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MECHANISTICION-EXCHANGECHROMATOGRAPHYMODELCALIBRATION 

CROSS-REFERENCETORELATEDAPPLICATIONS 

[0001] ThisapplicationclaimsprioritytopendingU.S.ProvisionalApplicationNo.63/123,170,entitled"MechanisticIon

ExchangeChromatographyModelCalibration" filedDecember9,2020,theentiredisclosureofwhichisincorporatedby 

referenceherein.  

FIELDOFTHEDISCLOSURE 

[0002] Thepresentdisclosuregenerallyrelatestocalibrationofamechanisticion-exchangechromatographymodelfora 

chromatographymachine.  

BACKGROUND 

[0003] Thebiopharmaceuticalindustryhasmadegreatstridesinthefieldofdigitalbiomanufacturingoverthelastseveral 

decadeswiththeintroductionofpowerfulprocessorsandlargeharddrivescapableofstoringandinterpretinglargeamountsof 

data.Digitaltoolsthataidinprocessdevelopmentandanalyticshavebeenevolvingrapidlytoimproveprocessperformanceand 

efficiency.Applicationofpredictivemodelsallowforinsilicoexplorationofdesignspacesduringprocessdevelopmentand 

improvedcontrolstrategiesinrealtimeinamanufacturingenvironment.  

[0004] Chromatographyisamethodusedformoleculeseparationandpurificationduringthedownstreamprocessingof 

biomoleculesandisanimportantstepinthepurificationofbiopharmaceuticals.Usingchromatographysolutionsof 

biomoleculescanbepurifiedandconcentratedusingporouspackedbedsthatseparatedifferentmoleculesbasedontheir 

differencesinmasssizeorcharge.Ion-exchange(IEX)chromatographyisapurificationstepbasedonionicinteractions 

betweenchromatographicmaterialandmoleculesandinvolvesusingchargedsitesonthesurfaceofthepackingmaterialto 

adsorbbiomoleculesbasedonchargedsitesontheirsurface.Cation-exchange(CEX)chromatographyisanion-exchange 

positivelychargedsitesontheirsurface.Adsorbedbiomoleculescanbeelutedbydecreasingthemolecules'surfaceaffinity 

throughtheusageofabuffersolutionofincreasedionicstrength.  

[0005] TheQualitybyDesign(QbD)approachdescribedbytheU.S.FoodandDrugAdministration(FDA)in2004,introduces 

theconceptofbuildingproductqualityrequirementsintotheproductionprocess.InthefollowingyearstheInternational 

ConferenceonHarmonization(ICH)approvedtheQbDapproachandintroducedguidelinesdefiningsystematicapproachesand 

scientificprinciplesfordrugdevelopmentprocesses.  

[0006] NexttoregulatoryscrutinyrequirementsforbiopharmaceuticalprocessdevelopmentofCEXstepstechnical 

challengesalsooccurmakingtechnicaltransferstolargerscalesprocessimprovementsandprocesscharacterizations 

resourceintensivetasks.  

[0007] Acceleratedandstricttimelineshardlyleaveroomforathoroughexplorationoftheprocessdesignspacetofind 

processparametersallowingformaximalyieldandpuritywhilemeetingstrictconstraintsforprocessrobustnessandmaximal 
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chromatographymodethatusesnegativelychargedsitesonthesurfaceoftheadsorbenttoadsorbbiomoleculesbasedon
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moleculerecovery.Processesdevelopedundersuchconditionsinearlystagesforfirstinhuman(FIH)studiesmeetallrequired 

constraintsatthatpointbutmightbewantinginscalabilitywhenlaterintimedemandsonqualityquantityorcostchange.  

[0008] Iterativeexperimentationrequiringhighresourcelevelscanbetheconsequenceinordertoidentifycriticalprocess 

parametersthatreducematerialconsumptionaswellasincreaseprocessperformancesuchasyieldandmoleculepurity.  

Methodsthatcanbeintegratedintoearlyprocessdevelopmentstagesthatenabletargetedexperimentationaroundmost 

promisingprocessparameterrangescanhelptoguidetomoreoptimalprocessesintermsofperformanceandscalabilityunder 

acceleratedtimelineconditions.  

[0009] Mechanisticmodelsareatoolusedforknowledge-basedprocessdevelopmentprocessoptimizationpredictive 

processcontrolandgainofprocessunderstandingofchromatographicseparationprocesses.Mechanisticmodelsprovide 

predictionsofimportantprocessoutputsandprocessperformanceindicatorsoveralargeprocessrange.Inparticular, 

mechanisticCEXchromatographymodelingisausefultoolbasedonfirstprinciplestodescribethetransportandelution 

behaviorofmoleculesandpredictthebehaviorofachromatographystep.TheapplicationofaCEXchromatographymodelin 

processdevelopmenttoexplorethedesignspaceofprocessparameterssuchasloadingfactorsorelutiongradientscan 

reducetheeffortofiterativeexperimentation.Furthermoremechanisticmodelingprovidestheopportunitytogaininsightonthe 

mechanismsaffectingtheseparationsofaproteintherapeuticanditsimpurities.Thisknowledgecanbeusedtoinformdecision 

makingduringdevelopmentandtooptimizeproductqualityandprocessperformance.Essentiallymechanisticmodeling 

providesausefulscience-basedtoolforprocessdesignandoptimization.InoneexamplemechanisticCEXchromatography 

modelingcanbeutilizedtomakedecisionsonCEXstepparameterssuchasgradientslopecollectioncriteriaandloadfactor.  

Howevermechanisticmodelsrequirepriorknowledgeandathoroughcalibrationprocessinordertoprovideenoughpredictivity 

insmall-andlarge-scaleseparationprocesses.lnparticularamechanisticmodelrequiresawell-definedmathematical 

descriptionofeachprocessstep.Thereareanumberofstudiesusingandsuggestingworkflowsformechanisticmodelsfor 

processoptimizationprocessinvestigationandperformanceassessmentormodel-basedcontrol.  

firstmathematicaldescriptionsofchromatographyprocessesdescribedadsorptionof002tocoalandasilicagelwithempirical 

equations.Sincethenchromatographymodelshavebeendevelopedfurthertoincludemanypossiblecontributionstomass 

transferkineticsbasedonfirstprinciples.Animportantstepisthedevelopmentofthegeneralratemodel(GRM).TheGRM 

describescombinationsofkinetictransportphenomenasuchasforcedconvection(bypumping),andmoleculediffusionand 

adsorptioninliquidchromatographysystems.Thatallowsformoredetaileddescriptionsoftransportphenomenain 

chromatographiccolumnsthansimplifiedversionsbefore(e.g.idealmodelandThomasmodel).Formoleculesthataresmallin 

comparisontotheporesizeofthechromatographicmaterialthelumpedporemodel(POR)canbeasuitablesimplificationofthe 

GRM.  

[0011] Theadsorptionofbiomoleculestotheadsorbentcanbedescribedbyadsorptionmodels.Heretoovastnumbersof 

modelsareavailablethathaveproventobeapplicabletochromatography.AnearlyadsorptionmodelistheLangmuirmodelthat 

allowsforconcentration-dependentadsorptiontosurfaceswithfinitecapacity.Afurthermilestoneinmodelingadsorption 
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[0010] Thereareanumberofmodelsavailablethatcandescribechromatographicstepsofbiopharmaceuticals.Oneofthe
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behavioristhestenomass-action(SMA)model.Itsequationsallowfortheinfluenceofionicstrengthstericshieldingofbinding 

sitesandaffinityofbiomoleculestochromatographicmaterialcausedbyionicinteractionsonadsorptionbehaviorofmolecule 

mixtures.InanumberofstudiesthesuccessfulapplicationoftheSMAmodeltoion-exchangechromatographyhasbeen 

shown.Evenundernon-idealprocessconditionssuchashighcolumnloadingdetailedmodelsareavailablethatcandescribe 

non-intuitiveadsorptionbehavior.Themodeldevelopmentactivitiesforindustrialchromatographystepscanfallbackonthe 

transportandadsorptionmodelsthatalreadyexist.Howeverbeforeapplicationmechanisticmodelsneedtobecalibrated.That 

issuitablemodelparametersneedtobeidentifiedsuchthatthemodelexplainsthedesiredprocesses.  

[0012] Howeverthecalibrationprocess- i.e.,modeldevelopmentandestimationofthemodelparameters- isstillavery 

time-consumingstep.  

[0013] Thatismodelparametersgenerallycanbeobtainedbymeasuringsuchasusingopticalmicroscopytodetermine 

poretransportcoefficients.Howevertakingdirectmeasurementsofmodelparametersisoftennotpossibleorverylaborious, 

hencerecursiveparameterestimationisamethodoftenusedinchromatographymodeling.  

[0014] Inadditiontotheinfluenceofcompetitiveadsorptionandionicstrengththemasstransferintheextracolumnvolume 

affectstheabsoluteelutiontimeandtheshapeofpeaksinsimulatedchromatograms.Moreovertheconfigurationoftubing, 

valvesormixingchambersimpactstheretentiontimeofeachcomponent.Duringadsorptionparameterestimationinvolves 

usingarecursivemethodovertimethatpassesfromthestartofelutionuntilarespectiveelutedcomponentisreflectedinthe 

adsorptionparameter.Henceparametersestimatedwithoutconsideringtheextracolumnvolumearescaledependentand 

mightnotbesuitableforlargerorsmallersystemscalesorvaryingsystemconfiguration.Thiseffectcanhavealargeimpacton 

thechromatogramespeciallywhenthecolumnsizeissmallcomparedtotheextracolumnvolume.Howeverinmanycasesthis 

effecthasnotbeentakenintoconsiderationwhenestimatingadsorptionmodelparameters.  

[0015] Investigatingscaleupisanapplicationofionexchangechromatographymodelsthathasbeeninvestigatedbefore.  

Onemaintakeawayofthefindingsinthisfieldisthatthemasstransfercoefficientsaredependentontheflowvelocityand 

[0016] StudieshavecomparedmodelcalibrationmethodsforparameteridentificationofanSMAadsorptionmodelandfound 

thereversemethodmorethanadequateforthatpurpose.Inoneexampleadsorptionmodelparametersmaybeidentifiedusing 

neuralnetworkswhichafteratrainingperiodfortheneuralnetworkacceleratestheparameteridentificationincomparisonto 

thereversechromatogramfitting.ArobustmodelcalibrationworkflowinvolvesasetofI4experimentsissuggestedtocalibrate 

amulti-componentSMAmodelforabispecificantibody.Those14experimentsareusedforthecalibrationoftheadsorption 

modelandaddedtothatexperimentsforcharacterizingthecolumnandextracolumncharacteristicsarerequired.Basedonthis 

workflowthevalueofthemechanisticmodelfortheinvestigationofprocessrobustnessinvestigationmaybedemonstrated.  

[0017] Howeveradescriptionabouthowtransportbehaviorintheextracolumnvolumethatisinherenttothe 

chromatographicequipmentisconsideredinthecalibrationworkflowisnotavailable.Manyphysicalprocessesinfluencethe 

chromatographicbehaviorofamolecule.Nexttotheinfluenceofcompetitiveadsorptionandionicstrengththemasstransferin 
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thereforeneedtobeadaptedfortheflowvelocity.
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theextracolumnvolumeaffectstheabsoluteelutiontimeandtheshapeofpeaksinsimulatedchromatograms.Theconfiguration 

oftubingvalvesormixingchambersimpactstheabsoluteretentiontimeofeachcomponent.Asaconsequenceduring 

adsorptionparameterestimationusingarecursivemethodthetimethatgoesbyfromelutionstartuntilarespectivecomponent 

elutedwillaffecttheestimatedvalueoftheadsorptionmodelparameters.Henceparametersestimatedwithoutconsideringthe 

extracolumnvolumearescaledependentandmightnotbesuitableforlargerorsmallersystemscalesorvaryingsystem 

configuration.Thiseffectcanhavealargeimpactonthechromatogramespeciallywhenthecolumnsizeissmallcomparedto 

theextracolumnvolume.Theimportanceofaproperextracolumnvolumerepresentationhasbeendemonstratedbyearlier 

publications.Howeverinmanycontributionsithasnotbeenaddressedhowthiseffectcanbeconsideredinthemodel 

calibrationworkflow.  

[0018] Intheinterestoftimeandeffortinindustrialprocessdevelopmentitisfavorabletoreducethenumberofadditional 

experimentsrequiredformodelcalibrationtobeasfewaspossible.  

SUMMARY 

[0019] ThepresentdisclosureprovidesaworkflowforCEXmodelcalibrationusingaminimalsetofexperiments.Themodel 

providedbythepresentdisclosuretakesthemasstransferintheextracolumnvolumeintoaccountandinvolvesamodel 

sequencethatentailsacombinationoffitteddeadvolumemodelspriortoachromatographycolumnandmodelsthatareset-up 

onlyfromgeometricvaluesoftubingafterachromatographycolumn.Furthermoreinthemodelprovidedbythepresent 

disclosurethemodelinputparametersreflectingthemasstransferandthosereflectingmolecule-specificadsorptionbehavior 

aredeterminedinadecoupledmanner.Thepresentdisclosuredemonstratesthattheadsorptionparametercanbescaled 

acrossprocesssizeanddemonstratesasufficientpredictivequalityforscale-upprocessruns.Advantageouslythepresent 

disclosureprovidesachromatographymodelcalibrationapproachwithincreasedmodelaccuracyandagility.  

