurity analysi81, 39]The stationary phase
is polar [35] typicallyconsisting okilica or silica functionalized with polar liganf##0] The
mobile phasecontainsa high percentage of a wateniscible organic solvensuch asACN,
often mixed with at least5% water, where waterhas higher eluent strength[35] Upon
columnequilibration, awater-rich layeris formedon the stationary phassurface(Figure 4)
[41]



In HILIC, retention generallyincrease with peptide polarity[39] and arises from a
combination ofhydrophilicpartitioning into the water-rich layer surfaceadsorption and

electrostatic interactiongFigure 4)[35, 42] However, the relative contributianof these

retention mechanisnsdependstronglyonthe peptideproperties the stationary phasgand

experimental conditionsand are therefore difficult to predict.[43]
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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 singlehysicochemicgbroperty for separation[31, 34]In RPHPLC, SEand

IEX separation is mainly based @eptidehydrophaobicity, sizeor charge, respectively. As a
result, structurally and chemically similar peptide impuritieken show comparable
chromatographic behaviour tohat of the target peptide,which can result in insufficient
separation.

A second limitatioms thatRRHPLQIemonstratedimited retention of highly polapeptides
[30] andtherefore, often requires trifluoroacetic acid (TFA) as an ipairing additive to
enhanceretention. [44] TFA interact with basic residuesn peptides,increasng their
hydrophobicitywhile al® suppressngundesiedionic interactions with the stationary phase.
[45] However, TFA is a subgroup of pand polyfluoroalkyl substances (PFM®) and has
raised seriousenvironmental and health concerns, witincreasingrecommendations to
reduceandreplace its us€47] Anotherdrawbackisthat TFAisnot biologicalyinertandhas
been shown to influence cellular responses, receptor activity, and immunogenicity
potentially affecting peptide efficacyand toxicity in vitro and vivostudies.[48] Residual
trifluoroacetatemaytherefore confoundthe interpretation of preclinical and clinical results
and isgenerallyconsideredncompatiblein pharmaceutical applicationds a result, peptides
purified using TFA typically requign additionalcounterion exchange step to replace
trifluoroacetate with a more biocompatible counterion

In contrast, HILICeparationrelies on multipleretention mechanismg35] and has been
successfullyapplied toimpurity profiling of synthetic cyclic peptidg¢34] as well asthe
separationof positional peptide isomers[49] The technique also offerfiigh column
efficiency[50] and mproveddetection sensitivity[51] Because&etention generally increases
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with peptidepolarityin HILIC, tB methodprovidesorthogonalselectivitycomparedto RP
HPLC[39, 52] This makes HILIC a promising alternative for amalysisof highly polar
peptideswithout the needfor harmful TFA, therebyavoiding residual trifluoroacetate and
eliminating therequirement for additional counterion exchangéurthermore the higter
organidractionof HILIC mobile phases caducethe post-purification work furtherin terms
of solvent evaporation anffeezedryingtimes.

1.4 AstraZeneca

AstraZeneca is a global pharmaceutical company focusddeadiscovery, developmenand
manufactuingof therapeutics across thremain areas oncology, biopharmaceuticaland
rare diseaseg$53] Within biopharmaceutical, key disease areas include cardiovascular, renal
and metabdic diseasesrespiratory and immunologdiseases, as well ag.ccines and
immune therapiesPeptidebased therapeutics represent one of sevaraidalitiescurrently
beingevaluated within these areas.

Newtherapeuticpeptidecandidates under development are commosnthesized by SPPS
andthe impurity profileisanalysed prior to purificatioand further biologicastudies.These
analyticalactivitiesarepart of the daily work performed at the separatieniencdaboratory
(SSL) at AstraZeneca.

1.5 Aim of the Study

The primary aim of this study was to explore the orthogonality betweenHILICand
conventionaRRHPLGor theanalysis ofmpurities insyntheticpharmaceuticapeptides thus
expandinghe chromatographic toolboavailablefor peptide impurity analysi$\ secondry
aim was to identifiguitable HILIC conditions for a rapid;Afree, and practical HILIC method
for routine peptide impurity analysis in a pharmaceutical laboratory setting.

To achieve tIs, asystematic screeningf nine mobile phases waerformedacross five HILIC
columns and comparedith a conventional RP C18 coluniine influence of mobile phase
pH and buffer salt concentration on retention, selectiyapd performance wasvestigated
to identify HILIC conditions suitable for crude peptide analy$is. most promising HILIC
conditions werghenapplied to five crude peptide samplasevaluatetheir performance in
arealistic impurity analysisetting



2. Materials and Methods

2.1 Chemicals

Milli-Q ultrapure water andacetonitrile(hypergrade for L& { X dpdPd> = aSND] a
Burlington, US) were used for sample and mobile phase preparation. Acetic acid (99.8%, Acros
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The peptides used in this project included desmopressin and carbetocin (MedChemExpress,
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leuprolide and triptorelin (Bachem, Bubendorf, Switzerland). The additional peptides
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adrenocorticotropic hormone(ACTHL a liraglutide analogugand somatostatin were
synthesized internally ankindly provided by AstraZeneca, along with the crude peptides.

2.1.1Reference Peptide Mixture
The reference peptide mixture consisted of nicaanmercially available peptidg¢3able 1).

¢ oMtS LIo RSa Ay ONBZRS RIBXHENGKISUANE ®A 22 Sf SOGNAO LRAY
RSuUSNMAYSRO®
Peptide Molecular Chemical Sequence pl
Weight Formula
(g/mol)

1 desmopressin 1069.24 C,HyN,,0,,S  H-Cys-Tyr-Phe-GIn-Asn-Cys-Pro-D- 8.3
Dt emtbl i

2 angiotensin I 1046.20 GCyoH;;N;30;, H-Asp-Arg-Val-Tyr-lle-His-Pro-Phe-OH8

3 leucine-enkephalin 555.63  C,gH;;N:O, H-Tyr-Gly-Gly-Phe-Leu-OH 6.0

4 ACTH 4541.14  CyoHsogNsc05sS  H-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg- 7.4
Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Ar¢
Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-Gl
Ala-Glu-Asp-Glu-Ser-Ala-Glu-Ala-P!
Pro-Leu-Glu-Phe-OH

5 triptorelin 1311.47 CyHg,N; 5015 H-Pyr-His-Trp-Ser-Tyr-D-Trp-Leu-Ar 11.2
t NEmtDt emtb| i

6 leuprolide 1209.42  C,gHy,N;¢O5 H-Pyr-His-Trp-Ser-Tyr-D-Leu-Leu-Ar11.3
Pro-NHEt

7 somatostatin 1637.91 GC,¢H;0N;s00S H-Ala-Gly-Cys-Lys-Asn-Phe-Phe-Tr| 8.3
Lys-Thr-Phe-Thr-Ser-Cys-OH

8 liraglutide analogue3512.85 CH,5:N,305,  H-His-Ala-Glu-Gly-Thr-Phe-Thr-Ser-5.5
Asp-Val-Ser-Ser-Tyr-Leu-Glu-Gly-G
Ala-Ala-Lys-Glu-Phe-lle-Ala-Trp-Let
Val-Arg-Gly-Arg-Gly-OH

9 carbetocin 988.18  C;sHyoN;;0,,S  H-Cys-Tyr(Me)-lle-GIn-Asn-Cys-Pro- -

[ SdznDf @bl i
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For the reference peptide mixtur€Table 1),peptides with different properties, such as
molecular weight, structureand isoelectric pointgl), were selected to represent a broad
range of peptideselevantto pharmaceutical peptide developmeht addition peptide pairs
5and6, andl and9, which differby only two amino acideachand exhibithigh structural
similarity, were included to evaluate the ability of HILIC to resolve closely rejagptides.

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)
conditionappliedand peptide descriptorare provided as supplementary informati@ifigure
20and Tabled0and 12, AppendixA).

2.1.2 Crude Peptides

The HILICconditionswere evaluated using a set of internally synthesized crude peptides
(Table 2) both crude of cyclic (oxidized) and linear (reduced) somatostatin were included.
Severabf these peptides are not commerciadlyailableand detailed structural information
cannotbe disclosedthese peptides are presented using coded namé&ke calculated net
charge of each crude peptide under the differendbile phaseonditionsappliedisprovided

as supplementarynformation (Tablell, AppendixA).