[0020] Thecalibrationisstructuredinthreepartsforasequentialparameterestimationthatdecouplespartsofthetransport 

modelandadsorptionmodelfromeachother.Firstaunit-operationrepresentationofachromatographyskid)anditstransport 

estimated.  

[0021] FIG.IAillustratesanexampleflowpathrepresentationgenerallyusedinchromatographicskidsandmachinessuch 

astheAKTATMAvantAsshowninFIG.lAtherearevaryingdeadvolumespriortothecolumn.Sincethisdeadvolume 

influencesthepeakpositionrelativetotheelutionstartpointthedeadvolumeneedstobeaccountedforinthemodelas 

preciselyaspossibletodecouplethiseffectfromtheadsorptionbehaviorthatalsoimpactsthepeakposition.  

[0022] Possiblerepresentationsrangefromsimpletimeshiftstomechanisticrepresentationsofthebuild-intubingandvalve 

volume.ForaBiTE®(bispecificT-cellengager)antibodyconstructacombinationofaDPFRmodelandaCSTRmodelisused 

torepresentthedeadvolumepriortothecolumn.ThedeadvolumeresidingfromcolumnoutlettoUVandconductivitysensoris 

representedbyDPFRmodelsaswell.  
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parametersisidentified.Nextatransportmodelforthepackedbedisidentified.Finallyadsorptionmodelparametersare
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[0023] AcombinationoftubingmodelsandvalvemodelsisusedtorepresenttheflowpathfromeachsamplepumptoUV 

sensorandfrominletpumptoconductivitysensor.BothflowpathwaysareacombinationofafittedDPFRmodelanda08Th 

modelpriortothecolumnandaDPFRmodelset-upfromgeometricspecificationsprovidedbythevendor.Afteridentificationof 

theseparatemodelpartsforthecolumnmodelthetworepresentationsofthedeadvolumeoftheinletflowpathandthesample 

flowpatharecombinedandputinamorecomplexmodel.TwoDPFRmodelssubsequenttothecolumnarespecifiedbytubing 

diameterandlengthspecifiedbyvendor.OnlythedispersioncoefficientofthosetwoDPFRmodelsissettotheestimatedvalue 

fortheDPFRpriortothecolumn.  

[0024] Thespecificsequenceofstepsinvolvesfirstobtaininggeometricvaluesofthetubingafterthecolumn(tubingdiameter, 

length),e.g.,bymeasurementorbasedonvendorspecificationsandthenrunningexperimentsthatfeedatracermoleculeinto 

thesystemfromthedesiredlocation.NextasequenceofDPFR- CSTR- DPFRmodelissetupwiththeDPFRmodelafter 

thecolumnspecifiedaccordingtothegeometricvaluesofthespecifictubing.ThatiswhilethegeometricspecificsofthisDPFR 

afterthecolumnarefixedtheparameterspecifyingthedispersionpropertiesoftheDPFRisnotfixedandisestimatedtogether 

withthepropertiesoftheDPFRandCSTRbeforethecolumn.Intotaltheestimationincludesestimatinggeometricparameters 

ofDPFRandCSTRbeforecolumnandtransportcoefficientssuchasdispersionofDPFRbeforeandaftercolumn.The 

parametersthatarenotincludedintheestimationarethegeometricparametersofDPFRafterthecolumn.Thisstepis 

perFormedforboththesamplepathflow(blueinFIG.IA)andinletflowpath(greeninFIG.IA).Whenalltransportparameters 

areestimatedbindingparameterscanbeestimated.Asmanycomponentsinthemodelaspeaksshouldbesimulatedbythe 

modelmaybeincluded.Thenparametersforeachofthemodeledcomponentsmaybeestimated.Therangeoftheestimated 

parametersmaybeusedforincludingmorecomponentsthatformoneormoreofthechromatogrampeaksandthebinding 

parametersmaybeestimatedagainusingtightboundariesfortheparameters.  

[0025] ThefirstinnovationinthissequenceliesinspecifyingtheDPFRmodelafterthecolumnaccordingtothegeometric 

valuesofthespecifictubing.Thisentailsthatacombinationoffittedmodelsandmodelsthataresetupbasedongeometric 

pointsampleandtheelutionbufferhitthecolumnmaybeidentifiedmoreaccuratelythanlumpingtogetherbothflowpathways 

priortothecolumnandsubsequenttothecolumnwithoutrunningmorecomplexbypassexperimentsthatseparatethepaths.  

Additionallyusingthemethodsprovidedhereinitispossibleseparatethetransportbehaviorofthebufferfromthetransport 

behaviorofthemoleculesolution.  

[0026] Inpriorartthefocusofmodel-basedprocessdevelopmentliesonhowthemodelsupportsprocessdesignand 

optimization.Themodelcalibrationprocedureisoftennotdescribed.Ifthereisafocusonmodelcalibrationmostpriorart 

involvesnewwaystoestimatetheadsorptionparameterbutnotnewwaystoestimatethedeadvolumepriortothecolumn.  

[0027] Asecondinnovationinthissequenceisthattheadsorptionmodelparametersareroughlyestimatedusingamodel 

withareducednumberofcomponents.Whenthisstepisconcludedmorecomponentsareaddedtothemodel.Thisis 

necessaryforBiTEs®andoftenantibodiesasthereareseveralmoleculespeciesthateluteinsuchcloseproximitythattheirUV 

sumsignalappearsasonepeak.Nowthismorecomplexmodelneedstobere-calibratedwithahighernumberofcomponents, 
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specificationsareusedtoidentifytheleveloftransporteffectsthathitthecolumnatitsbeginning.Accordinglythetimethatthe
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whichresultsinamuchlargernumberofestimatedadsorptionparameters.Howeverduetothepreviouslyroughlyestimated 

adsorptionparametersfromthelesscomplexmodelasmallerparameterspacecanbeappliedtotheparameterestimationthis 

timewhichspeedsuptheestimationprocedure.  

[0028] Decouplingtransporteffectsandadsorptioneffectsonthechromatogramenablesmoreaccuratechromatography 

models.Furthermorethemodelsaremoreflexibleregardingtheirdomainofapplication.Thatmeansthataslongastheresinis 

thesametheadsorptionmodelparameterscanremainthesamewhileotherprocessspecificschange.Thisisaninsightthatis 

oftennotpracticed.Howeveritenablesashortermodelcalibrationprocedurei.e.,comparedtoperformingnewmodel 

calibrationseverytimeaprocessischanged.Model-basedprocessdevelopmentcanbenefitfromthisspeedimprovement.  

Furthermorethemodelsaremoreaccuratecomparedtothosewheretransporteffectsaredifficulttodistinguishfromthe 

adsorptionparameters.  

[0029] Themethodprovidedhereinismoreflexibleandmoreaccuratethanpriormethodsformodelingdeadvolumesin 

chromatographyskidsandmachinessuchasshiftingthepointofelutionstartaccordingtothedeadvolumeordeterminingthe 

deadvolumebasedonbypassexperiments.Bothpriormethodsincludethedeadvolumeafterthecolumnoutletasdeadvolume 

accountedforpriortothecolumn.  

[0030] Ultimatelythemethodprovidedhereinallowsestimationofadsorptionparameterswithlessinfluencefromtransport 

effects.Thisapproachdecouplestransportandadsorptioneffectsonthechromatogrammoreeffectivelythanpreviousmethods.  

Thisisbeneficialwhenprocessspecificationsarechangedthatinfluencethetransportofthemolecules.Thisisthecasein 

scale-upapplications.Insuchacasetheimpactofscaled-uptubingflowratesetc.canbeaccountedforinaseparatepartof 

themodelandtheadsorptionmodelremainsthesameanddoesnothavetobecalibratedagainunderthechangedprocess 

conditions.  

[0031] Inanaspectamethodisprovidedcomprising:obtainingforachromatographymachineincludingafirstdispersed 

plugflowreactor(DPFR)andacontinuousstirredtankreactor(CSTR)priortoacolumnandasecondDPFRafterthecolumn 

transportmodelassociatedwiththesecondDPFRbasedonthegeometricmeasurements;feedingatracermoleculeintothe 

chromatographymachine;capturingoneormoretracermoleculemeasurementsbasedonthetracermoleculetravelingthrough 

thechromatographymachineandestimatingbytheprocessorbasedonthetransportmodelassociatedwiththesecondDPFR 

andtheoneormoretracermoleculemeasurementsbasedonthetracermoleculetravelingthroughthechromatography 

machineoneormoretransportmodelparametersforatransportmodelassociatedwiththefirstDPFRandtheCSTR.  

[0032] Insomeexamplesthemethodmayincludefeedinganexperimentalsampleintothechromatographymachine 

capturingoneormoreexperimentalmeasurementsbasedontheexperimentalsampletravelingthroughthechromatography 

machine;andestimatingbytheprocessorbasedontheoneormoreexperimentalmeasurementsbasedontheexperimental 

sampletravelingthroughthechromatographymachinetheestimatedoneormoretransportmodelparametersforthetransport 

modelassociatedwiththefirstDPFRandtheCSTRandthetransportparametersforthetransportmodelassociatedwiththe 

secondDPFRoneormoreadsorptionmodelparametersforanadsorptionmodelassociatedwiththeexperimentalsample.  
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[0033] Moreoverinsomeexamplesthegeometricmeasurementsmayincludetubingdiametermeasurementsandtubing 

lengthmeasurementsassociatedwiththesecondDPFR.  

[0034] Furthermoreinsomeexamplestheoneormoretracermoleculemeasurementsarecapturedbasedona 

chromatogramassociatedwiththetracermoleculetravelingthroughthechromatographymachine.Similarlyinsomeexamples, 

theoneormoreexperimentalmeasurementsarecapturedbasedonachromatogramassociatedwiththeexperimentalsample 

travelingthroughthechromatographymachine.  

[0035] Additionallyinsomeexamplesthemethodmayincludeidentifyingbytheprocessortheexperimentalsamplebased 

ontheadsorptionmodelassociatedwiththeexperimentalsample.  

[0036] Moreoverinsomeexamplestheestimatingtheoneormoreadsorptionmodelparametersfortheadsorptionmodel 

associatedwiththeexperimentalsamplemaybeafirstestimatingofafirstoneormoreadsorptionparametersforafirst 

adsorptionmodelassociatedwiththeexperimentalsampleandthemethodmayfurtherincludeasecondestimatingbythe 

processorofasecondoneormoreadsorptionparametersforasecondadsorptionmodelassociatedwiththeexperimental 

samplebasedonarangeassociatedwiththefirstoneormorebindingparametersforthefirstadsorptionmodelassociatedwith 

theexperimentalsample.Additionallyinsomeexamplesthemethodmayincludeidentifyingbytheprocessorthe 

experimentalsamplebasedonthesecondadsorptionmodelassociatedwiththeexperimentalsample.  

[0037] FurthermoreinsomeexamplesthefirstDPFRandaCSTRpriortothecolumnandthesecondDPFRafterthe 

columnarepartofaninletflowpathofthechromatographymachineandwhereinthechromatographymachinefurtherincludes 

asampleflowpathhavingafirstDPFRanda08WpriortoasampleflowpathcolumnandasecondDPFRafterthesample 

flowpathcolumnandthestepsofthemethodarefurtherperformedforthefirstDPFRandtheCSTRpriortothesampleflow 

pathcolumnandthesecondDPFRafterthesampleflowpathcolumn.  

[0038] Additionallyinsomeexamplestheexperimentalsampleisafirstexperimentalsampleandthemethodmayfurther 

measurementsbasedonthesecondexperimentalsampletravelingthroughthechromatographymachineandestimatingbythe 

processorbasedontheoneormoresecondexperimentalmeasurementsbasedonthesecondexperimentalsampletraveling 

throughthechromatographymachinetheestimatedoneormoretransportmodelparametersforthetransportmodelassociated 

withthefirstDPFRandthe08ThandthetransportparametersforthetransportmodelassociatedwiththesecondDPFRone 

ormoreadsorptionmodelparametersforanadsorptionmodelassociatedwiththesecondexperimentalsample.Forinstancein 

someexamplesthesecondexperimentalsampleisdistinctfromthefirstexperimentalsample.  

[0039] Moreoverinsomeexamplesthetransportmodelparametersincludeoneormoreof:dispersioncoefficientinDPFR, 

volumeofDPFRcross-sectionareaofDPFRandvolumeof08W.Furthermoreinsomeexamplestheadsorptionmodel 

parametersincludeoneormoreof:adsorptioncoefficientdesorptioncoefficientcharacteristicchargeandshieldingfactor.  

[0040] Additionallyinsomeexamplesthemethodfurtherincludesestimatingbytheprocessorbasedonthetransport 

modelassociatedwiththefirstDPFRandthe08WthetransportmodelassociatedwiththesecondDPFRandtheoneormore 
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includefeedingasecondexperimentalsampleintothechromatographymachine;capturingoneormoresecondexperimental
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tracermoleculemeasurementsbasedonthetracermoleculetravelingthroughthechromatographymachineoneormore 

column-specifictransportmodelparametersforacolumn-specifictransportmodelassociatedwiththecolumnofthe 

chromatographymachine.Moreoverinsomeexamplesthecolumn-specifictransportmodelparametersincludeoneormore 

of:columnporosityandcolumndispersion.  