¢ oHyBlHzZRS LIBzEIS RS &2 SAI[VSd KBERa &S

Crude Peptide Molecular Weight Structure pl
(g/mol)

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

2.2 Experimental

Mili-Q water

The ultrapure water was dispensed and filtered using a QlIRQPod 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 UltraPerformance Liquid Chromatography

The analytical instrumentused in this project was a Waters ACQUITY UPLC system equipped
with a Waters 2998 photodiode array detector and a Waters-2Q@ectrospray ionization

single quadupole mass spectrometer. The data acquisition and processing were performed
using MassLynx 4.2 software.

2.2.2 Columna

Six analytical columns were evaluated, one referéRBeolumn and fiveHILICGolumns with
different stationary phase chemistries (Tablg 3l columns haé dimension of 100nm X
2.1 mm, and the Daicel columns asyntheticpolymeric selectorDetailed information on



the stationary phase structures and additional specifiqgtions is providad & dzLJLJ SYSy i |
AYT2NXI o8¢ yREC IQAEE SZNBLISYPR A E

The HILIG&mide and Lun&olumns haveneutral stationary phasesyhile the HILIC PMPC
column iszwitterionic with phosphorylcholine groupon the stationary phas&he HILIETZ
column is classified as acidmntainingtetrazolyl moieties that are deprotonated above
pHS5, [54] and the HILI®4VPcolumn is basiowith poly(4vinylpyridine) moietieshat are
protonated under acidic condition$s5]

According to the manual supplied by the manufacturer, the P4VP column should be operated
at temperatures below 40 °C. For the purposesmfparingcolumnsinthe screening study,

the column was usedlightlyabove this recommended temperature to ensure consistent
experimental conditions across all columns.

¢l oo S/ I f epiCdz6WIDt dely (| HRWEGEY M2 f dzYiRKSYA RS O2f dzvy f A3l yRa
G2 ONAR3IS SiGKetSyS KEoNAR 6.910 LI NbOfSaod

Column Manufacturer Mode Stationary Phase Particle Siz:
(Hm)

XBridge BEE18 Waters RP  Xbridge BEH C18 2.5

XBridge BEAmMide  Waters HILIC Xbridge BEH Amide 2.5

LunaPolar Pesticides Phenomenex HILIC Proprietary polar 3.0

DCpakPMPC Daicel HILIC Poly(2-Methacryloyloxyethyl 3.0
phosphorylcholine)

DCpakPTZ Daicel HILIC Poly N-(1H-tetrazole-5-yl) 3.0
methacrylamide

DCpalkP4VP Daicel HILIC Poly(4-vinylpyridine) 3.0

2.2.3 GenerathromatographicConditions

Chromatographic analyses were performed at a flow rate of 0.40 ml/aril a column
temperatureof 45 °CTheUV spectravasextracted at 230hm, and the MS was acquired i
positive mode within the range of m/z 3€DOO.

EachHILIGnethodhada total run time of 13 minutes, comprising a-inute gradient (from
0-10 min), a 3-minute wash segment (from 103 mn), and a final return to starting
conditions.Each RP method had a total run time of 12.5 minutes, comprisingrairiQte
gradient (from 610 min), a 2.5ninute wash segment (from 102.5 min) and a final return
to starting conditions.

Different gradientsvere employed, depending on the column amdbile phaseombination
(Table 4. Injection volumes werd.0 plfor all analysesexcept for the C18 column at MP 1
and the Amide column at MP, MP 2, MP dand MP Swherea reducednjection volumeof
0.5 plwas used

Prior to each individual HILIC run, améhute equilibration at the initial mobile phase
composition was performed to ensure equilibratiohthe stationary phaseand the water
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rich layer Reproducibility was assessed through baxkback duplicate injections on all

columns during the screening.

¢ onbS DNIERASHNI S OK YORd MEYSO ARG 02 v =

NB L2 NI SR ol &

XBridge BEH XBridge BEH LunaPolar

C18

Amide

Pesticides

DCpakPMPCDCpakPTZ

DCpaR4VP

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

10% - 50%
10% - 50%
10% - 50%
10% - 50%
10% - 50%
10% - 50%
10% - 50%
10% - 50%
10% - 50%

100% - 55%
100% - 55%
100% - 55%
100% - 55%
100% - 55%
100% - 55%
100% - 55%
100% - 55%
100% - 55%

100% - 80%
95% - 70%
95% - 60%
95% - 70%
95% - 70%
95% - 60%
95% - 60%
95% - 60%
100% - 80%

100% - 80%
100% - 80%
100% - 80%
100% - 80%
100% - 80%
100% - 80%
100% - 80%
100% - 80%
100% - 55%

95% - 45%
95% - 45%
95% - 45%
95% - 45%
95% - 45%
95% - 45%
95% - 45%
95% - 45%
100% - 80%

100% - 80%
100% - 80%
100% - 60%
100% - 80%
100% - 80%
100% - 60%
100% - 60%
100% - 60%
100% - 60%

2.2.4 Mobile Phase

Ninedifferent mobile phase&ompositions were evaluategtarying inpH, additivesand buffer

salt concentration (Tablé&). Aceticacid (AcOH),ammonium bicarbonatel( 1 j | ), and
ammonium acetateNlHJOAQ were employed as mobile phase additives and buffering agents.
Buffer salt vasonly added tamobile phaseB once, due to solubility limitations at high ACN

concentrations.

¢l opte 60 A f SORKLIE §3 @2y delyd $IKa G dzR& o

MP A MP B pH
Water 95% ACN + 5% water
MP1 +0.5% AcOH +0.5% AcOH 2.8
MP 2 b pn Ya bljh! O t05smQH ! Ohl 4.3
MP 3 b pn Ya bljh! O - 6.6
MP 4 b Mn Ya bljh! O t0.24%WcOH Ohl 4.0
MP 5 b Mn Ya bljh! O bbnoemr:! O6h! b MO Y
MP 6 b Mn Ya bljh!t O - 6.5
MP 7 b pn Ya bljl/hi - 7.8
MP 8 b mMmnn Ya bljh! O- 6.4
MP9 - - 6.6
2.3 Methods

2.3.1 Preparation ofhe Reference Peptide Mixtur@ndthe Mobile Phases

The following peptides were provided as individual stock solutions by AstraZeneca:
leucine-enkephalin ACTHl triptorelin, leuprolide, somatostatin, and carbetocin, eachaat
concentration ofl0 mg/ml. Desmopressin was providedaatoncentration o5 mg/ml. All

stockshad beenprepared in 50%ACNand 50% water.

11
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Additional stock solutions for angiotensin Il and liraglutide analogue were prepared. 5.3 mg
of angiotensin Il was dissolved in 0.25 aflwater and 0.25 mlof ACNto yield a final
concentration of 10.6 mg/ml. 5.2 mg liraglutide analogue was dissolved in 0.25walter

and 0.25 mbf ACNto yield a final concentration of 10.4 mg/ml.

C2NJ GKS NBFSNBYyOS LISLWWGARS YAEGdzNBE n >t 27
F2ff26SR 08 ( KOBACN RRRA (bfmatgs. TAckesulting miXture had a total

@2t dzyY S 2 Faconeentration df Q/5Rng/ml per peptide, except for desmopressin at

0.25 mg/ml.Tensamples were preparedith the same methodand stored inthe freezer.

The nobile phases were prepared inLsolvent bottlesFor ®lvent A the requiredamount
of buffer saltwasdissolvedn water, after whichAcOHvasadded,andthe pH wasadjusted
andmeasuredFor ®lvent B the requiredamountof buffer saltwas first dissolved in water,
followed by the addition oACN andAcOH

2.3.2 Analysis dbamples

Individual chromatograms andcorrespondingMS data were reviewed to identify
characteristian/z signals corresponding to the protonatecbhecularions[M+H]" for each
peptide. Then the reference peptide mixture was analysed and peaks were assigned by
matching observed m/z valuesto the expected masses of each peptide to confirm
composition

The greeningwas initiated using MP 1o establish suitable gradient conditions for each
column.MP 1-MP 9 were then systematicallyevaluated acrosall six columngsdivided into
three setsusingthe referencepeptide mixture The first set, MP 2, ME, énd MP 5evaluated
the effect of NHsOAcaddition and concentratioi10 mM and 50 mMin MP A and/or MP B
(10 mM)at pH 4. The second sdylP 3, MP 6, and MP8, exploral the effect of NH:OAC
addition and concentratio(0 mM, 10 mM, 50 mM, and 100 mi) MP A at pH 6.5The third
set,MP 1, MP 2, MP,and MP7, investigated the influence of different pH (2.8, 4.3, 6.6, and
7.8) in MP AGradients and injection volumes were adjusted when necessary.