[0041] Furthermoreinsomeexamplesthemethodfurtherincludesestimatingbytheprocessorbasedonthecolumn

specifictransportmodelthetransportmodelassociatedwiththefirstDPFRandthe08Wthetransportmodelassociatedwith 

thesecondDPFRandtheoneormoretracermoleculemeasurementsbasedonthetracermoleculetravelingthroughthe 

chromatographymachineoneormoreresintransportparametersforaresintransportmodelassociatedwithresinparticlesof 

thechromatographymachine.Additionallyinsomeexamplestheresintransportparametersincludeoneormoreof:film 

transportcoefficientforeachcomponentandporeporosity.  

[0042] Moreoverinsomeexamplesestimatingoneormoreadsorptionmodelparametersforanadsorptionmodel 

associatedwiththeexperimentalsampleisfurtherbasedononeormoreofacolumn-specifictransportmodeloraresin 

transportmodel.  

[0043] Additionallyinsomeexamplesthetracermoleculeisdextran.InsomeexamplesthetracermoleculeisNaCI.  

FurthermoreinsomeexamplesthetracermoleculeisaDNAmolecule.Moreoverinsomeexamplesthetracermoleculeisa 

nanoparticle.  

BRIEFDESCRIPTIONOFTHEDRAWINGS 

[0044] FIG.lAillustratesaflowpathrepresentationofachromatographymachine(e.g.,suchastheAKTA T M Avant).As 

showninFIG.IAflowpathsfromdifferentlocationsdependingonlineprimingproceduresindicatevaryingtimepointsforwhen 

sampleorelutionbufferentersthecolumn.  

[0045] FIG.lBillustratesanexampleofhowthemobilephasetravelsthroughapackedbedcolumn.  

[0047] FIG.2illustratesagraphofasumofsquaredifference(SSD)alignmentissueusingsyntheticdatainaccordancewith 

someexamples.  

[0048] FIG.3illustratesagraphofacomparisonofstandardpositionpenaltyandinitiallyreducedpositionpenaltymetricsin 

accordancewithsomeexamples.  

[0049] FIG.4illustratesanexemplarystage-wiseapproachformodeldevelopment.  

[0050] FIG.5illustratesadiagramofflowpathsusedforgradientelutioninaccordancewithsomeexamples.  

[0051] FIG.6illustratesachromatographymachinesystemrepresentationforaCEXmodel.Unitoperationsequenceofa 

generalmodelconstructionDispersedplugflowreactor(DPFR)andcontinuousstirredtankreactor(CSTR)representpeak 

delayandpeakbroadeningthatiscausedinthesystemnotincludingthecolumn(valvessensorsmixingchamber).Saltand 
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[0046] FIG.ICillustratesavisualizationofthestericmassactionmodelincludingparametermeaning.
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moleculesmightexperiencedifferenttubingorvalvesystemssotheparametersassociatedwiththoseunitoperationsmight 

varybetweenproteinsandsaltspecies.  

[0052] FIGS.IAandlBillustratecalibrationofpre-columnmodelsfortransportwithinthechromatographyskid.FIG.IA 

illustratesdextrantracerbreakthroughfromthesamplepumpwhileFIG.lBillustratesNaCItracerfromtheinletpump.  

[0053] FIGS.BABBand80illustratecalibrationofcolumntransportmodelparameters.FIG.BAillustratesdextran 

breakthroughtracer(non-porepenetrating),FIG.BBillustratesdextranpulsetracer(non-porepenetrating),andFIG.BC 

illustratesFVIPforaBiTE®(bispecificT-cellengager)antibodyconstructbreakthrough(pore-penetrating).  

[0054] FIGS.9Aand9Billustrateacomparisonofexperimentalandsimulatedchromatogramsandfractionationdatasets 

underelutionconditions.FIG.9Aillustratesabestfitfora5mM/CVgradientrunwhileFIG.9Billustratesabestfitfora'11 

mM/CVgradientrun.  

[0055] FIGS.WAlOBICCandlCDillustratemodelvalidationonprocessscaleexperimentswithvaryingloadfactor, 

gradientandstopcollectcriteria.FIG.10AillustratesmodelvalidationforBmM/CVgradientand25g/Lloadfactoronabenchtop 

scalecolumn.FIG.lOBillustratesmodelvalidationforBmM/CVgradientand25g/Lloadfactoronprocessscalewith30%stop 

collectcriteria.FIG.'100illustratesmodelvalidationforBmM/CVgradientand15gILloadfactoronprocessscalewith45%stop 

collectcriteria.FIG.'JODillustratesmodelvalidationforBmM/CVgradientand5g/Lloadfactoronprocessscalewith30%stop 

collectcriteria.  

[0056] FIG.11illustratesaflowdiagramofanexemplarymethodinaccordancewithsomeexamplesprovidedherein.  

DETAILEDDESCRIPTION 

Definitions 

[0057] Asusedherein,"chromatography"referstoamethodformoleculeseparationandpurificationinadownstream 

[0058] Asusedherein,"ion-exchangechromatography"("IEX")referstoachromatographystepbasedonionicinteractions 

betweenmoleculeandchromatographicmaterial.  

[0059] Asusedherein,"cation-exchange("CEX")referstoachromatographystepbasedoncationinteractionsbetween 

moleculeandchromatographicmaterial.  

[0060] Asusedherein,"anion-exchange"("AEX")referstoachromatographystepbasedonanioninteractionsbetween 

moleculeandchromatographicmaterial.  

[0061] Asusedherein,"AKTATM"referstotheproductnameofCytiva TM chromatographymachines.  

[0062] Asusedherein,"dispersedplug-flowreactor("DPFR")referstoacylindricaltubewithconvectivelaminarflowwitha 

plug-flowprofileratherthanamildslopeflowprofile.  

9 

process.
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[0063] Asusedherein,"continuousstirredtankreactor("CSTR")referstoatankreactorfilledwithfluidthatisperfectly 

mixed.  

[0064] Asusedherein,"mixingchamber"referstoasmalltank(""1-10mL)formixingbuffersolutionsinachromatography 

machinesuchastheAKTATM.  

[0065] Asusedherein,"valve"referstoavalvethatcouplesallpartsinachromatographymachinesuchasthe.  

Thesevalvescanswitchbetweennumerousinputsandoutputsandhaveasmallvolume(""1-1000pL).  

[0066] Asusedherein,"modelcalibration"referstoaproceduretoestimateunknownmodelparameters.  

[0067] Asusedherein,"adsorption"referstotheprocessbywhichasolidholdsmoleculeofagasorliquidorsoluteasathin 

film.  

[0068] Asusedherein,"deadvolume"referstovoidswithinthechromatographymachinethatarefilledwithliquid.  

[0069] Asusedherein,"linepriming"referstofillingtubing/valvespriortotheprocessstartwithnecessaryfluid(e.g.,buffers).  

[0070] Asusedherein,"fitting"referstotheprocedureofrecursivelyestimatingunknownmodelparametersbycomparingthe 

simulationtomeasuredvalues.  

[0071] Asusedherein,"elution"referstotheprocessofremovingadsorbedmoleculesfromchromatographicmaterial.  

Theory 

[0072] Generallythecolumnmodelprovidedhereindescribesimportanttransportandadsorptioneffectsofcounter-ionsand 

moleculespresentinthecolumninsoluteandadsorbedstate.Avarietyofadsorptionmodelscanbeselectedbutthemost 

importantadsorptionmodeldescribeshowsalt-ionsasmobilephasemodulatorsareinfluencingtheadsorptionkineticsof 

molecules.Suchprocessesaredescribedonasecondstimescaleandonmicrometerandmeterlengthscales.Asimplified 

generalratemodel(GRM)andthestericmass-actionmodelareusedtosimulatethetransportandelutionbehaviorofacidic, 

Transport Model 

[0073] AsshowninFIG.IBthemobilephasetravelsthroughapackedbedcolumnwithlengthL.Themovementcanbe 

describedbythevolumetricflowratethecolumncross-sectionalareaandthecolumnporosity(voidratiobetweenthepacked 

beads).Thismovementisforcedconvectionandisdescribedbyaconvectiontermalongthecolumnlengthz.Thereareeffects 

intheinterstitialvolumeI(voidbetweenbeadsinliquidmobilephase),e.g.Fickiandiffusionwalleffectsormoleculestraveling 

differentpathsthroughthebedthatleadtobroadeningofpeakswhicharelumpedtogetheranddescribedinthemodelbya 

dispersionterm.Thefluxofmoleculesfromtheinterstitialvolumeintotheporousparticlevolumepofthebedcanbehindered 

whichisconsideredbythemodelbyafilmmasstransfermodel.Insidethebeadporesthediffusivetransportisassumedtobe 

muchfasterthanthemasstransferintotheporesandthusassumedtobeinstantaneous.Asaconsequencethereareno 

concentrationgradientspresentalongthebeadradiuswhichleadstosimplifiedgeneralratemodel(GRM)equationswith 
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mainandbasicchargevariantsoftargetmoleculeandhighmolecularweight(HMW)impurityspecies.
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lumpedporesthelumpedporediffusion(POR)model.Themodeldescribingthetransportisindependentfromthemodel 

describingmoleculeadsorptiontotheadsorbedvolumeorsolidphases.Columnpackingandbeadsizesareassumedtobe 

veryhomogenouswhichleadstotheassumptionsthatfirstaconcentrationgradientinthecolumnradialdirectionisneglected 

secondtheporosityofthepackedbedandthatofthebeadsdonotvaryalongthecolumnaxisandthebeadradius.  

[0074] TheGRMisusedtodescribetransportofbiomoleculesthroughaporouspackedbedduetoconvectiondispersion, 

anddiffusion.Convectionisthemovementofaspeciesthroughasystemduetothemotionofthebulkfluidsurroundingit.  

Dispersiondescribespeakbroadeningduetoviscosityofamixturecollisionswithtubingwallsorparticlesandtravelthrougha 

packedbed.Furthermasstransfer:Transportfrombulkliquidintotheporeanddiffusioninsideoftheporeisdescribedbythe 

GRM.Thediffusionintotheporefromthebulkliquidcanbearatelimitingstepduetospatialconfinementdependingonthe 

proportionofmoleculesizeandporesize.Therateatwhichthistransportoccursisdescribedproportionaltothefilmmass 

transfercoefficient.Thesecondcomponentisthediffusionthroughtheporewhichisdescribedwiththediffusioncoefficientof 

therespectivespecies.Thisusuallyoccursmorequicklythanthefilmmasstransport.Duetothisassumptiontheequationsof 

theGRMaresimplifiedsuchthataradialconcentrationgradientintheporesisneglectedwhichleadstothelumpedporemodel.  

[0075] ThesimplifiedGRMforanyspeciesconcentrationisc~C[0,Ne],withN~denotingthenumberofcomponentst 

denotingtimeinszdenotingtheaxialcoordinatealongthecolumnlengthLandrdenotingradialbeadcoordinatealongbead 

radiusr~.  
p- I _______ 3 __ 

02c1  kf~Ifrj Li) 
0c1 ~ 0c1 +Dax0z2 

at az rp 

p S 
p 3 cci (2) 

- -at r C at 

[0076] Danckwertsboundaryconditionsareapplied: 

I =0) I11Cr - 0)- Dax (tz=O)(3) 

ad(tz=L)=0 (4) 
az 

[0077] Initialconditionsaresetto: 

I 0,z) I (5) 

p p (6) I(t=0,z)= 

S S 
1 (tOz)CLO (7) 

[0078] 1,psdenotethereferencevolumesofinterstitialvolume(voidbetweenbeads),porevolume(voidinsidebeads),and 

solidvolume(solidpartincludingadsorbedmolecules).Theinterstitialflowvelocityisdenotedbyainm/stheaxialdispersion 

coefficientisdenotedbyDaxinm2 thecolumnporosity(volumeratioofinterstitialvoidandtotalbedvolume)isdenotedby 
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ccthebeadporosity(volumeratioofliquidporevolumeandtotalbeadvolume)isdenotedbye~,thefilmmasstransfer 

coefficientisdenotedbykf~inrn/s.  

[0079] Amodelofadispersedplug-flowreactor(DPFR)wasusedtodescribemoleculetransportintubing.Theequationsofa 

DPFRdescribeconvectivelaminarflowinacylindricaltubeneglectingaflowprofile.Themodelequationsaredescribedby: 

I tub tub ia2ctUb (8) 
at +D~b 

Cr bdenotestheconcentrationinsidethetubingit andDtubdenotetheinterstitialvelocityanddispersion 
[0080] Heretu tub ax 

coefficientinsidethetubing.  

[0081] Acontinuousstirredtankreactor(08W)modelwasusedtodescribemixingeffectswithinthechromatographysystem 

ofvalvesandmixingchambers.Thatisatankmodelwithinletsandoutletsandconstantvolumeisusedtodescribehowthe 

concentrationsofmultiplecomponentschangewhenmixingthemtogether.Themodelequationsaredescribedby.  

m 1 m out m (9) 

at vmL.~w=1Yinw rniw Lyw 

[0082] Initialconditionsaregivenby 

t Oz) tub (10) 

m m 

1 10 (11) 

[0083] Herec~denotestheconcentrationinsidethetankV inm3 denotesthetankvolume,~andQ~denote 

volumetricflowrateinm3 /sintoandoutthetank.  