The cude peptides weranalysedndividuallyunderboth thereferenceRRHPLC method and
the more optimal HILIC methods obtainesith further optimizationof the gradient and
injection volume when required.

2.4 DataAnalysis

Chromatographic anSdatawere acquired andhitiallyprocessed in MassLynRatawere
exportedto Excel(Microsoft 365)for curation and generation of chromatograrasd tables.
Further data handling, statistical analyses, and visualizati@ne performedn RStatistical
Software(version4.4.1) [56] usingthe Rpackagesidyverse [57] corrplot, [58] ggbreak [59]
andviridis. [60] Only peptides eluting in the gradient-(@ min) were included in the data
analysis.

Retention timesfor the peptides in the reference peptide mixtuweere converted into the

corresponding percentage of solvent Beition(%B, whichwasused to evaluate conditions
over columns and gradientB) cases wherpeptides exhibiéddouble peaks, both resolved

12



and unresolvd peaksthe retention time of thefirst elutingpeakwas usedPeptidesluting
in the post gradient washirom 10-13 mn) were assigned thénal gradient%Bplus0.1.

Anelution order rank (19) was assigned faachpeptidebased orretention time. In cases
of partially overlapping peakthe elution ordemwas determinedy inspecting the extracted
ion chromatogramEachpeptide was further classifiedas elutingin the gradient from O-
10 min), inthewashphase(from 10;13 min), or noelutingat allunderallappliedconditiors.

The separation was evaluated using a scoring systemeye each peptidevas assigned a
separation scoreAscore ofthreefor baselineseparationascore oftwo for partial shoulder
separationandascore obnefor elution without separation fronadjacent peaksandascore

of zerofor not eluted in the gradientPeak shape symmetry was visually evaluated.

To further investigatevhich peptidepropertiesinfluencedthe retention behaviour orthe
HILIC and RP colummsder different mobile phase conditios, Pearsoncorrelation
coefficients(r) were calculated between %B and eashblectedpeptide descriptorPeptide
descriptorsand net peptide chargevalueswere computed and provided thouse by
AstraZeneca andre provided as supplementaiyformation (Table10-12, Appendip®). The
selected descriptors were chosen to represent different pbyshemical properties of the
peptides.

The aerage hydrophilicity wasncludedto representthe overall hydrophilicityof the
peptides based on their amino acid compositj@alculated using data frotrdopp&Woods

[61] Topologicapolarsurfacearea (TPSA) was selected to represent ttverallpolarity of

the peptides, while theoctanolwater partition coefficient (LogP) wassedto represent
peptide hydrophobicityNet peptide charge was included to describe the overall charge of
the peptides alagivenpHand washased on the balance between positively and negatively
charged residues. Molecular weight was assbected

In addition, descriptors corresponding to specific functional groups were included to further
assess the contribution a@fistinctchemicalunctionalities to retention behavioytincluding

the number of amide groups, carboxylate groups, aliphatic grpapd secondary amino
groups.
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3. Results and Discussion
3.1HILICConditionScreening

To identifysuitableHILIC conditions fqreptide impurity analysjs systematiscreeningvas

performed Nine mobile phases withaviations in pH and buffer salt concentratiovere

explored (Table 5) across five HILIC columns and one standard RP C18 column {sibtge 3),

a reference peptide mixturérable 1).Individual chromatograms, retention times, %#hd

separation scores from the screening are provitled & dzLJLJ SYSY G NEH A YV T 2 NY
TpYR ¢hmpigSBLLSWRAE

Selectivity in HILIG influenced by severagéxperimentalparameters, with the stationary
phase generally having the greatest impact, followed by mobile pb&keorganic solvent
composition and buffersalt concentration [62] Theseparameterscan beadjusted during
method development to identify optimal condition[85] Therefore, the screeningjsoaimed
to investigatethe effects ofmobile phase pH and buffer salt concentratimmretention and
selectivityacrossdifferent HILIGstationary phases

3.1.1 Effect ofNH/OAcAddition andConcentration at pH 4

In HILICbuffersaltcan shield charged groups on both the peptides and the stationary phase
thereby redudng electrostatic interactions [63] This canimprovwe peak shape and
chromatographigerformance [64] Furthermore,hydrated counterionsnay facilitate the
partitioning of charged peptides into the wateich layer on theHILIGstationary phasgethus
affecting peptide retention[64] Therefore, a initial screeningaskat pH 4 was performed to
explore the influence of NMDAc addition and concentration mobile phaseA (10 mM and

50 mM) and/or mobile phasdB (10 mM)across the five HILIC columns and the reference
RPC18 column (Figurg).

The mobile phases which NHOAc was present only imobile phaseA generally yielded
gualitatively goocchromatographic separatioracross alHILIGolumns(Figure5), with the

exception of the P4VP column, where the peaks were generally broasedting in a lower

UV peak intensit{fFigure 5FE)n contrastthe mobile phaseontaining NHOAc in bothmobile
phaseAandBresulted in a broad undefined peak on most HILIC columns (Bi§B+&D and

5F). This may be related to thimited solubility ofNHiOAcunder high ACN conditionas

2yf@ wmMn Ya bl jh! O O2dz R 0SS RAMdaaghioi&Spghasd y dps
preparation. Thisnayhaveresulted inphase separation or pump mixing effects wheabile

phaseAand Biverecombinedinthe systemSincehis made peak analysis almostimpossible,

this mobile phase&onditionwas excluded from further evaluation

Increasing the NHDAc concentration from 10 mM to 50 mM at pH 4 resultethia elution

of anequal orgreater number opeptides(Figure6A) andanimproved pealshapesymmetry
(Figureb) across the HILIC columrshisis likely due to more effective shielding of charged
groups onboth the peptides and the stationary phase at higheHsOAc concentration
resulting in reduced electrostatic interactions
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Increasing the NHDAc concentration affected peptide retention across all Hibl@mnsbut
showedno general trend (FiguréB).The PTZ column showed the greatest sensitivity to the
increasein NH:OAc concentrationwhile the RP C18 column was the least affected (Figure
6C). Within each HILIC column, all peptides shifted in the same direction with increased
bl jh! O 02y 0S yebNihdicdtiggyhatdh€ affactiaNiBese conditions is primarily
dependent onthe column rather than specific peptide properties.

Interestingly, only peptide9and3could be eluted on the PTZ column (Fighieg even when

the ACN content was reduced to 45%, indicating a strong interaction between positively
charged peptides and thecidic butheutralPTZ column at pH 4h& aromatic ringpn the PTZ
stationary phasés protonatedneutralat pH 4 and could potentiallyavea strong preference

for peptides via -stackingat evaluated conditions.
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At 50 mM NHOACc, the Amide, PMR@nd PTZolumns 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 higihdisOAcconcentration. In contrasthe Luna

and P4VP columns showed increased peptide retensith0 mM NHOAG suggesting that
higherNH;OAcconcentration may enhance peptide partitioning into the watash layer.

Despitethe observed retention shifthe elution order generally remained across columns

gKSY GKS bl j h!visiccRegsedSiguiem). Midolrgbrdering was observed

on the Amideand P4AVPO2 f dzYya® ¢KS&aS NBadz Ga AYyRAOI GSRK
concentration primarily affected retention rather than selectivity.

pn Ya bl jh! O opftiNBseparRiSion thekP8Vevlumn,and the Amide, Luna

and PMPC columns showed optimal separationat Mml j h! OX KAt S GKS t
showed equally good separation over the monitored conditions (FiglB® Improved
separationamn Y a bwag chrisi€ent with Broaderelution windowandfewer eluted
peptides,compared to att0 mM

Interestingly, peptidgairs5and6 showed poor separation on the RP C18 column at pH 4,
while they were well separated on all evaluated HILIC coluifFigsire5), with the exception

of the PTZ column, which could not elute the peptides. The peptiiasd6) differ by only
two amino acids, and these results highlight thigility of HILIC to separate peptides with
minor differences but also the different selectivity between HILIC and RP.
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Cc18 Amide Luna PMPC PTZ P4VvP C18 Amide Luna PMPC PTZ P4VP
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3.1.2Effect of NHOAc Addition and Concentration at pH 6.5

To further investigate the trendsf NH;OAc addition and concentration mobile phaseA
observed at pH Ahe same concentrationd0 mM and 50 mMvere evaluated at pH 6.5n
addition,onemobile phasewithout additivesandone mobile phase witk higherb | j h'! O
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concentration(100 mM)were included to investigate whethdurther improvements in
performance could be achieved atite role ofb | j hirh iibre detail.

The nobilephase®2 y i Ay Ay 3 Dbl jh! O 3ISy S NahborhadographiSt RS R
separationsacross alHILIGolumng(FigureB), with the exception of the P4VP colummeve

the peakswere generally broaderresulting in a lower UV peak intensity (Fig8€). In
contrast,the mobile phasavithout NH:OAc resulted in significantly tefent results and

gradient adjustments were required for the Luna, PM&a PTZ columns due to large shifts

in retention and increased backpressure.

As observed at pH 4¢reasing the NFHDAc concentration from 10 mM to 50 mM at pH 6.5
affectedpeptide retention across all HILIC columns (Fi@eandresulted in equal or more
peptides eluted (Figur@A)and improved peak shape symmetry (Fig@)eA further increase
to 100 mM NHOAc resulted in onlg limited retention shift slightly improved elutiorand
comparable peak shapsuggesting thamost charged groups are sufficiently paired with
counterionsat 50 mM and a further increase in salt concentration lihsrefore a minor
additional effectThe excegionwas forthe P4VP columywhichshowed poor peak symmetry
across all concentrations of NBIAc (Figur&F).

The Amide, Lunaand PMPC columns showed simiteends inindividual retention shifts
(Figure 9C), with reduced retention of peptides$, and 7 when theNH;OAcconcentration
was increasedThese peptides are composed of neutral and basic araoids,and the
decreasedpeptide retention may reflect reduced electrostatic interactions with the
stationary phase at increased buffer concentration.

In contrast, the PTZ arftlVReolumnsshowed more distinct individual behaviour (Fig9()
and thePTZ column showed thaghestsensitivity to the change in NBAc concentration
with improvedpeptide elutionand retentionat)x @M (FigureBE).At10 mMNH:OAGonly
two peptidescould be elutedand at 100 mM seven peptidegluted on the PTZ column.
Suggesting the increasedH:OAc concentratioreduces peptide and stationary phase
interactionsat pH 6.5.

Only minor changes in peptide retention were observed for the RP C18 coldran the
NH:OAcconcentration was increasddom 10 mMat both pH 4 and 6.5, compared to the
HILIC columns (Figure® @nd 9Q. Thiscan beexplained by the fundamentally different
retention mechanisms of the two modeRP retention is primarily driven by hydrophobic
interactions [36] and peptide hydrophobicity remains relatively unaffectatl evaluated
buffer conditions Resulting incomparativelyconstant retention on the RP C18 column
compared to the HILIC columnshere the buffer salt maynflueneretention by facilitating
hydrophilicpartitioning. [64]
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At both pH 4 and 6,5ighlynet-charged peptidedemonstratedargerretention shiftswith
increased\NH,OAc concentratioywhile uncharged peptides weoemparativelyess affectd
(Figure 10). This observation may arise becaubgdrated counterionsfacilitate the
partitioning of charged peptides into the wateich layer therebyaffectingtheir retention.
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Figure10. Throughoutsix columnsabsolute change in retention given as %& the individual peptidevs.
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pH 4.3B. between 10 mM NEOAc in MP A at pH 6.5 and 100 mM/JWAc in MP A at pH 6.4. The numbers
correspond to the peptides from the reference peptide mixture (Tdble
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concentration from 10 mM to 100 mM, with only minor reordering observed on the Amide,
PMPC, PTZnd P4VRolumns (Figur&1A). Consistent with the results observed at gHthe

A ¥ 4 oA

bl jh! O O2yOSYuUNI GA2Y LINAYIFNAREtE . TFSOUSR NBG:

OveralE pn Ya bl jh! O LNRPOARSR (KS o6Sad aSLI NI G,
the Amide columpwhichd K2 6 SR A YLINR @SR &aSLJI NI GA218. G wmn
PeptidesB and5 coeluted on the RP C18 coluranpH 6.5 butvere well separated across all

HILIC columnehen NH;OAcwas included imobile phaseA (Figure 8), demonstrating the

different selectivity between RP and HILIC.

In the absence of additives, most columns showed reduced performance with afieptide
retention (Figure 9B), compared to the conditions including j h Th® Amideand PTZ
columns showed increased retention and limited peptide elutiogyf@s 8B and 8ETJhis
suggested excessive peptide and stationary phase interactidne to unmodulated
electrostatic interactions without buffer salt at pH 6-Bhe Luna column showed significignt
reduced peptide retention and separatiémthe absence ob | j h(Fighre 8G)indicating
that the addition ofb | j hi$ €sential 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 performancwith peptide elution and separatiom the absence of additives
(Figures 8D and 8Fjhe PMPC column largely maintained the selectivity but showed poorer
peak shape and increased retention, indicating modulation of electrostatic interactions by
b1 j hTh&P4VP column demonstrated a slightly different selectivity, improved separation
and peak shape in the absence bfl j h InGddition, retention remained relatively
unaffected byb | j hcbn@entrations, suggesting a limited influence of buffer salt at pH 6.5.
Potentially, the pyridine nitrogen of the4VP stationary phasan form hydrogen bonds with

the silanol groups on the silica surface and the mobile phgg&d thus masking these sites
and suppressing undesired adsorption of peptides and also contrigtd maintaining a
stable waterrich layer on the colummwhich enables peptidseparation even in the absence

of additives. Similarly, thewitterionicPMPC stationary phase contaia similar nitrogen
atomthat mayenableseparation in the same wayn this columnason the P4VP column.
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3.1.3 Effect opH

Varying the pH of the obile phase isafter changing the stationary phaske second most
effective approach toinfluence selectivity in HILI{B2] particularly for peptides[31] The
amino acids that the peptides are composed of typically possess ionizable functional groups,
causing thenet charge of a peptide to vary with pk66] alteringthe hydrophilicity of the
peptide,and thus effectively modulatselectivity in HILIJ62] Therefore, asecondscreening
taskwas performed to explore the influence wiobile phasg@H (2.8, 4.3, 6.6, and 7)&cross

the HILIC columns and the reference RP C18 column (Higure

Different buffer systems were usédiables). The mobile phaseat pH 4.3, 6.6and 7.8were
prepared with the sameéon strength(50 mM) andthe mobile phasat pH 2.8was without
buffer salt andincludedonly AcOHas an additive. The mobile phasewith buffer salts
generally yielded qualitatively goazhromatographic separationscross alHILICcolumns
(Figure 2), with the exception of the P4VP column, where the peaks were generally broader
resulting in a lower UV peak intensity (Figu@F). In contrastthe mobile phase without
buffer salt (pH 2.8resulted inreduced performancewith altered peptide retention and
poorer peak shapgBased on theesults from theearlier screeningask,the different result
waslikely related to the absence of buffer salt in the mobile phase, rather than the low pH.

Across the HILIC colummsost peptides eluted at pH 6.6 and {Bigure BA),and the best
peak shape symmetry was generally observed at pH 4.3 an@Fig6rel2), except for the
P4VP columnwhich showed poor peak shape symmetry across all evaluated conditions
(Figurel2F). The poorer peak shape at higher pH could be du¢hefact thatlower pH
conditions can be advantageous by minimizimgvanted ionic interactions between basic
peptides and silanol groups on the stationary phgd8é]

Varying the pH affected peptide retention across all colunatthoughshowing no general
trend (Figurel3B). Theneutral net chargeAmide, Lunaand PMPC columns showed similar
trends in the peptide individual retention shiftsjth increased retention of peptidesand6
and reduced retention of peptidesand3 when pH was increased (Figur@gCl).Additionally,
the Luna columrshowed the greatest sensitivity to pH changsgh increased peptide
retention at higher pHwhichrequired gradient adjustments

While the PTAndP4VP columns showed more distinct individual behaviour (FItRCe.A
significant improvement in peptide elution was observedLdt  xforah@® ©TZ column,
consistent with deprotonation of thacidictetrazolyl moieties on thenegatively charged
stationary phase above pH(bigurel3A), improving peptide elution especially for peptides
whose net charge shiédfrom slightly positive to negative (peptid@and3, Figure 2E).This
suggests that at lower pH, strong interactions between the positimetycharged peptides

and the protonated but neutral stationary phase may result in excessive retention and only
near neutral peptides (peptid® and 3, Figure 2E) eluted from the column.
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The P4VP column showed improved performance with incregssutide retention at
pHXx 6.6 (Figures 12Fand13B), and gradientadjustments were required across the pH range
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This was consistent with the pH dependent deprotonation oflilasicpoly(4vinylpyridine)
moieties on the stationary phaseAt 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 affeatetlimn by changes in mobile phase pH, vattty
minor changes in peptide retentigmwompared with the HILIC columns (Figur€Q)13 his
observation is likely explained by the same conclusion proposed for tHej h! O
concentrationthatthe peptide hydrophobicityemains relatively unaffected by different pH,

In contrastto the hydrophilicity of the peptids.