Steric Mass Action Model 

[0084] Thestericmassaction(SMA)modeldescribesadsorptiondesorptionandstericinteractionsofaproteinwitharesin.  

factorandacharacteristiccharge.Theseparametersarespecifictoeachmodeledspecies.Unlikethetransportparametersthe 

bindingparameterstranslatebetweendifferentscalesandsystemssolongastheresinandmoleculestaythesame.  

[0085] Adsorptionanddesorptioncoefficientsdescribetherateatwhichthemoleculesadsorb(bind)anddesorb(elute)from 

theresin.Theydescribethebindingkineticsofthemodeledspeciesandareaffectedbysaltconcentration.Thestericfactorand 

characteristicchargeparametersdescribetheinfluenceofamolecule'ssizeandsurfacechargeonthebindingkinetics, 

respectively.Thestericfactordescribesthenumberofspacesamolecule"shields"frombindingontheresin.Thecharacteristic 

chargedescribesthenumberofcharge-basedinteractionsamoleculehaswitharesin.Thesumofthestericfactorand 

characteristicchargequantifythetotalnumberofbindingsitesoccupiedbythemoleculeontheresin.Avisualizationofthese 

fourfactorsisshowninFIG.10.  

12 

Theseinteractionswiththeresinarecharacterizedwithfourparameters:adsorptioncoefficientdesorptioncoefficientasteric



WO2022/123412 PCT/1B2021/061322 

[0086] Inadditiontothestenofactorandcharacteristicchargetheioniccapacityoftheresinisrequiredinordertodetermine 

thebindingcapacityoftheproteintotheresin.TheSMAmodelisbasedaroundaneutralchargebalanceontheresinsoall 

chargedsitesareoccupiedwitheithercounterionsoroppositelychargedprotein.Theioniccapacitycanbedeterminedfroma 

titrationexperimentwhichisdetailedinthemethodssection.  

[0087] TheequationsystemfortheSMAmodelisdescribedasfollows: 

I - P-SVI pVj s (12) 
at Co - kdico Cj 

LJi=lcvi 1 (13) 
Nc S (14) 

Zi.....'aici 

S S 
1.(t=Ozp)= tO (15) 

[0088] HereAinmol/m 3 denotesthetotalcolumncapacityv~denotesthecharacteristicchargeJidenotesthesteric 

factorkaiinm~/m~s,~in1/st~denotestheconcentrationofcounterionsavailableformoleculeadsorption(not 
S.  

shielded),c0 isthetotalamountofcounterionsadsorbedtotheresin.  

[0089] AkeylimitationoftheSMAisothermisthatbindingparametervaluesareapplicableonlyatthepHtheywere 

determinedat.ThislimitstherobustnessofapredictivemechanisticmodelsincepHisanimportantprocessparameterinthe 

CEXstep.InordertoexpandonthecurrentSMAmodelandimproverobustnessafunctionthatcanaddresspHdependenceis 

required.  

[0090] Experimentsformodelcalibrationwereperformedaccordingtothestandardprocesswiththeonlydifferencebeingthe 

pHofthebuffersandloadmaterial.  

Numerical Solvers 

approachistodiscretizethepartialdifferentialequations(PDEs)alongthespecialvariablewhichresultsinanumberofordinary 

differentialequations(ODEs).TheODEsystemscanthenbesolvedusingtime-steppingalgorithms.  

[0092] Thespecialdiscretizationofthechromatographymodelscanbeachievedbyusingafinitevolumemethod.Herethe 

massbalanceequationsareset-upforanumberofuniformfinitevolumeelementsalongthecolumnlengthzandthebead 

radiusr.Theconcentrationsineachcellvolumeareaveragedwhichresultsinanewsetofstatevariablesthatareassociated 

toeachcellvolume.Thenumericalintegrationissolvingthediscretizedequationsforthoseaveragedvolumeconcentrations.  

Theboundaryconditionsatthecolumninletandoutlet(equations(3)and(4))areintegratedintothediscretizedequationatthe 

firstandlastfinitevolume.Theweightedessentiallynon-oscillatory(WENO)schemeisusedforapproximatingthe 

concentrationsatthefinitevolumeboundaries.  
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[0091] Numericalsolutionsarecalculatedforallaboveequationsystemsasanalyticsolutionsarenotavailable.Thegeneral
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[0093] Thetime-steppingsolverorODEsolverusedhereispartoftheCADETframeworkandisusingabackward-differential 

formula(BFD)methodfortimeintegration.TheCADETimplementationisusingtheimplicitdifferential-algebraic(IDA)solver 

containedintheSUNDIALSpackage.ThesolvertolerancesweresetwithAbstolat106,Algtolat106Reltolat108and 

initialstepsizeasio4 .  

Parameter Estimation Algorithm 

GoalSystem 

[0094] Thepresentdisclosureintroducesanewgoalsystemforestimatingchromatographymodelparameters.Heregoal 

meansasetofshape-sensitivemetrics.Eachmetricisasinglescalarvaluesuchasthetimedifferencebetweensimulationand 

measurementatpeakmaxtheheightdifferenceatpeakmaxetc.Metricsaredefinedonthebasisofspecificknowledgeofthe 

modeledprocessandoftypicalerrorsinthemeasurementdata.Themetricsinagoalcanbepassedtoamulti-objectivesearch 

algorithmortheycanbecombinedintooneobjectiveandpassedtoasingle-objectivesearchalgorithm.  

[0095] Multiplemetricscanguide(multi-objective)searchstrategiesmuchbettertothedesiredoptimumthanthecommonly 

appliedsumofsquareddifferences(SSD)canguide(singleobjective)searchstrategies.Themetricsaregroupedintoscoresto 

organizethespecificationofgoalsfordifferentparameterestimationproceduresinCADET-Match.Asuitablegoalmusthavethe 

propertythatasthefitqualityimprovesthevalueofatleastonemetricmustdecreaseandasthefitqualityworsensthevalueof 

atleastonemetricmustincrease.Agoalthatdoesnothavethispropertycanguidesearchalgorithmsinthewrongdirection.  

Thismightappeartrivialbutiscriticallyimportantandatthecoreofwhynewgoalshadtobecreated.Duetocompetitivebinding 

andothercomplexmechanismsmanymodelparametersinfluencethesimulatedchromatogramsinnon-linearlycoupledways.  

ThereforesomecustomarilyappliedmetricssuchasSSDcanincreasewhilethemodelparametersmoveclosertotheircorrect 

values.  

[0096] Inadditionmeasuredchromatogramsfromindustriallarge-scaleapplicationsareoftenaffectedbysystematicerrors 

causeofthedelaywhichisoftennotpossibleinpractice.Agoodgoalneedstoaccountforthissinceotherwisethesimulated 

peaksendupinthecorrectlocationbutwiththewrongshape.Wrongshapesgenerallyindicateerrorsintheunderlyingphysics 

ofthemodel.Hencegoodmetricsshouldpreferpeakswithnearlyfittingshapebutsmalloffsetsratherthanpeakswithoutoffset 

butwithwrongshapes.  

SumofSquareDifference 

[0097] FortheSSDthesquareddifferencesbetweensimulatedandmeasuredchromatogramsaresummedupoverthetime 

points(seeequation16,below).Forthenormalizedrootmeansquaredifference(NRMSD),theSSDisdividedbythenumberof 

timepointsbeforetakingthesquarerootanddividingtheresultbythemaximumofthemeasurementdata(seeequation11 

below).DuetothemonotonicityofthistransformationSSDandNRMSDhavethesameminima.Thesemetricscanbeapplied 

totheentirechromatogramJ=fi;... ;NJorasubsetofthedataJa11;... ;NJ.TheSSDismostcommonlyappliedwith 

gradientdescentsearchalgorithms.Henceitisincludedhereforcomparison.Thetheoryiswellestablishedintheframeworkof 
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maximumlikelihoodestimationforindependentandidenticallydistributedrandommeasurementerrors.Howeverthese 

preconditionsaregenerallynotvalidformodelinglarge-scalepreparativechromatographywheresystematicerrorssuchasfeed 

variationspumpdelaysandflowratevariationstypicallydominatethedetectornoise.TheNRMSDisbettersuitedthantheSSD 

forinterpretingtheresultsbecausethenumeratorhasthesameunitasthedataandisrelatedtothemaximumconcentrationby 

thedenominator.  

SSD(X~,Y3 1 =Lxi4  2 (16) 
~BJ 

1- U U 

NRMSD(X~,Y~) 1= 
maxIX~,1 
ftBJ 

[0098] TheSSDrequiresasufficientoverlapbetweenthesimulatedandmeasuredchromatogramstobesensitiveto 

parameterchangesandguidethesearchalgorithmtowardstheoptimum.Thiscancomplicatethechoiceofsuitablestarting 

pointsinparticularforsharpand!orsmallpeaks.AfurtherdisadvantageoftheSSDisillustratedinFIG.2usingasynthetic 

examplewithparametersshowninTableITheparametersofscenario2aremuchclosertothegroundtruthwithonlya 

relativelysmalldeviationinthecharacteristicchargeveventhoughScenarioIhasasmallerSSDandwouldhencenormally 

beconsideredabetterfit.InadditionthepeakshapeofScenario2ismoresimilartothegroundtruthbutoutofalignment.  

[0099] Inrealexperimentssuchtimeoffsetsareoftencausedbypumpdelaysthatcannotbeexplainedbythemechanistic 

model.InthiscasetheSSDfavorspeaksthatareintherightpositioneventhoughitisobvioustothehumaneyethatthepeak 

shapeisutterlywrong.Themodelcanalsoreproducethecorrectpeakshapebutnotintherightpositionwithamuchlarger 

SSD.AsthepeakshapeispredominantlydeterminedbythebindingmodelparameterstheSSDwouldleadtounphysical 

parametervalues.Hencewewillnowintroducealternativemetricsthatfavorpeakshapeoverpositionandarelessdemanding 

TableI 

GroundTruth ScenarioI Scenario2 
2.00 2.9e02 2.00 

ka ____________________ _________ 

kd 10.0 3.7e03 10.0 
v 1.00 9.60 6.00 
a- 50.0 99.0 50.0 
SSD 4.3e+00 1.5e+01 
NRMSD 4.2e-03 7.le-03 

AlternativeMetrics 

[0100] Theshapeandpositionofachromatogramaredeterminedbymasstransportthroughtheentiresystemincludingthe 

columnandexternalvolumesandbindingtothefunctionalizedresin.ThedisadvantagesoftheSSDareavoidedbyseparately 
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WO2022/123412 PCT/1B2021/061322 

measuringtheshapepositionandheightofindividualpeakswithoutrequiringbaselineseparation.Metricsforpeakpositionare 

sensitivetochangesoftherespectivemodelparametersindependentofpeakoverlapsbetweensimulationandmeasureddata.  

Thisprovidesflexibilityandrobustnesswithrespecttothechoiceofstartingpointsforthesearchalgorithmswhichiscritically 

importantforautomationinindustrialapplications.Focusingonindividualpeaksallowstoreducetheimpactofprocessvariations 

andfurthercomponentsthatarenotfullyincludedinthemodel.Forexamplepumpwashesorpressurealarmscancause 

spuriouspeaksandindustrialfeedsusuallycontainlargenumbersofmoreorlessuncharacterizedimpurities.Insuchcases, 

separatemetricscanbeassignedtodistinctbutpartiallyseparatedpeaksoftargetcomponentsandimpuritiesofhighandlow 

molecularweight.Separatemetricsalsohelptoprovide(multi-objective)searchalgorithmswithmorepreciseinformationon 

whichcomponentimpactswhichpeak.Allmetricsyieldzeroforaperfectmatchbetweensimulationandexperiment.  

PeakShape 

[0101] Theshapemetricisthemostinnovativeofthenewmetricsandacorecomponentofnearlyallscores.Itisthe 

differencebetweenoneandthemaximumofthePearsoncorrelationbetweenmeasuredandsimulatedchromatogramsovera 

continuousrangeoftimeoffsets(seeequation18,below).Forevaluatingthismetricthesimulatedchromatogramisshiftedin 

timeY~(t)= 14t- 4Themaximuminequation(18)isdeterminedbyaninitialgridsearchfollowedbyPowell'smethod.  
WhileitisadvisablefortheSSDtosimulatethechromatogramonthesamegridasthemeasurementdatacontinuousoffsets 

requireinterpolatingthesimulateddata.ThisisimplementedinCADET-Matchusingthe5thorderspline.Theinterpolationcan 

beimprovedbysimulatingthechromatogramonadensergridthanrequiredfortheSSD.Allowingforcontinuoustimeoffsets 

thatareindependentofthediscretemeasurementgridiscrucialforcreatingasmoothmetric.Howeveritcomplicatesthe 

analyticaltrackingofparametersensitivities.Theshapemetricistypicallyappliedtoindividualpeaksthatareslicedoutofthe 

chromatogram.Asrequireditiszeroforaperfectmatchbetweensimulationandexperimentandincreasesforworse 

agreement.Bydesignthismetriconlyaccountsforshapesimilarityandrequirestwoothermetricstomeasurethetimeoffset 

andheightdifferencebetweensimulationandmeasurementdata.  

~Z7 axilcry~j 

PeakPosition 

[0102] Thepositionmetriccanbemorecomplexthanitmightfirstappear.Itisbasedonthetimeoffsettsobtainedfrom 

maximizingequation(19), below.  