The peptide elution order varied acroseearlyall explored pH conditions across all columns,
with most reordering observed on the Ami@adLunacolumns (Figurd4A). These results
confirmthat changing the pH affects the selectivityHILIC

Overall, pH 4.3 and 6.6 provided the best separation across$lblCcolumns (Figurd4B).

Notably, the two earliest eluting peptide8 &nd 2) coeluted at both pH 6.6 and 7éh the

RPC18 column but were well separatedtrossall evaluated HILIC columiiBigure 12).
Highlighting the different selectivity between RP and HILIC.
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3.1.4 Summary of thellLIC Conditioiscreening

In summarymostof theevaluatedHILIC columns yielded qualitatively gadtomatographic
separationswhen buffer salt was included immobile phase A The Amide column
demonstrated the most robust and consistepérformanceacross the tested conditions,
followed by the Luna and PMPC columns. In contrast, the P4VP column generally yielded poor
chromatograms and was the weakgstrforming column overallThe PTZ column heavily
retained many of the peptides, especially at mobile phase XH na#d buffer salt
concentrations< 50 mM Interestingly,could the PMPCand P4VPcolumrns maintain
acceptable performance undéow buffer concentrations

The screening demonstrated that both | j h! O 02 ydné yhdbNe phase gH
influenced peptide retention and selectivity in HiLIdcreasingtheb | j h! O 02 y OSy (i NJ
primarily affected peptide retentioywhile changes in pH altered bogreptideretention and
selectivity.Overall, the most generally suitable HILIC conditions appeared to be between
pH4.3 and 6.6 using 50 mM | j hifl mObile phase Arhe extent and direction of the effects
from different mobile phaseslepended strongly on the stationaphase andcan be
attributed to variations in the dominant interaction mechanism contributing to separation
across the evaluated HILIC columf&] The neutral columns (Amide, Luna, and PMPC)
showed similar elution order and retention trendsjggesting comparabkelectivity anca
dominant interaction mechanisnin contrastthe chargedcolumns (PTZ and P4VP) showed
more distinct and condition dependeittehaviout

HILIC provided complementary selectivity to RP, as demonstrated by differences in elution
order(Figure #A)andthe ability to resolvepeptide pairs that coelutedn the RRC18colunm.

The HILICcolumnsdid not show a simple reversed elution order of that observed in RP,
indicatingthe contribution of different and multiple interaction mechanismdost peptides

were effectively separatedncluding structurally similar peptidedti@oughpeptides4 and8
showed consistently strong retentiamith limited elution across the evaluated Hlkcifumns.
Thestrong retention observedould be due to thehigh hydrophilicity of these peptides,
whichcouldarise from the presence of multiple basic and acidic amino aaglsell as amide

and hydroxyl groupg52, 39]

In order to understandvhich molecular properties influencegeptide retenion on the
evaluatedcolumns correlatiorswerecalculated between %B at elution and selected peptide
descriptors for each column and mobile phase condiffeigure b, Tables6-63, Appendix

B). The PTZ columexhibitedexcessive peptide retention under several conditionkjch
limited the correlation analysifor 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 remarkah®@3 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
PMRC columrshowed 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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However, at mobile phase pH 2.8, the PMPC column showed quite distinct behaviour, and
peptide net charge became a major factor for peptide elu(igure 5), 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 pasémilar
behaviour was observed for the Amide and Luna columns, which showed strong negative
correlation scores with peptide net charge at low pH conditions, with remarkat$8,-0.90,
and-0.94, respectively, at pH 2.8his trend got much weaker with increasing,pidtentially

it could be a shift inthe dominant retention mechanism in HILI& increasing pH.
Interestingly, the P4VP column showed the strongest correlation with the number of
carboxylategroups across athobile phaseconditions but significantly less correlation with

all other selected descriptor®n the contrary, at basic pH 7é8lmost 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 (Figuredtijionally,

the HILIC columns generally showed a positive correlationlagR, particularly the Amide

and Luna columns, demonstrating a strong positive correlation atBl, #ndicating 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 ofCrudePeptides usindre-optimized HILIConditions

To furtherevaluateHILIC as a complementagchniquefor peptide impurity analysighe
optimal conditionsidentified in thescreening wre 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.m&iefocus wason evaluating the
separation between target peptidesidtheir peptide-based impurities, as well as differences

in selectivity as reflected by changes in elution order.

Based on the column screening resui® following conditions were chosen for the analysis
f Amide and Luna colunsaMP 2 usin@.5% AcOHandn Ya bl j htladd F 0 LJ
MP3usinpn Ya bl j®60 |0 LI
1 PMPC columrMP 1using 0.5% AcOH at pH 2a8dMP 9 without additivesat pH6.6,
YR at ¢ dzaAy3a wmn Ya bljh!O Fd LI copd
 PTZcolumnMP3withpn Ya bl jh!.O i LI ¢ dc
1 P4VP columnMP 9 without additive at pH 6.6

All mobile phaseconditions were also applied to thRP C1&olumn, whichwas used as a
reference.Individual chromatograms from themnalysis of therude peptideare provided: a
& dzLJLJ S YAS/YF(i2INWEBF o 21ymm iC Al 3 dzBSS@R A E

3.2.1Cyclic and LinedCrude Somatostatin

TheLuna and Amideolumnsyielded qualitatively goodeparationdor the crude of cyclic
(oxidizednd linearreducedsomatostatinsamplesatpH 4.3and 6.6 usilgn  Ya bl j h! O
(Figurel6 and Tables). The PMPColumnalso provided satisfactory performance at pH 6.5

using a lower buffer concentration (10 mM| j H.TH@ Luna, AmidePMPCand RP C18

columns separatethe impurities(S], S2 and S3 from the targetpeptide, withthe Amide

column showing the best separation of the HILIC columns.

The RRC18column and the HILIC columns showed different selectivity toward the anfide
somatostatin sampleg-or thecrude of cyclic somatostatin, all impurities eluted before the
target peak on the RP C18 coluyand on the HILIC columytle impurities eluted after the
target peal(Figure 16)In contrast, for the crude of linear somatostatin sample, the impurities
eluted after the target orthe RP C18olumnbut before the target on the HILIC columns.

¢l octhS ¢l NBESG IIRRISTILARIOBE &1 KSR f AYySBNIYAR BlaA@®2 a0l oy ONI

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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The crude of cyclic and linear somatostagimoweddifferent results, with different impurities
being observedThese observed impurities showed increased molecular masses compared to
somatostatin, commonly associatewith side reactions or unintended amino acid
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incorporation during synthesi8Vhile the impuritiesS1and S2 could not be assigned to a
specific speciess3was consistent with the incorporation of an additional glycine residue
Additionally, a minopeakof cyclic somatostatin was detected in the linear sample, and a
smallpeakof the linear form was present in the cyclic sam#eure 6). The two forms of
somatostatins were well separated across conditions, with the linear form consistently eluted
later on the HILIC columngpotentially due to increased conformational flexibility and
exposure of hydrophilic residues.

For application in preparativescale purificationof crude cyclic somatostatin, the HILIC
columns provided the best overall separation between the target peak and impurities at pH
6.6 (Figure &). In contrastpH 4.3offered a practical advantagesall impurities eluedon

the same side of the target peakhe 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 hidhly advantageous. This allows for strategic repositioning of impurities before the target
peak, which can simplify purification.

3.22Crude A

The AmideandLunacolumnsyielded qualitatively goodhromatographic separatiorfer the

crude of sampleA+ & LI ndo FyR ¢ dc (Figirdly and pable7)Ya bl j
Interestinglythe PTZ columalso provided acceptable performanaepH 6.8under the same

buffer conditionsThis result is consistent with threet negative charge oA at this pH,which

may lead to electrostatic repulsion from the similarly charged PTZ colureducing the

retention and improving peak elutigrcompared tothe other crude samplesThe PMPC
columnalso provided satisfactory performance at pH 6.5 using a lower buffer concentration

(10 mMb | j B as@ell asat pH 2.8 usingo buffer salt(0.5% AcOM

In crudeA, the same impuritiesA1andA?2) eluted across the different evaluated conditions
and were successfully separated from the targgieptide on both HILIC and RP C18 columns
(Figure 17) The impurities could be identifiedhowing thatAl had an additional mass of

16 Daltonand A2 had an additional mass of 3Daltonrelativeto the target mass, which
indicated the oxidation of aysteineresidug adding one or two oxygen atoms. The impurities
AlandA2 eluted before the target on the RP C&8lumn,while they eluted after the target

on the HILIC columns across evaluated conditidigs reflects the different selectivity
between HILIC and RP, and also the increased hydrophilicity of oxidized impurities.