) argmax cov(X~,yr (19) 
cry, o-xij Pr 

[0103] Thestandardpositionmetricgivesanimmediatepenaltyforatimeoffsetwithalinearascenttoonewhenoutof 

alignmentbyt~.(seeequation20,below).Heret,.isthelengthofthemeasurementtimeinterval.Itcanbereplacedbythe 

retentiontimeofanon-bindingtracerifsufficientstartingpointsareprovidedtothesearchalgorithm.Aswillbeshowninthe 
16 
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resultssectionthismetricitagoodchoiceforestimatingcolumnandparticleporosity.Howeveritrequiresgreatcareinrunning 

experimentstoensurethereareasfewdelaysaspossibleandalarmsareimmediatelycancelled.Suchdelaysaffectthe 

chromatogramalmostexactlylikechangesinthecolumnandparticleporosities.Aspreviouslydiscussedinthepresenceof 

suchdelaysitcanbeadvantageousfortheparameterestimationproceduretocompromiseonthealignmentofsimulatedand 

measuredpeakswhilematchingtheirshapeandheight.Henceanalternativepositionmetricisintroducedthatinitiallyreduces 

thepenaltyby1/2inarangeoflessthan1/10t,~andthenlinearlyascendstoonewhenoutofalignmentbyt~,seeequation 

(21),below.FIG.3illustratesthedifferencebetweenthestandardandinitiallyreducedpositionpenaltymetrics.Theinitial 

reduction,1/2,andrange,1/10,arechosenbyexperienceandcanbechangedbytheuser.  

tr 

it~(x~ Y '~, ~ 1 

__________ t~(x~ Y~)1 

i tr tr 10 
_______- - _______ 

18 tr 18I tr 10 

PeakHeight 

[0104] Thepeakheightmetricrelatesthemaximalconcentrationofthesimulatedchromatogramtothatofthemeasureddata, 

(seeequation(18)).Thismetricascendstoonewhenthedifferenceineitherdirectionislargerthan100%.  
maxY~ 

U Li 
'El (22) 

maxX~ 
fiB] Lii 

[0105] Thepreviouslyintroducedmetricsserveasbuildingblocksforcreatingscoresthatquantifythedifferencebetween 

simulatedchromatogramsandmeasurementdata.Scoresaredefinedforindividualcomponentsandcantargetthefull 

chromatogramindividualpeaksorpartsthereotsuchasonlythefrontofapeak.Eachscoreisasetofmetricsthatdependon 

theindexofthecomponentiandonthesetofconsideredtimepointsJ.Goalswillbecomposedofoneorseveralscoresthat 

canthenbecombinedintooneobjectiveorpassedtoamulti-objectivesearchalgorithm.  

SumofSquareDifference 

[0106] TheSSDscoreisthesetofdifferencesbetweensimulatedandmeasuredchromatogramdataseeequation(23) 

below.Fortechnicalreasonseachdifferenceisinterpretedasseparatemetric.Insection8,agoalwillbedefinedassumof 

squaresofthesemetrics.  

SSSD={X~1 - tillEJ} (23) 
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FullPeak 

[0107] ThemoststraightforwardofthenewscoresisthecombinationofpeakshapepositionandheightSGaUSS.Thisscore 

isusuallyappliedtoatimeintervalspecifiedbytheindexsetJthatcontainsasinglepeakofnearlyGaussianshape.Thistime 

intervalisnotautomaticallydetectedbutneedstobespecifiedbytheuser.AmoreelaboratedscoreSpeakadditionally 

accountsfortheshapeminimumandmaximumofthetimederivativeandisbettersuitedforfittingnon-Gaussianpeaks.By 

combiningthepeakshapewiththeshapeofitsderivativethisscoreishighlysensitivetothecurvatureofthechromatogram.  

Thetimeoffsetsinthepeakandintheslopearetechnicallynotconstrainedtobeequal.Inpracticetheyhardlydifferexceptfor 

theveryfirstiterationsofsearchalgorithmswithpoorstartingpoints.ThescoresSSaussand5* areanalogouslydefinedwith 

Positiom(X~Y 
PositioTh*(X~I9~inplaceof I' Aswillbedemonstratedintheresultssectionthescore 5 Peakwith 
standardpositionpenaltyisparticularlyusefulforestimatingtransportparameterswhilethescore 5 eakwithinitiallyreduced 

positionpenaltyismoresuitableforestimatingbindingparameters.  

5 Gauss {Shape(X~,Y~)~;Position~LI U',)]) (24) 

s lope {Shape(Xi.29~; s1,~ (24) 

5 Peak-5 GaussU5 Slope (25) 

PeakFront 

[0108] Insomecasesonlythefrontofapeakcanbeusedforparameterestimationwhileotherpartsofthepeakare 

deterioratedbyunspecificinteractionsofatracermoleculewiththecolumnortubing.Dextranisaprominentexampleforsuch 

tracerthatdoesnotpenetratetheparticlepores.Errorsintheexecutionofanexperimentcanalsorenderthebackofapeak 

unusableforparameterestimation.Thesesituationsareaddressedbyascore, 5 Front'thatconsidersshapeandpositionbutnot 

heightofthepeak.Thisscoreistypicallyusedwithrathershorttimeintervalsandfewdata 

points.  

5 Fromt= LI i)J;Position(X' (26) 

[0109] Thepeakfrontscoreisdesignedtoextractasmuchusableinformationaspossiblefromthechromatogram.  

Unsupervisedapplicationofthisscorerequirestoautomaticallydeterminetheusabletimeintervalwhilerobustlyremovingthe 

non-idealpartswithhighprecisiononthecutpoints.Fordextrandatathebackendofthisintervalischosenatthefirstinflection 

pointofthemeasuredchromatogrami.e.theuppercutpointisatthefirstmaximumofthetimederivative.Byexperiencethisis 

agoodchoiceasnon-idealinteractionsmainlyimpactontheheightandtailingofthepeak.Thelowercutpointischosenwhere 

themeasuredchromatogramstartstodifferfromthebaselinebymorethan0.1%oftheconcentrationattheuppercutpoint.By 
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non-idealbehaviorthatleadstostrongtailingandareducedpeakheight.OntheotherhandDextraniscommonlyappliedas
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experience,0.1%isarobustchoiceforthisthreshold.TheexactpositionsofthesecutpointsaredeterminedusingPowell's 

methodonthecontinuoussplineapproximationfromsection5.Thenearesttimepointsofthediscretemeasurementdataare 

thenusedasboundariesofthetimeintervalspecifiedbyJ.  

FractionationData 

[0110] Opticaldetectorsthataretypicallyappliedformeasuringchromatogramscanusuallynotdistinguishbetweendifferent 

chemicalcomponents.Insteadtheydeliverasinglesumsignalwherethecontributionsoftheindividualcomponentsare 

weightedbytheirextinctioncoefficients.Suchsignalsalonecannotbeusedforparameterestimationunlessthepeaksofthe 

relevantcomponentsaresufficientlyseparated.Forinstancetheacidicmainandbasiccomponentsofamonoclonalantibody 

oftencompletelyoverlapinasinglepeak.Thissituationisnormallyaddressedbyfractionationi.e.poolingtheeffluxofthe 

columnintoaseriesofvials.Eachofthesevialsisthenanalyzedofflinetoquantifythecomponentsofinterestwhichprovides 

additionalinformationforsettingupadedicatedparameterestimationscore.  

[0111] Thepreviouslyintroducedmetricscangenerallybeappliedtotheconcentrationsineachvialusingthecentersofthe 

correspondingcollectionintervalsastimepoints.Forprecisecomparisonthecorrespondingpercomponentsimulationsare 

averagedoverthesamecollectionintervalswhenametricisappliedtofractionationdata.Theresultinginformationisoften 

sparsewith5to10fractionsperpeakandcanbeafflictedwithadditionalerrorsinthefractionationtimesandvolumes.Small 

shiftsinthecollectionintervalscancausemajorchangesinthedistributionofcomponentsbetweentheanalyzedfractions, 

particularlyforsharppeaks.Thesmoothingprocedurefromsection5isnotsuitableforsuchsparsemeasurements.  

Nonethelessthesplineapproximationmustbeappliedtotheoriginalsimulateddatabeforeitisshiftedandvirtuallyfractionated 

todeterminethetimeoffsett~,inordertomaintainsub-gridaccuracy.BasedonthisoffsetthescoresS~aussandS* as 

wellastheirimmediatelypenalizedversionscanbecomputed.AnalogouslytheSSDscorecanbeappliedtofractionationdata 

byaveragingthesimulationsoverthecollectionintervals.  

[0112] Thepreviouslydescribedscoreshavebeendefinedpercomponentbuttheycanalsobeappliedtothesumsignal.  

Thescoresofmultiplecomponentscanbemergedtocreateagoalfortheappliedsearchstrategy.Itisadvisabletouseall 

availableinformationbyincludingscoresonthesumsignal.CADET-Matchusestwoalternativesearchstrategiesgradient 

descentandamulti-objectivegeneticalgorithm.Forgradientdescentallmetricsneedtobecombinedintoasinglescalarvalue, 

whilethegeneticalgorithmcanoperateonmultiplemetrics.  

GradientDescent 

[0113] Gradientdescentalgorithmssearchforalocaloptimumofthegoalfunctionusingderivativeinformationwithrespectto 

thesoughtparameters.Gradientdescenthaslongbeenusedforparameterestimationinchromatography.Itisveryefficient 

nearthesoughtoptimumbutcanfailifthegoalfunctionisnotsmoothortheJacobianbecomessingular.Moreoverthis 

algorithmispronetobecomingtrappedinlocaloptimawhichcanberemotefromthestartingpoint.Thiscanbeavoidedby 

basinhoppingormulti-startstrategies.Thelatterisoftenappliedwhenrefiningtheresultsofpopulationbasessearchstrategies.  

19 

Search Strategies
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GeneticAlgorithm(GA) 

[0114] Geneticalgorithms(GA)areanexampleofbiomimicry.Attheircoretheyworklikeacolonyofbacteriaadaptingtoan 

outsideenvironmentandsharemanyofthesamefeatures.GAsareembarrassinglyparallel.Aninitialpopulationiscreated 

oftenusingquasi-randommethodssuchasLatinhypercubesamplingorSobolsequences.Eachmemberofthepopulationis 

thenevaluatedbasedononeormoreobjectives.Attheendofeachgenerationthefittestmemberssurviveandreproduceto 

formthenextgeneration.Thenextgenerationiscreatedbyacombinationofbreedingandmutationonthesurvivedmembers.  

Therearevariationsinthisprocedurethatmaintainpopulationdiversitychoosememberstobeincludedinthenextgeneration 

andchangehowbreedingandmutationareimplemented.ThesevariationsresultindifferentalgorithmssuchasNSGA2 

NSGA3andSPEA2.InviewofthenofreelunchtheoremdifferentGAvariantsweretestedandoptimizedonavarietyof 

problemsbeforesettlingonNSGA2forsingle-objectiveproblemsandNSGA3formulti-objectiveproblems.  

OnlineMonitoring 

[0115] Buildingcomplexmodelscorrectlyproperlyprocessingexperimentaldataanddeterminingsuitablestartingpointscan 

bedifficultandtedioustasks.Basedonexperiencenewmodelsorconceptsareunlikelytobecorrectlyimplementedfrom 

scratch.Howeversuchissuescanonlybetestedbyattemptingtofitmodeltodata.Sinceerrorscanoftenbeidentifiedinearly 

phasesoftheparameterestimationprocessCADET-Matchprovidesfunctionalitytomonitortheprogressofspecificindicators 

suchaspeakheightshapemassetc.Thisallowstoobserveifthestartingpointsyieldreasonableresultsandifthesearch 

algorithmcontinuouslyimprovesthegoal.Onlinemonitoringenablesearlyabortingifprogressispoororifresultsarealready 

goodenough.Thisisessentialforrapidtestingofmodelsgoalsstartingpointsandstoppingcriteria.Sincesuitablestarting 

pointscanbehardtodetermineaGAwithratherlargepopulationsizeisgenerallyagoodchoiceforinitialtesting.Multi-start 

gradientsearchisnotagoodalternativeasparalleliterativeprocessesaremoredifficulttomonitor.  

ParameterTransformation 

eachother.Parametertransformationscanhelptosoftenthesechallenges.CADET-Matchprovidesseveraltransformationrules, 

i.e.biuniquemapsbetweenmodelparameterspthatarepassedtothechromatographysimulatorandestimatedparameters, 
p'1 p, thatarepassedtothesearchalgorithm.Thesetransformationsarebasedonupperboundspandlowerboundsjz 5 ,ofthe 

modelparameters.  

[0117] Thelineartransformation,(seeequation27,below)mapstheoriginalrange[iiji]to[0,1]. Thisisusuallysufficient 

whentheupperandlowerparameterboundsarelessthanthreeordersofmagnitudeapartfromeachother.Forwiderrangesa 

nonlineartransformation,(seeequation28,below)isadvisable.Thelatterautomaticallyadaptsthestepwidthofthesearch 

algorithmtothemagnitudeoftherespectivemodelparameter.Otherwisethesamestepcouldbehugeforoneparameterbut 

tinyforanother.  