¢l oS¢l NBSTH IRRI SOILIENIEFS a1 KIS S ¢

Code Peptide Molecular Weight
(g/mol)

A crude A 1789.0

Al impurity 1 1804.8

A2 impurity 2 1820.8

However, the separation of the impurities from the target pegksgenerally better under
acidc conditions for all columns and conditions outlined in Figdré Regarding the
application in preparative scale purificatigine Amide (pH 4.3) and PMPC (pH 2.8) columns
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showed the greatest potential with respect to the impuritid$ and A2, as they separad
fairly wellfrom the target peak.
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3.2.3 Crude B

The Amide and Lun@olumnsyielded qualitatively good chromatograms for crugéFigure
18 and Table8) at pH 4.3 angpHc ®c  dza A y 3 p The PMVPC bolufratsd peddided
satisfactory performance at pH 6.5 using a lower buffer concentration (10omMj H.! O

Boththe HILIC and RP C18 colwnould separatd32 from the targetpeak(Figure B). In

contrast Blcoeluted with the targetinder most conditionsPartial separation d81was only
achieved orthe Amide columrfpH 4.3) and the PMPC column (pH 6Bk limited separation
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of Blindicatessimilarproperties to the target peptide, making it challenging to resolve under
the tested conditions.

As already observed for crudk the same impuritiesvere detectedacross evaluated
chromatographic conditiongs crude B, with different selectivity between HILIC and RP.

SpecificallyB2eluted after the target peak on the RP C18 colyimnt before the target peak
on the HILIC column§&igure 18)

¢l oyte® NBSG |y RSA B QSIS ¥ KESS o

Code Peptide Molecular Weight
(g/mol)
B crude B 3973.2
Bl impurity 1 4011.1
B2 impurity 2 4249.0
A B B/B1
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The identification of the impurities &s not straightforward forB1 and B2 B1 had an
additional mass of 3®altonrelative to B, and B2 displayed a larger additional mass,
consistent withthe incorporation of multiple additional impurities or other synthesgated
modifications.

3.24Crude C

The AmideandLunacolumns yieldedjualitatively goodseparationfor the crudeC(Figurel9
and Table9) I & LI ndo | YR ¢ dc TheziMRCTIcolpmalsoYmvidédl j h! Od
satisfactory performance at pH 6.5 using a lower buffer concentration (10omMj H.! O

Throughout tre analysisthe same impurities were observed in cru@across the different
chromatographic conditiong he results showed thahe HILIC and RP C18 columns could
separate the impuritie€1land C2from the targetpeak with complementaryselectivity
between the two modegFigure 19)Interestingly, only the HILIC columns could sepa@e
from the target peak, while it coeluted with the target in the RP C18 column.

The observed impurities showed decreased molecular masses compar€datad are
associated with incomplete coupling reactions, resulting in missing amino acids during
synthesisWhileClwas consistent with the loss of a phenylalanine residi@ndicated a
missing tyrosingand C2indicated amissing cysteine and serine residUdeinability of the

RP C18 column to resol@3from the target pealsuggesthat the loss of a tyrosine residue
has only a minor effect on the overall hydrophobiaifythe large and multiple charged
peptide C resulting in nearly identical retention behaviour RP.

¢l ogibS ¢ NBSUG | R/RI S OULAENKXEES 3 KIS S &

Code Peptide Molecular Weight
(g/mol)

C crude C 4310.8

C1 impurity 1 4163.2

Cc2 impurity 2 4121.2

C3 impurity 3 4147.4

Interestingly, across the HILIC columns, all deletion impuri@dsG2 andC3 eluted after

the bicyclic target peptid€(Figure 19)indicating increased retention despite the reduced
molecular sizeAs already observed farude 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 stucture, 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 comparedatiopH 4.3 across the HILIC columns
suggesting that pkHiependent changes in the peptides enhance selectivity under these
conditions(Figurel9).
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In summary the Amide and Luna colums& showed the most robust and consistent
performanceacross thecrude peptidesamplesemployingconditionsofp i Ya bl j h! O |
pH 4.3and 6.6. Moreover, the Amideolumnshowed the besbverallseparationbetween
the targetpeptidesand impurities. On theontrary, the PMPC column performed very well
separating the impurities from the targedt pH 6.5 using aeducedbuffer concentration
(10mMb | j Has @ell asat pH2.8 using only 0.5% AcOH, tle laterwasobserved only
for crudeA. In contrast, the PTZ column was only able to elute crude saAgi@H6.6 using
pn Ya b krjdthé g8paration performancef the P4VP column was generally not
satisfactorywithin the chosen conditiong.he other selected HILIC conditions could not elute
the target or yielded poor chromatograms for the crude peptidesl wereexcluded from
further evaluation

Across the crude samplesl] anpuritiescould be detected, and in most casdbe HILIC
columns sucessfully separated the target peptide frataimpurities.While many impurities
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were also resolvedby RP, HILICfrequently showed different elution orders and
complementary selectivityHILIC was able to resolve closely relatathet peptide and
impurities, includingyclic andinear formg(crude somatostatin), single amino acid insertions
or deletions (crude somatostatin and cru@@®, and oxidatiorwith the addition ofa single
oxygen (cruded).

Notably,HILIGlemonstrated interesting resulisvith especiallymprovedseparationin two
casescomparedwith RP.For crudeB, partial separation of impuritidl wasachieved using
the Amide and PMPC columns, whhesecoeluted under RP conditionSimilarlyfor crude

C the HILIC columns enabled the resolution of impu@if/which coeluted with the target
peakon the RP C18 columihese observationsainonstratedthe increasedsensitivity in
HILIC potentiallydue to the multiple separation mechanismg&urthermore,RP provided
better separation for certain samples, highlighting the complementary nature of the two
separation modes and supporting the useHiLIC as an orthogonal technique for peptide
impurity analysis.
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4. Conclusion

This studyinvestigated HILIC as an orthogotedhnique toconventionaRRHPLC for the
analysis of impurities in synthetic pharmaceutical peptided evaluategotential conditions
for routine peptide impurity analysis.

In order to understandHILICapplicability forroutine peptide analgis nine mobile phase
conditions were systematicallyinvestigated across five HILIC columnsThe screening
demonstrated that both mobile phase pH armd| j hdor@entration influence peptide
retention and selectivityMobile phase pH was identified as the major factor governing
retention and selectivity, while | j hcbn@entrationprimarily affected retention and peak
shapeThe addition of buffer salt was generally essential for achieving good peak shape and
gualitatively good chromatagphic separatiorunder theevaluated conditions.

The correlation analysisdicatedthat peptide hydrophilicity is a majdactor of retention in
HILIC, particularlfor the classicalAmide and Luna columns, where strong correlations
between peptide hydrophilicity and retention were observédlow pH, peptide net charge
became increasingly importara)thoughits influence decreased with increasing pFhese
results indicatdhat the relative contributions of electrostatic interactions and hydrophilic
partitioning vary with the mobile phase pHnportantly, the observed correlations suggest
that peptide descriptors such &ydrophilicity and net charge may be used to predict peptide
retention, therebyfacilitating future method development and column selection.

Application of the selected HILIC conditions five crude peptide samplegurther
demonstrated that HILIC provides complementary selectitotyRRPHPLC. Differences in
elution order were consistently observed, and several closely related impurities, including
oxidation with the addition of a single oxygercyclic and linear forms, and amino acid
insertion or deleton variants, could be separated. In some cases, Hésidvedimpurities

that coelutedwith the target pealon theRP ctumn, while RPprovided superior separation

for other samplesThese results highlight thedditional separation possibilitiesffered by
HILIC anddemonstrate that HILIC should not replaBRHPLC but rather serve as a
complementary separation technique.

Among the evaluated columns, the Amide and Luna columns (0.5% Ac@Hmndya k1l j h! O
pH4.3andp n Y a b, pH6.6) showed the mosstableandconsistent performancand

the broadest applicability, making them suitable candidates for routine peptide analyss.

PMPC column (10 mM | j h pH36.5) 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 columndemonstrated 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 tmodifyimpurity elution order relative to the target
peptide can facilitate fractionollection and improve purification strategies. Furthermore, the
developedmethods are TFAree and require only the implementation of HILIC columns on
existing HPLC systems, making thewasily applicable in pharmaceutical laboratories.
Adjustment of mobile phaspH proved to be a key parameter fonprovingselectivity as

37



variations in pHthangedboth peptide retention and impurity separation depending on the
crude sampleln addition,the developed HILIC methods offered a shodealysidime of
19 minutes compared with previously reported peptide analysis meth[32§ and with good
reproducibility.