(27) 

p=exp((IogQi)- log(p5)) pI log(49) (28) 
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[0116] Mostsearchstrategiesstrugglewhenthesoughtparametersspreadoverordersofmagnitudeorarecorrelatedwith
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[0118] Nonlinearparametercorrelationsarehardtodetectandneedtobespecificallyaddressed.Forinstancetheadsorption 

andequilibriumconstantskaandkeqiareusuallymuchlesscorrelatedthantheadsorptionanddesorptionconstantskaand 

Therelationkeq ka/kdallowstopasskaandkdtothesimulatorwhilethesearchalgorithmoperatesonkaandkeq' 

Thecorrespondingtransformation(seeequations29and30below)alsoaccountsforlargeparameterranges.Thisdecouples 

thebindingratefromtheconcentrationequilibrium.  

ka exp((lo9(1(a) Iogj(ka))U 1oY(ka)) (29) 

exp ((log(ka) log(ka)) K ~ + log(ka)) (30) 
k~?q 

Sensitivity Analysis 

[0119] Thesensitivityofasystemwithrespecttoaninputataworkingpointisdefinedasthederivativeofthesystems 

solution.Suchaninputcanbemodelparametersorfeedconcentrations.Thesensitivitymeasureshowmuchachangeofa 

certainmodelinputinfluencesthemodeloutput.  

[0120] ThesensitivityofanymodelinputcanbecalculatedbytheCADETlibraryandwrittentothe.h5output.CADETis 

usingalgorithmicdifferentiation.Numericapproximationsoftheanalyticderivativecanbeobtainedbyfinitedifferencesmethod 

whichisavailableintheMoChAtoolaswell.  

Parameter Identifiability 

[0121] Modelparametersgenerallycanbeobtainedbymeasuringsuchasusingopticalmicroscopytodeterminepore 

transportcoefficients.Howevertakingdirectmeasurementsofmodelparametersisoftennotpossibleorverylaborioushence 

tofindmodelparametersthatareuniqueforaknowngiveninputandmodelequation.Incaseofchromatographymodel 

parametershavepooridentifiabilitywhenvariousparametersetsgiverisetothesamesimulatedchromatogramor 

chromatogramswithonlysmalldeviation.Thisfactmakesparameterestimationachallenge.Theparameteridentifiabilitycanbe 

visualizedbyoutliningtheobjectivevaluecalculatedfortheevaluationoffitqualityforaspecificparametervalue.  

Materials and Methods 

[0122] AnewmodalityaBiTE®(bispecificT-cellengager)antibodyconstructisusedasanexampletopresentthe 

methodicalapproachhere.Themoleculeisahalf-lifeextendedBiTE®asamemberofaclassofbispecificantibodiesthatis 

subjecttohighexpectationsincancertreatmentandotherseverediseases.TheBiTE®moleculewasproducedbyusing 

ChinesehamsterovarycelllinesthatweredevelopedbyAmgenandthencapturedbyaProteinAaffinitystep.TheBiTE®was 

capturedbyaProteinAaffinitystepfollowedbyviralinactivationanddepthfiltrationresultinginFilteredVirusInactivatedPool 

(FVIP).  
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recursiveparameterestimationisamethodoftenusedinchromatographymodeling.Parameteridentifiabilitydescribestheability
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[0123] Sequentiallyvirusinactivationwasappliedbyadding1Mformicacid.ThepoolwasneutralizedtopH5.0byusing2M 

trisbasewhichresultsinaNon-FilteredVirusInactivatedPool(nVIP).ThenVIPwasfilteredbyMillistak+®HGPodDepthFilter 

whichresultsinFilteredVirusinactivatedPool(FVIP).  

[0124] ExperimentswereperFormedusinganAKTA T M Avant150chromatographymachinewithUnicorn7.3software.pHUV, 

andconductivitymeasurementswereperformedinlineusingthestandardUVpHandconductivityprobesinstalledinthe 

chromatographymachine.ToconfirmreadingsofflinemeasurementsweretakenforUVpHandconductivityusingaSoIoVPE 

(CTechnologiesInc.),pHprobe(ThermoFisherScientific),andconductivityprobe(ThermoFisherScientific),respectively.  

Bench Top Experiments 

[0125] ForbenchtopscalerunsCaptoSPImpResresin(Cytiva TM )waspackedintoaMilliporevantagecolumn(i.d.1. '15cm 

andht20.7cm)withacompressionratioofI.11,whichresultsinacolumnvolumeof21.5mL.Theasymmetryfactorofthe 

columnwas0.91andtheHETPwas0.0203cm.  

[0126] DextranBlue2000solution(Cytiva TM )wasusedasatracermoleculefordeadvolumeanddispersionexperiments.A 

2LsolutionwaspreparedforDextranbreakthroughandpulseexperimentsataconcentrationofO.lg/LofDextraninMilliQwater.  

[0127] TheioniccapacityoftheCaptoSPImpReSresinusedwasobtainedbyatitrationmethodintroducedbyThiemoHuuk 

2016.Asmallcolumnwitha1.lmLCVpackedwiththesamelotofCaptoSPImpReswasexposedto0.5mMHydrochloricAcid 

(HOI)for""5000V.Thecolumnwasthenflushedwithwatertoremoveremainingacid.ThecolumnwasexposedtoO.OIM 

SodiumHydroxide(NaOH).FinallythevolumeofNaOHrequiredtofullyexchangecounterionswasusedtodeterminetheionic 

capacityofthecolumnaccordingtoThiemoHuuk2016.  

[0128] Filteredviralinactivatedpool(FVIP)materialwasusedforthechromatographyrunsonbenchtopscale.Thefeed 

materialwasfromthesameproductionlotandthefeedcharacteristicsareshownbelowinTable2.  

Run: Concentration (mglmL) Conductivity (mSlcm) pH 
++4*++ ++4++4++4++4++4++4++4++4*++4* +4. 4+ 4. ++4++4++4++4++4++4++4++4++4++4++4++4++4.++4.++ +4. 4+ +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4.++4.+ *++ 

.*++4+ +4++4++4++4++4++4++4++4++4+ .*++ 4. +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4+ +4* 4. ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4* 

UlEttUt +*++*++*++*++*++*++*++4.++4.+ 4+ 4* +*++*++*++*++*++*++*++*++*++*++*++*++*++*++4.++4.+ 4+4. 4* ++4++4++4++4++4++4++4++4++4++4++4++4++4++4.++4.+ 
++4++4++4++4++4++4++4++4++4. +4. +4* 4. ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ +4.4. +4+ +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4* 4. 4., cf-4.~ +4++4++4++4++4++4++4++4++4++4.  

4. 4. 4. 4. +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4+ 4+4. 4* ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4+ 4.4. 4.*4.b..4.C 

++*++*++*++*++*++*++*++4.++4. +4. ~ +4.4. 4. ~ ~ ~+4++4++4++4++4++4++4++4++4++4++4++4++4++4++4*++4*4.4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4.  

4.4.4.4. 4.4.4.4.4.4.4.4.*4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

5mMICV 5.08 6.15 5.02 
4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4. 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4. 4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

4.4.4. 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4. 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4. n- 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

4.4.*U4.4.4.fl.~.~4.CUUW 4.W S4.S 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4. 4.4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4.~t~ 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

4.4...in*.s4.ms4.in*m4.4.nW4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4. 4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.,a4.4.s4. 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.~ 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4. 4.4. 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4. r4.~~4.n4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4. 4.4.4:-4.~ 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  
4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.w;4.141

4.  
4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  
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4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4.  

Step elution 4.8 6.93 5.05 
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4.4. IU tlIi*E i2fIiL L I 4. 4.4.4.4.4.4.4.4.4. 4.4.Jal

4 .4.4 . 4.r 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4. 4.4. 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.as 4. 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  
4.4.4. 4. 4. 4.4.4.4.4.4.4.4.4. 4.4. 4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4. a~a4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  
4.4. 4. 4. 4.4.4.4.4.4.4.4.4. 4.4. ___4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4. err4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

4. 4.4.4.4.4.4.4.4.4. 4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4. 1 N4.~~I~4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.1~ 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  [0129] Theconductivityofthefeedmaterialforthenon-bindingpulsewasadjustedusing4Msodiumchlorideto180mS/cm.  

[0130] Allbenchtopexperimentswererunataflowrateof2.60mI/mm.Abenchtopbypassexperimentwasrunby 

connectingthechromatographymachinecolumninletandoutlettubingwithazero-volumeconnector.Dextransolutionwasrun 

fromthesamplepumpataflowrateof2.60mI/mmuntilUVsignalstabilized.Thesameprocedurewasusedwith1MNaCI 

solutiontodetermineholdupfromthesamplepumptotheconductivitymeter.  

[0131] ADextranbreakthroughandpulsetracerexperimentwasrunincludingthecolumn.Dextransolutionwasloadedfrom 

thesampleline.Initially,3CVof18%ethanolwereflowedtoestablishabaselineUVandconductivityreading.lOmLDextran 
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wasloadedforthepulseexperimentwhileloadingcontinueduntilastableUVsignalwasachievedforthebreakthrough 

experiment.  

[0132] Aproteinbreakthroughexperimentwasrunusinganequilibrationbufferataconductivityof44mS/cmandthe 

conductivityadjustedFVIPpoolsothatthecolumnwasequilibratedandloadedundernon-bindingconditions.Thecolumnwas 

firstequilibratedwiththehighconductivityequilibrationbufferfor3CVandthenrunwith4OmLoftheconductivityadjustedFVIP 

pool.Regenerationwasperformedaftertheloadingtoconfirmnoproteinboundtothecolumn.  

[0133] Gradientelutionrunswererunbyfirstequilibratingfor5CVthenloadingFVIPmaterialat25g/Lresin.Awashstep 

usingequilibrationbufferwasconductedfor3CV.Elutionwasrunatgradientsof5,8,andIImM/CVandonestepelutionwas 

conducted.  

[0134] ChromatographybuffersarelistedbelowinTable3.  

Table 

Buffer pHlConductivity(mSlcm)_____________ Ingredientamount ___________ 
+4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4 

+4++4++4++4++4++4*++4*++ +4. +4.++ a+4.++4.++ 4. *++~S+ ++4++4++4++4*++4*++ ++4. ++4++4++ +4. 4. +4.++ a++.a+.++.++4.++4.++ 4. +~+S4E+ 
++4++4++4++4++4. +4 4 4 4 4+ 4+ 4 4 4 4 444444444444444 444 4 +4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 ++4++4++4++4.  

~~+2714.1++ +4+44+4 +4+44+44+44+44 +4 I:+41nnl+-u4hJ+~+F4J~ +44+44+44+44 +flbi~i3 +44+44+44+44 
4444444444444444 44 44 4 4 4 ~ Wf+4+C4 4 44 44444444444 44 :W+44444444444 

+4 1-311-] .~rrrs ~+4+44+44+44+44 +4 tettk*E+ 4 +44+44+44+44 +44+44+44+44 j+y.+4&p- +IJi k +44+44+44+44+4 4 .zws.ru 4.4 4~. 4 +4+44+44+4 4 +4+44+44+44+ +4+4 ;++T~ 4 l
t
rNir+N4  +-+ +4+44+44+4 4 +4+44+44+44+ +4 -fl--. +4 +44+44+44+44 r+4+44+44+4 ++4++4++4++4++4++4++4++4+ 

+4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 
+4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4+ 

a+4+44 +4+ 4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ +44S 4-4N+ +4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4+ 

++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4+ 4+ 

n;114f4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4+44 +4 
+4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ 4 4~

4~i~ 4r~4
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

.w~tr.ur.'m. +4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ +44 +4+ +4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4+ AhAti&t++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4 
+4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 
+4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 

+4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4+ 

+4+ 4+44+ 4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4+ n 4 +44+44+44 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 
4 4 s.+,t+.+ Few +4+44+44+4 ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4+ 

___ 4 C+~44~4I4~4 +44+44+44 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 
f-f-, 4 SF41414 Fs4I +4+44+44+4 ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4+ II 4 ~4 ~ .VI4 b~!4 ++44+44+44 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 y:~4+ + + + 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

+4+44+44+4 Equilibrationbuffer 4.98/17.1 1O.12g 15.llBg 2.9BBmL 2000mL 

4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4 
4++4++4++4++4++4++4++4++4++4++ +4 4 +4++4++4++4++4++4++4++ +44 4 4 +4++4++4++4++4++4++4++4++4++4++4++4++ +4 +4 +4+ 4++4++4++4++4++4++4++4++4++4++ +44 4 +4 +4+44+44+44 

44444444444444444444444444444 444 4 444444444444444 444 44 4 4444444444444444444444444444444444 444 44 WE+.4u4+l+I+E~4.44444444444 
+44+ +4 4+4 ++4++4++4++4++4++4++4++4++4++4++4++ +44 +4 4+ +44 4 l+CE+Ir+WU, +4+44+44+44 

4444444444444444444444444444 +4+t+tvr444444444444444444444 44 144 4 4 44444444444444444444444444444444444 4 IA4 4+f11t¾4444444444444444444444444444 4 -.-.- 44444444444 
4444444444444444444444444444.. 4 4444444444444444444 444 44 4 4444444444444444444444444444444444 44 r++r 444444444444444444444444444444 V 4 44444444444 4++4++4++4++4++4++4++4++4++4 *4 4+44 4++4++4++4++4++4++4++4++4++4++4++4 +4 tS4 45 ++4++4++4++4++4++4++4++4++4++4 4 +4+44+44+ - 4 w 4 'ig~~g 4 .~+:~4 t 4 14 I 4 w 4 4 44444444 444444444444444444444444444444444444444444444444444444 44444444444 4444444444444444444 4444444444 4444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444 