In conclusionthis study demonstrated that HILIC is a valuable orthogonal technique for
impurity analysis of synthetic pharmaceutical peptides. The combination of complementary
selectivity tuneableretention through pH andcolumn selection, and the possibilitgf
predictingretention from peptide properties highlights the potential of HILIC as a practical
complement to RIHPLCor routine peptide analysis. Future work should focus on further
methodoptimization and evaluatioand scaleup ofthe HILIGnethodsfor preparativescale
peptide purification.
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AppendixA

Desmopressin Carbetocin
NH,
D “:N/< N 0
HO, N
oH 9 ‘M /\/w HN/
N)/s— " N 2 ,\/\/NHZ oj/N s ° 7
o > i 5 H
HO NN H_s
NH HN \>/. //<
,,,,,, 0 g
s R [+]
< s Tl
NH HN | n)?/
N
H

- N>5\< : “ri,u\< s
* o NH
o
HN o
Somatostatin Leuprolide

HO

ket

Angiotensin |l Leucine-enkephalin
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Liraglutide analogue

a7



NH

Tz

/
N O:'\ H

HN. —N
< A\

Triptorelin

CA JwaB{ i

=0

NEzD ( IS8 @6 @&zRSR Ay (G KS LISLIPB RS NBFSNBY

WEFENEy ORI &3 |

¢ omdbSi OKINBS At iZ8ERREY G(KS LISLBRS
O2YLlZaAs2yaod
Peptide MP1 MP2 MP3 MP4 MP5 MP6 MP7 MP8 MP9
pH?2.8 pH4.3 pH 6.6 pH4.0 pH4.0 pH6.5 pH 7.8 pH 6.4 pH 6.6
desmopressin 1.00 100 100 100 100 100 096 1.00 1.00
angiotensin Il 254 136 037 157 157 043 -042 050 0.37
leucine-enkephalin 0.60 0.05 -0.05 0.09 0.09 -0.04 -0.46 -0.03 -0.05
ACTH 844 544 130 638 638 139 -0.66 149 1.30
triptorelin 200 199 141 200 200 146 100 152 141
leuprolide 200 199 141 200 200 146 100 152 141
somatostatin 282 213 190 222 222 192 098 194 1.90
liraglutide analogue4.46 1.82 -1.63 2.62 2.62 -155 -2.72 -1.47 -1.63
carbetocin 0.00 0.00 0.00 000 000 0.00 0.00 0.00 0.00
¢l oMDS i OKl KRENHZRST LISILIsRRAYIES B §/ 80 A RUIEBA 2 2 Y & @

Crude Peptide

MP1 MP2 MP3 MP4 MP5 MP6 MP7 MP8 MP9
pH 2.8 pH 4.3 pH 6.6 pH 4.0 pH 4.0 pH 6.5 pH 7.8 pH 6.4 pH 6.6

cyclic somatostatin

2.82

linear somatostatin -

crude A
crude B
crude C

0.87
5.67
6.74

2.13
-0.25
3.21
4.49

1.90
-1.09
1.26
2.27

2.22
0.07
3.84
5.13

2.22

0.07

3.84
5.13

1.92

-1.08

1.29
231

0.98

-1.43

0.55
1.52

1.94

-1.06

1.37
2.40

1.90

-1.09

1.26
2.27
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¢k oMAS t SLI RS REMICGNAIFHRORIIZR SR A YLISLIOGF INEEREBBS y O S

Peptide Average TPSA  LogP Amide Carboxylate Aliphatic Secondar
Hydrophilicity Group Group Hydroxyl Amine
Group Group
desmopressin -0.38 43791 -434 11 0 0 7
angiotensin |l -0.32 408.84 -1.31 7 2 0 7
leucine-enkephalin -1.32 19995 -0.16 4 1 0 4
ACTH 0.38 1836.25 -15.16 39 7 3 42
triptorelin -0.90 49042 -229 11 0 1 12
leuprolide -0.81 43154 -144 10 0 1 11
somatostatin -0.55 613.23 -491 14 1 3 14
liraglutide analogue0.08 1510.68 -15.80 32 6 5 37
carbetocin -0.83 362,51 -250 11 0 0 7

Table13. Extra columrspecifications considering working conditions for the longest lifetime of the colsmn

Column  Pore pH Temperature Maximum Surface EndcappedCarbon Ligand
Size Range Range Pressure Area Load Density
(A) (°C) (psi) (m2/g) (%) 0>Y2f
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 - - - -
A
| Polar |
,, /\/\;_/
Q Q. > ‘

.S
(NS
Y 0}

c18 Amide

/kf’ Silica
n n gel
o (o]
H \ P HN (o]
\ %NH
/
N=—/N

N

// \ —
PMPC PTZ P4VP

CAJWaBl 02y | NBG NIKCERHFENBKES SO f d2t 6SR O2f dzvyya o
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AppendixB
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0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0
retention time (min)
CAJWaBry wtAOKNR Yl GZINoVi yY dzaAy3 | ¢ AYaSENAINMRASHYZF
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CAJWaMBawt 7 232 VRBANI Y Hon yY dzaAy3 | fAyaSt NAINMRA SF G X F
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0.9 A

absorbance (AU)
o
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0.3 4

] 3/4/8 4 6/5
b —
7
- \ 7
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0
retention time (min)

0.0

CA Jammwt = &3 OKNRIVE Ge@mMNIywyY dzaiAy3a I+ AyaStt NAFNMRA S =F I
0KS NBTFTFSNBYyOST 2a08thtoatS IYAEIGG@ANE at . |dipselapt /6K Sb ypizy 6 8 NA
O2NNBaLRYyR (2 (GKS LISLBRSE TNBEOIKS NBEFSNSyOS LISLIBRS

¢clroMab my wt LISLBREBNSEYDPZY oYS O0YAYyO F2N) at wm (G2 at

Peptide MP1 MP2 MP3 MP4 WMP5 MP6 MP7 MP8 MPY9
3.43 3.78 3.81 3.76 3.77 3.80 3.82 3.83 8.62
3.08 3.54 3.59 3.50 3.50 3.59 3.54 3.57 10.81
3.88 3.67 3.55 3.80 3.78 3.48 3.53 3.53 8.39
3.42 5.19 5.34 5.10 5.08 5.52 5.31 5.21 8.40
4.94 5.80 6.02 5.76 5.77 6.04 6.03 5.99 11.97
4.71 5.82 6.33 5.63 5.68 6.33 6.39 6.35 11.70
5.02 6.06 6.27 5.93 5.96 6.23 6.60 6.27 10.09
5.90 6.85 6.01 6.91 6.90 6.03 5.84 5.98 8.41
6.72 6.70 6.67 6.71 6.71 6.69 6.67 6.66 10.88

O© O ~NOO O WDN B
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CloMgd / my wt LISARIORE BIE G 6 K BIMINEQA yE2 pOSY I N} o fAOAY at

Peptide mMmn Ya bljh! mn Ya bljh! pn Ya bl j h!
in MP A (%B) in MP A and MP B (%B) in MP A (%B)
1 25.04 25.08 25.12
2 24.00 24.00 24.16
3 25.20 25.12 24.68
4 30.40 30.32 30.76
5 33.04 33.08 33.20
6 32.52 32.72 33.28
7 33.72 33.84 34.24
8 37.64 37.60 37.40
9 36.84 36.84 36.80

¢l oMaS / miyS LANI o I NE OIS RE G K O NBA Y32 pDOSY i NI oyfd Ay at
)

Peptide Mmn Ya bljh! @&n Ya bljh! pan Ya bl jh!
in MP A in MP A and MP B in MP A

1 1 1 3

2 3 3 3

3 2 1 3

4 3 3 3

5 2 2 1

6 2 2 1

7 3 3 3

8 3 3 3

9 3 3 3

¢l oMb My wt LISLBARBSYS fhdiio g8 (1 KGO NBAyA2 YOSy i NI SIFyRSE Y at

SISMDSNI O2Y L) Soz2y RAIKKBI@BMERASY I | NB

Peptide n Ya bl jhwmn Ya bljpn Ya bl jwmnn Ya bl

in MP A (%B) in MP A (%B) in MP A (%B) 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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¢l oMgs /wwmdyS LI NI o 2I5 NG OB HMEcRBA 1 K O NEAYG2YOSY (I Nt o2yad Ay

Peptde n Ya bl jhwmn Ya bljpn Ya bljmnn Ya bl
in MP A in MP A in MP A in MP A
1 3 3 3

©O~NO D WN R
OR OO0OORRFLO
WERPRNWREWWW
WRNWER®WR R
WER WWE WN PR

¢ oMgb My Stlo RS SA @S YYy RA GSNBIG atJl !