++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4+ 

444444444444444444444444444444444444444444444444444444 44444444444444444444444444444444 44444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444 444444444444444444444444444 

4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4 
444444444444444444444444444444444444444444444444444444 44444444444444444444444444444444 44444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444 

++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4+ 

444444444444444444444444444444444444444444444444444444 44444444444444444444444444444444 44444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444 444444444444444444444444444 
4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4 

444444444444444444444444444444444444444444444444444444 44444444444444444444444444444444 44444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444 

4.99/20 5.060g 7.889g 1.494mL 1000mL 

444444444444444444444444444444444444444444444444444444 44444444444444444444444444444444 44444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444 444444444444444444444444444 
+44 4 4 4 ++4++4++4++4++4++4++4++4++4++4++4++4 +4+44 4+ 4 +4++4++4++4++4++4 +4+ 4 +4++4++4++4++4++4++4++4++4++4++4 +4+ 4 +4 ++4++4++4++4++4++4++4++4++4++4++4+ 4 4 4+44+44+44+ 

+4 +4 4 +++++++++++++++++++++++++++++++++++++ +4+S 4 +++++++++++++++++ 4 +4,S*C~f~+ +++++++++++++++++++++++++++++++++ +4 4 +4+ ++++++++++++++++++++++++++++++ +4 4 +4 +4+4+4+4+4+ 
444 44 4 4 444444444444444444444444444444444444 444 WE4 44 44 4 44444444444444 44 

4 
4f4t4 44 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 C+l+f4Et~~4l44444444444 

4+ 4 4 4 +44 4 +4 4 4 4++4++4++4++4++ 4 +tfl+ +W++fl 4 4+4444444444444444444444444444 4 4 4 4 4 4+ +4++4++4++4++4++4++4++4++4++ +44 4 l+CE+I+U4US +4+44+44+44 
+4+4 4 ++++++++++++++++++++++++++++++++++++ +4+4+ +4+4+4+4+4+4+4 +4 4+4j+~4j~+~I~~1~ +44+ ~ ++flS+l 4 +4+4+4+4+4+ 

+4+44 +4+44+44+44+44 +4 ++4++4++4++4++4++4++4++4++4 +4+ *i~j*+i+u~+~:~+*+++4++4++4++4++4++4++4++4++4++4 4 +4+44+44+ 
4444444444444444444444444444444444444 444 14t44+4t4 444444444444444 4 4444444444444444444444444444 4 w+~r+~ 4444444444444444444444444444 4 44444444444 

+*W+*+W*+++++++++++++++++++++++++++++++++++++ 4 +++++++++++++++ 4 +4 +* 4 4t 4 ~+~J+tI~++ 444444444444444444444444444444444444444444444444444444 44444444444 44444444444444 44444444444444 444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444 

++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++++ +++++++++++++++++++++++++++++++++++++++++++++++ 
444444444444444444444444444444444444444444444444444444 44444444444444444444444444444444 44444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444 444444444444444444444444444 

++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++++ +++++++++++++++++++++++++++++++++++++++++++++++ +++++++++++++++++++++++++++++++++++++++++++++++ +++++++++++++++++++++++++++ 

444444444444444444444444444444444444444444444444444444 44444444444444444444444444444444 44444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444 

++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++++ +++++++++++++++++++++++++++++++++++++++++++++++ +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

444444444444444444444444444444444444444444444444444444 44444444444444444444444444444444 44444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444 444444444444444444444444444 

++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++++ +++++++++++++++++++++++++++++++++++++++++++++++ +++++++++++++++++++++++++++++++++++++++++++++++ +++++++++++++++++++++++++++ 
444444444444444444444444444444444444444444444444444444 44444444444444444444444444444444 44444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444 

Elutionbuffer 5.01/29.4 12.322g 29.22g 2.862mL 2000mL 
444444444444444444444444444444444444444444444444444444 44444444444444444444444444444444 44444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444 444444444444444444444444444 

++4++4++4++4++4++4++4++4++4++4 +4+ 4 ++4++4++4++4++4++4++4 +4+ 4+ 4 ++4++4++4++4++4++4++4++4++4++4++4 +4+44+4 4 4+44+4 ++4++4++4++4++4++4++4++4++4++4++4++ 4 4 4 4+44+44+44+ 
++++++++++++++++++++++++++++++ +4 ++++++++++++++++++++++ +4+ 4 4 ++++++++++++++++++++++++++++++++++ +4+ +4 fl+S+ +4+ ++++++++++++++++++++++++++++++ +4+ 4 +4 +4+4+4+4+4+ 

444444444444444444444444444444 44 4 444444444444444 444 4 4 44444444444444444444444444444444 444 444 ~+E+d1+ 4444444444444444444444444444444444 n+aeC4U+I41k~~4U44444444444 :~:~:&::::+ +++++++++++++++++++ +4+ 4 ~~4 
+4 4 4 fl4++4++4++4++4++4++4++4++4++4++4++ +4 +4 +a~+fl 4++4++4++4++4++4++4++4++4++4++ +44 4 l+CE+E+~~S +4+44+44+44 
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ProcessRobustnessExperiments 

[0135] Forprocessrobustnessrunsnon-filteredviralinactivatedpool(NVIP)materialwasused.Thesamelotmaterialwitha 

concentrationof4.80g/Lwasinjectedforvaryingloadsandgradients.  

[0136] Allprocessrobustnessexperimentswereperformedwithaflowrateof4.33mL/min.Theseexperimentswereperformed 

includinga44mLcolumn(id.1.6cmlength22cm).Ifnotmentionedotherwise30%stopcollectcriteriainofmaxmainpeak 

valuewereappliedbystoppingcollectmodeandimmediatelychangingto100%elutionbufferafterthedetectionofthisevent.  

ThisapproachispartoftheautomaticchromatographymachinecontrolsysteminUnicorn.  

23 

5.05/31.8 12.322g 29.22g 2.862mL 2000mL
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[0137] Proteinexperimentswithdifferentgradientsforelutionloadfactorsandcollectioncriteriawereperformed.Table4 

showsthecombinationsofparametersusedfortheprocessrobustnessexperiments.  
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Algorithms 

[0138] ThemodelequationsweresolvedbytheChromatographyAnalysisandDesignToolkit(CADET),anopensource 
simulator.Thesoftwareallowsforcombiningvaryingtransportandadsorptionmodelsforchromatographicstepsaswellas 
CSTRandDPFRtypetransportmodelstodescribesequencesofunitoperations.Furthermorethesoftwareprovidestoolsfor 
model-basedanalysissuchasprovidingsensitivitieswithrespecttomodelinputparameters.Thesoftwarepackageisavailable 
onhttps:1/github.com/modsim/CADET.CADETwasaccessedbyaPythoninterlace.TheparametersearchwasperFormedby 
theopensourcesoftwarepackageCADET-MatchthatisbasedontheCADETengineavailableon 
https://github.com/modsim/CADET-Match.Theestimationalgorithmthatisusedinthistoolusesthemaximizationofmultiple 
objectivesthatmeasurethesimilaritybetweensimulatedandmeasuredchromatograms.Thebestfitwasidentifiedbyusingthe 
resultwiththehighestproductoftheseobjectivevalues.  

Results and Discussion 

delayorpeakbroadeningcausedbytransportofmoleculesintubingandvalvesfromadsorptioneffectsinthemodel.Thisis 
especiallyimportantasmentionedtransporteffectscouldbelumpedintoadsorptioncoefficientbyrecursivemodelcalibration 
whichdecreasesmodelapplicabilityonvaryingcolumnscales.Thestage-wiseapproachisindicatedinFIG.4.  

Stage 1: Capture Process System 

[0139] FIG.IAillustratesaflowpathrepresentationofgenchromatographicskidsandmachinessuchasAKTA TM .  
FIG.IAillustratesvaryingdeadvolumespriortothecolumn.Sincethisdeadvolumeinfluencesapeakshiftduringelutionwith 
respectoftheelutionstartthedeadvolumeneedstobeaccountedforinthemodel.Possiblerepresentationsrangefrom 
simpletimeshiftsofwhenelutionstartstomechanisticrepresentationsofthebuild-intubingandvalvevolume.  

[0140] AsimplifiedrepresentationofpathwaysthemoleculesexperienceinthechromatographymachineisoutlinedinFIG.5.  
Thiscombinationofunitoperationswasusedtodeveloparepresentationoftheprocessrequiredforgradientelution.  
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Formodeldevelopmentastage-wiseapproachwasfollowed.Thisapproachisusedtoseparatetransporteffectssuchaspeak
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[0141] Theresultingsystemofunitoperationmodelsisset-upcombiningDPFRand08Wmodelsandacolumnmodel.The 

modelsequenceentailingmultipleunitoperationsisindicatedinFIG.4.  

[0142] Thetubingmodelandtankareusedtosimulateeffectsoftubingandmixerandvalves.Thecolumnmodelequations 

giveninequations(1)to(7)areused.  

Determinadonofextra-columntransportparameters 

[0143] Acombinationoftubingmodelsandvalvemodelsequationsgiveninequations(4'1)and(12)areusedtorepresentthe 

flowpathfromsamplepumptoUVsensorandfrominletpumptoconductivitysensor.Allpathwaysaresetupasacombination 

ofafittedDPFRandCSTRmodelpriortothecolumn(inletpump(buffer)pathwayandsamplepump(molecule)pathway)and 

DPFRmodelssetuponlyfromgeometricspecifications(lengthanddiameter)providedbythevendor.Asdescribedherein 

tubingmodelandmixer/valvemodelspriortothecolumnarefittedtoDextranbreakthroughbypassandsaltbypassruns 

individually.Furthermorethetubing6andtubingImodelsaresetupaccordingtotheAKTA T M Avant150manualwithImm 

diameterand17cmand10cmrespectively.Dispersioncoefficientsforthosetwomodelsaresettothedispersioncoefficient 

estimatedforthebypassexperiments.  

Stage 2: Capture Transportand Column Transport Properties 

Determinationofbypasstransportparameters 

[0144] Parametersthatdescribetheoff-columntransportbehaviorcanbeisolatedfromeffectsthatarisefromadsorptionby 

runningDextranandsalttracerexperimentsthatbypassthecolumn.Thecolumninletandoutlettubeareconnectedbyazero

volumeconnectorsuchthatthecolumnwastakeouttheflowpathforthebypassexperiments.Theflowpathsimportantfor 

gradientelutionrunsareindicatedinFIG.6.Alistofparametersthatareestimatedinthisstepisgiven.  

[0145] Table5providesalistofparameternamesdescriptionsandrangesthatareestimatedforeachpathwaymolecules 

Table 

Parameter Description Range 
4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ 

+4. S++4++4++4+S4++4.++4.++4++ 14+4.1+ +1+4+4. ++4++4++4++4++4++4++4++4++4++4++4*++4* *++4. ++*++ +4. ++4 zatcr iii 4. +4.4+4+4+ +++++++++++++++++++++++++ 4. 4. ~ 4.  
4fl4SEE +4+4.4+4.4 +4++4++4++4++4++4++4++4+ 4.  

444444444444444444444444444444444 t±:ts~ ~~~4. 4. 4 4* 4* 4 4* 4* 4 4* 4* 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 *~*444 +4.4+ 4* 

+4+4. liiia +4+4.4+4.4 +4++4++4++4++4++4++4++4++ 4. 4 +4++4++4++4++4+ +4+4.4 
+4. tflfl, ++++++++++++++++++++++++++++++ +++++++++++++++ +4.4+ 

444444444444444444444444444444444 4444444444444444444444444444444444 444 44 
++++++++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++++++ +4+4.4+4.4 +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++ 

VDPFR Volume of DPFR 108 1m3 
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 4. +++++++++++++++++ 

444444444444444444444444444444444444444444444444444444444444444444444444444 444 4444444444444 44444444444444444 4 44444444444444 44444444444444444444444444444444444444 44444444444444444 444444444444444444444444444444 

4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++ +4. 44.4.44.4.44.4.44.4.4+4.4 *~4 4.4.44.4.44.4.44.4.44.4.44. 44. 4. 4.r4-4n ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4,.',.t+ t++ 4 +4. +4.4+4.4+4. +4.4+4.4+4. C ++4++4++4++4++4++4++4++4++4++4+ 

+4 +4 ++++++++++++++++++++++++++++++++++++++++++++++++++++ 4. a a+~ +. MC +4+4.4+4.4 +4+4.4+4.4 ++++++++++++++++++++++++++++++++ 

44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4. 4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4. +4.4. +4.4. r+1J+1 4 . +~r+LflLX 4~w 4.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.4 ~4. 4.4. 4.na4.4.4 4.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.  

.Rtl.t .4.4.n 4.44.4.44.4.44.4.44.4.4 4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.-. 4. -- 4.4.4 44.4.4 4-4-444. 4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.  
4++4++4++4++4++4++4++4++4++4++4++4 ++4++4++4++4++4++4++4++4++4++4++4++ ~ 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. 4. 4 4. .~.4.44.+4+4. ~ ~ 4. 4.  
4.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44. 4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.4 4.~+++~ +i~,. ~4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4. 4. ++++++++++++++++ +~+~+&~re+44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.  4.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.4 4 44.4.44.4.44.4.4 4.E4.E4.~'4.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.  ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ 44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.  