Peptide pH 2.8 pH 4.3 pH 6.6 pH 7.8
(%B) (%B) (%B) (%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

¢ oHf®my wt &SLILISING 2I5RBAENSE Wi aitdl !

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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-0.1

CA JamX A RS
YAYZ F2N 0
LJc abn ¢ KS vy
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09 A

0.7 A

0.5 A

absorbance (AU)

039 g/3

0.1 4 L 1/2/5

-0.1

0.0 170 2‘.0 370 470 5‘.0 I 6'0 I 7‘.0 I 8?0 9'0 1(;0 I 1]t.D I 12'.0 I 13'.0

retention time (min)
CAJadsBX ARS 'l® A d /OKNRIVE G@MNI WY dza Ay 3 | Agp&lpNI HWI A Sy i
YAYZ F2N) GKS NBETEAN @S 1JS 146 RS NEA B & dzNSipeide ¢ KIS % dp¥d Sk
O2NNBaLRYyR (2 (GKS LISLBRSE TNBEOIKS NBEFSNSyOS LISLIBRS

¢l oHiE YA RS LISLJolR/IS BAADEW Sy a2y oaYS oYAWML F2Nl at m (G2 a

Peptide MP1 MP2 MP3 MP4 MP5 MP6 MP7 MP8 MPY9
6.16 5.29 5.57 5.56 5.28 6.23 6.67 5.45 12.24
9.15 6.77 6.31 7.15 6.76 6.24 5.35 6.36 12.25
4.48 3.63 3.24 3.87 3.60 3.25 2.70 3.29 0.74
- 9.31 9.03 10.50 9.51 9.27 9.01 9.08 -
7.48 5.30 5.17 5.55 5.17 5.21 5.19 5.16 12.26
7.26 4.42 451 4.84 3.89 5.09 5.63 4.38 -
9.65 6.68 6.39 7.35 6.75 7.43 6.66 6.26 -
1140 7.76 8.38 7.95 7.95 7.69 7.44 8.38 -
3.07 3.06 3.05 3.10 3.08 3.16 3.18 3.12 0.73

O© 00O NO O A~ WNPE
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¢l oHfdB YA RS LISILJeIR/S BAf@iy2 VLIE ik (1 KI @INBEQYyJ2 YOSy iNI a2ya Ay
at.@t SLIo RSHH BINKIO2 YL So2y BRFIKKBI@RERASY G I NB

Peptide mMmn Ya bl jh! mn Ya bljh! pn Ya bl j h!
in MP A (%B) in MP A and MP B (%B) in MP A (%B)
1 74.94 76.19 76.15
2 67.80 69.55 69.50
3 82.52 83.74 83.60
4 54.99 57.20 58.10
5 74.98 76.69 76.10
6 78.17 82.43 80.05
7 66.90 69.59 69.91
8 64.20 64.20 65.06
9 85.98 86.07 86.16

¢l oHidBY A RS AISILJ INF s RIENA QISNBRE 1 K JIMNEQ yA2 WOSYINFa2ya Ay
at.

Peptide Mn Ya bljh! &n Ya bl jh! pan Ya bl jh!
in MP A in MP A and MP B in MP A

1 1 2 1

2 3 1 2

3 3 3 3

4 0 3 3

5 1 2 1

6 3 3 3

7 3 1 2

8 3 3 3

9 3 3 3

¢l oM YARS LISWLJoIRIS DX @RV yILAc¥pA (KO O NEDYA2YOSY i NG a2y a A

t SLIo RS BINEIO2 Y LI So2y RNFNIKRKBI®RERASY I I NS

Peptide n Ya bl jhwmn Ya bl jpn Ya bljwmnann Ya bl

in MP A (%B) in MP A (%B) in MP A (%B) in MP A (%B)
1 54.99 71.93 74.89 75.43
2 54.99 71.88 7157 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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¢l oHgs YARS | L[ L/ &35INU NISAibyRIGE KNI NE DYy A2 YOSy iNFo2ya A

Peptide n Ya Dbl jhwmn Ya bljpn Ya bl jwmnn Ya bl
in MP A in MP A in MP A in MP A
0 3 3

© oo ~NO O WDNLPE
P, OOOOOLRrOoO
NDNNNDNWWDNPRFP P
P Wk WWWENDN
N OWODNWWWDNW

aMtB LWo R SaR TBINIZIO2 Y LI Saz2y

(=N

¢l oM YARS SRS AR BSYYRAGINAY
(KS INI RABKGHAMBSR 6

Peptide pH 2.8 pH 4.3 pH 6.6 pH 7.8
(%B) (%B) (%B) (%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

YA LA M oA

¢l oHfafll YA RS &ISLLYIING o 2ISNX OBHRB RSEGSNBYy G LI Ay at ! o

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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3/9
0.4 4
5 6
<
@
3] 5
é 0.1 4
é 1
a 7 2
@ 8 4
0.2
-0.5 T T T T T T T & T T T T T T T T T T d
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0

retention time (min)

CAAdaflBzy I !l1# p &/ OKNRIY(G GRAMNIWY dzA Ay 3 I FSANI ANKRASY (Y )
F2NJ 6KS NBTSNBYHAE @S Lle REI 3 NBIGtslzNBPdp:2 1 Ohl T at 0  dpz |
FG LI Hoyd ¢KS ydzYoSNA O2NNBaALRYR (2¢li&E® LIBLIDRSE  F NI

absorbance (AU)

-0.3

0.0 1:0 2iO 3l.0 410 5:0 . GtO I 7i0 l 8i0 I 9:0 I 1OI.O ' 11I.0 I 12l.0 l 1?:.0
retention time (min)
CAIuaiBIzy IL[ LA A tOKNRIVE GR@MNI WY dza Ay 3 dip foxay Sa-tNJ .3 NIyR AvSwy (Y
FT2N) 6KS NBEFTSNBYVRS @SR SR BNB®p:z ! Ohl b pn Ya bl j
g GSNI b o Pplt LIOhhdod ¢KS ydzYoSNE O2NNBaALRYR G2 (KS
&lLoo® m
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0.7 A
5
6

0.5 A
=)
<
©
o
c
<
Q
5 0.3 1
2]
Q
©

3
9
0.1 A
-0.1 T T T T T T T T T T T T T T T T T T T 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0

retention time (min)

CAInARIzy I 'l# f B/ OKNRIVE G@MNI YWY dza Ay 3 dip fARASL NAINMRA S¥ >
F2NJ 6KS NBFSNBYVZ2R @ELIWORSI WERI NP Ya bl jh!oOs atld. o
cdbc ¢KS ydzYoSNAR O2NNBalLRyR (2 (KS WEW&H®SaM FTNBY (GKS N

0.7 -
5

0.5 -
=)
<
8 3 8
c
3 03 A 9 6
S 2 4
3 1
©

7

0.1 -
0.1

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0

retention time (min)

CAJuaBizy I !l# fB/ OKNRIVE GR@MNI YWY dza Ay 3 dip {AHASL NAFINMRA S§ iz
FT2N) GKS NBTSNBYRNENAASLIIRSS IYRAENDdENEN @z | Ohl b mMna Ya b
g GSNI b nldié mapn! S 0y dzY 6 SNE O2NNBALRYR (G2 (GKS LISLBRSA
&lLoo® m

65



CA AaNB[ ldpy[ ¥ A 42 VIRBNF & Hon yY dzaAy3 dp (iRAaSE NAFNMRA SY s

F2NJ 6KS NBTSNBYAMNEPAASILIIRSS IYAENIdENSN vz | Ohl b mMAa Ya b
gL GSNI b noum: | Ol radpmMOK §Fay dey g HNEOOO2 NNBaLR2yR (2 GKS
LISLIe RS YR &l @&NB o

CAJnigfiXsizy | |14 f &/ OKNBIG GREANI YWY dzaAy3 dip fABASE NAFINMRA Sz
F2N) GKS NBEFSNBYRRICABLIDIRSS YR ENIIMNBmMAn Ya bl jh!hdGz LAt . d
cap ¢KS ydzYoSNE O2NNBalLRyR (2 (KS WEWe&H®SaM FNRBY (GKS N
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