Vtm  VolumeofCSTR 1010 io3 m 
[0146] ItisimportanttonotethatforDextrannon-idealbehaviorhasbeenobserved.Possiblecausesareinteractionswith 

tubingwallsorpressuredeviationscausedbystrongdensitygradients.Suchnon-idealbehaviorcanbeobservedinvarious 

inflectionpointsattheriseofabreakthrough(refertoFIG.IA).Duetothisbehaviortheparameterestimationalgorithmisfitting 

thesimulationstothebeginningofthefrontofabreakthroughorpeakandneglectstheproceedingpointsinthechromatogram.  

InCADET-Matchthisapproachisfullyautomated.TheresultsofthismodelcalibrationstepareindicatedinFIGS.IAandlB.  

25 

areexperiencing.Therangescorrespondtotheboundsusedfortheestimatoralgorithm.
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[0147] FinalparametersaregiveninTables6A-6C.InFIG.IAandFIG.lBtheeffectofatracermoleculesuchasDextran 

areevidentandshowthatafittothefirstrisingpartoftheDextranbreakthroughasshowninFIG.IAleadstodifferent 

parametersincomparisontofittingthewholeDextranbreakthrough.Thesmallpre-peakattheriseoftheDextranbreakthrough 

isassumedtobeanartifactandhasbeenpredominantlyignoredbytheestimationalgorithm.ThefitinFIG.IAprovidesthe 

modelparameterforthesamplepathwayunitoperations(refertoFIG.6).ThecalibrationresultinFIG.lBindicatesthemodel 

representationoftheinletpathway(refertoFIG.6).Duetotheclosetoidealbehaviorofthesalttraceronlynegligibledeviations 

betweenfittedmodelandconductivitysignalareobserved.  

Table6A 

Pathway Dtu [m2/s] VDPFR EmL) Vtm EmL) 

*++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4*++*&++ ++*++*++*++*++*++*++*++*++*++*++*++*++*++*++*++*++*++*++*++*++*++*+ *++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4. +4++4++4++4++4++4++4++4++4++4++4++4.  

4+4.4+4.4+ 4+4.4+4.4+ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4* +4+ 4* 4. 4+ +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4* +4++4++4++4++4++4++ 4. +4++4++4++4++4++ +4.4+4.4+4.4+4.4+ +4* 4. +4.4+4.4+4.4+4.4+ 

+4+4.4+4+ +4+4.4+4+ ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ +4. +4. 4. +++++++++++++++++++ 4+ +++++++++++++++ +4+4.4+4.4+4.4+4. 4. 4.  

+4 ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4+ 4+4. 4. +4+ ~ +4++4++4++4++4++4++4 4. +4++4++4++4++4++ +4.4+4.4+4.4+4.4+ 4. 4 4. +4.4+4.4+4.4+4.4+ 

4. 4. 4. 4. 4. +++++++++++++++++++++++++++++++++++++++++++++++++++ +4 4+ 4. 4+ ++++++++++++++++++++++++++++++++++++++++++++++ +++++++++++++++++++ 4+ +++++++++++++++ 4+44+44+44+4+ 4. 4.  ~~S:a: 4+ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4+4 +4 +)T flV+~4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 +4++4++4++4++4++ +44+44+44+44+ 4. 4 +44+44+44+44+ ~J3W +4 +4 4 + 44-4-4 ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4 uo:o+++4++4++4++4++4 +4+44+44+44+4 
+4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4+ 4,4 ~ 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 42'~'w~ 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4~ +44+44+44+44+ 

++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4 4-~4444 ++4++4++4++4++4 +4++4++4++4++4 
44444444444 4444444444444444444 4444444444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444 4444444444444444444444444444444444 

4444444444 444444 4444444444444 4444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444 44444444444444444444444444444444444 

444444444444444444444444444444444444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444 44444444444444444444444444444444444 

444444444444444444444444444444444444444444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444 4444444444444444444444444444444444 

InletPathway 3.66E-14 1.58 5.35 

Table6B 

__________________ DaxEm2 /s) cc[-1 4-] [m/s] 

4444444444444444444444444444444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 4444444444444444444444444444444 444444444444444444444444444444444444444 

4444444444444444444444444444444444444444444444444444444444444444444444444 44 4 44 444444444444444444444444444444 44444444444444444 4 4444444444444444 44444444444 44 444444444444 4444444444444 4 ~u4~4n444 4444444444 

44444444444444444444444444444444444444444444444444444444444444444444444444 444 4 4 444444444444444444444444444 44444444444444444 4 4444444444444444 444444444444 4 4 4 4444444444444444444444444 44 4r-4.444414Y44 4444444444 

4 4 4 4 4 +~jj:j+4~~~. 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4444444444444444 44444444444 4 4 444444444444 444444444444 44 ~ 4444444444 
44444444444444444444444444444444444444444444444444444444444444444444444444 4 444444444444444444444444444 44444444444444 ~~¶;~(g~p4 +4444444444444444 444444444444 4 4444444444444444444444444 44 4s4~+~~4w-~44 4444444444 

4444444444444444444444444444444444444444444444444444444444444444444444444 44 22 444444444444444444444444444 44444444444444 4444444444444444 44444444444 4 444444444444 4444444444444 4 4 4444444444 44444444444444444444444444444444444444444444444444444444444444444444444444 4 444444444444444444444444444 44444444444444 4444444444444444 444444444444 +~. ++~I~~A 4444444444 _________________ __________ 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 ~41 44444444444444444444444444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444444444444444444444 

Table60 

Component k _______________________________________ a 
4444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 

444a+++~++s 444444 444444444444444444444444444 44 fl4 qw~~j. 4444444444444444444444444444444444444 44 n44~-~4n 444444444444444444444444444444444444444444 444sen. 4 444444444444444444444444444 44 4 44444444444444444444444444444444 
444 fl4~*fl~4~4fl4 4 44444444444444444 44 4 44Si44 4444444444444444444444444444444444444 4444 4t4U4S4 4 44444444444444444444444444444444444444444 444 4 4 444444444444444444444444444 4444 4 4 4444444444444444444444444444444 

44 ~eenen rn 44444444444444444 44 ~.q 444P.4 4444444444444444444444444444444444444 44 4 +4~49CC 4 444444444444444444444444444444444444444444 444 4 4 444444444444444444444444444 44 4 4 44444444444444444444444444444444 
444~U

4 . 4 UUUWW. 4 . 4  
4 4444444444444444 444S 4444444444444444444444444444444444444 4444 44444444444444444444444444444444444444444 444444 44 444444444444444444444444444 44 4 4444444444444444444444444444444 

44 wiwa+wu 4 44444444444444444 
4Qty.444444444444444444444444444444444444 tA444444444444444444444444444444444444444444 444 4 444444444444444444444444444 44 4444 44444444444444444444444444444444 tA.E.IO s+. .++.++.++.++.++.++.++.++.++.++.++.++. 414 4~'~4~'~ 4~4~4~4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 ma 444444444444444444444444444 44 414 4 44444444444444444444444444444444 44 4 4444444444444444 444444444444444444444444444444444444 La 44444444444444444444444444444444444444 44444 4- 444444444444444444444444444 44 444444444444444444 444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 

4444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 

4444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 

44444444 r44444 4444444444444444444444444444444 444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 

444444444444444444444444444444 444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 

444444444444444444444444444444 444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 :<W~ttJ~tUFN 444444444444444444444444444444 444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

4444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 444444444444444444444444444444444444444444 

Main target molecule 1.74 0.099 12.54 11.56 44n44444-444444a4444444444444444444444444444n4 444444444444444444444444444444444444444a 44444444444444444444444444444444444444444444444444444444444444444444444444444444444 44444444444444444444444444444444 444a a U~+~~* 444444 44444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444 44 Sfl4fl~flfl4W fl~4444 4444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444 444444444444444444444444444444444 44444444444444444444444444444444 444 ~w+~w+ttfla 44444 S+'r.w.444444444444444444444444444444444444+ +1+ +4444 ~a+~++.44444444444444444444444444444 _4444444444444444444444444444444 444 kk4-:-443.w.~43+fl.*.4 .+rE444 ~44444444444444444444444444444444444444444 P144444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444 444 ~ ..-.. 4444 ~444444444444444444444444444444444444 4444444444444444444444444444444444444444444444 4 4444444444444444444444444444444444444444444444444444444444444444 U tuft 4F44444444444444444444444444444444.4n44444444444444444444444444444444 4444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444 HMW __________0.002 23.02 25.25 

Determinationofcolumntransportparameters 

[0148] ColumnspecifictransportparametersweredeterminedwithDextranbreakthroughandpulseexperimentsthatwere 

performedwiththecolumninline.Knowingtheholdupvolumesanddispersioncausedbythepre-andpost-columntubing 

allowsformoreaccurateparameterdeterminationforcolumnspecifictransporteffects.BlueDextran2000actsasanon-pore 

penetratingtracermoleculeforCaptoSPImpReShenceinthisfirststepinterstitialphasecolumntransportiscalibrated.The 

transportparametersestimatedwiththeDextranexperimentsaregiveninTable.TableIprovidesalistofparameterssubject 

tointerstitialphasecolumntransportcalibration.  

TableI 

Parameter Valuelrange Note 444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444~4444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444C44~4~~4E 4444444444444444444444444444444444444444444444 4444444444444444444444444444444444444C444444444444444444444444444444444444444 444444444444444444444444444444444444444444444S+.5tEs+ie-+-r-w. rn 4444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444-;-;-r4444444-4-4-44444444444444444444444444444 54c4145 4 4444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444~-4444444-4444444444444444444444444444444444 4wt41441 t4~qhJ4 4444444444444444444444444444444444444444444444 4444444444444444444444444444444444444r444444444444444444444444444444444444444444444444444444444444444444444 4 44444444444444444444444444441~+W1I4.4...4.444t 4r+t 4444444444444444444444444444444444444444444444 444444444444444444444444444444444444-44444444444444444444444444444444444444444444444444444444444444 444444 44444444444444444444444444444444444 (+rjccA 4444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444 _______________________________________ 1020 1012 2 Column dispersion _______________ rn/s _______________ Dax ________________________________________________________________________ 
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[0149] AgaintheCADET-Matchtoolwasusedforthisestimationstep.TheresultingfitsareindicatedinFIGS.BAandSB.  

[0150] ThesimulatedtracerbreakthroughandpulsehavebeenfittedtoDextranexperimentsatthefrontsofthe 

chromatogramsandindicateverygoodfits.TheresultingmodelparametersaregiveninTables6A-6C.  

[0151] Asanextstepthetransportparametersrelatedtotheresinparticlesareestimated.Thoseparametersrefertothe 

masstransportfromtheinterstitialvolumeintotheparticlesandtotheparticleporosity.InTableItheparametersandtheir 

rangesusedfortheestimationprocedurearegiven.TheresultoftheparticletransportcalibrationstepisindicatedinFIG.BC.  

TheresultingmodelparametervaluesaregiveninTables6A-6C.  

TableI 

Parameter Valuclrange Note 
*++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4*++4*++ ++*++*++*++*++*++*++*++*++*+ +*++*++*++*++*+ *++4++4++4++4++4++4++4++4++4++4. +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4.+ 

++4++4++4++4++4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4+ +4++4++4++4++ +4++4++4++4++4++4++4++4++4++4+ 4+ +4++4++4++4++4++4++ ++4++4++ 
- +4.4+4.4+4.4+4. ++4++4++4++4++4+ 44 4 44444 +4+ 4t~t~4A44 4 4~S fl4~ ~4 +4+44+44+4 II +4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. ,+

4
++.pI.+

4
++

4
++

4
++ +4*4* *g*

4
* ~* ~* ~* ~* ~* ~* ~* ~* 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4.  

4++4++4++4++4++4++4++4++4++4++4++4++ +4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++ +44+4 4* 4+44+44+ 4++4++4++4++4++4++4++4 +4 ~ tsa+~~. -- sc~ 5 4+:$+Z+ ~ * rr+r4 w±~~tt4 j ~44~+~ F:lftI.  
4444444444444444444444444444444444444 444444444444444444444444444444444444444 44444444444444444444 4 4 4 4 4 44~~4~44 4 4 4444444444444444444 44 E&JC+44+i.~I+1 r+i++tita ~ 4 44444444444444 I U4. +4.4 4.~I44 4 4 +4++4++4++4++4++4++4 SLJU 

4444444444444444444444444444444444 4444444444444444444444444444444444444 44444444444444444444 4 ~ 4444 4 44444444444444444444 44 4I4t4ttW4i4~4I ~44444C4S aa4~a4-4-74 t 4 fl4
4

4 t2+-iflta 444444444444444 
4444444444444444444444444444444444 4444444444444444444444444444444444444 44444444444444444444 4 4 44444444444444 44444 44444444444444444444 44 nEn~

4  
1.411444444444444444 

4444444444444444444444444444444444444444 4444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444 44444444444444444444444 44444444444444444444 444444444444444444444444444444444444444444444444444444444 
444444444444444444444444444444444444444 4444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444 444444444444444444444444 44444444444444444444 444444444444444444444444444444444444444444444444444444444 

444444444444444444444444444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444444 

444444444444444444444444444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444444 4444444444444444444444 4444444444444444444444444444444444444444444444444444444 

444444444444444444444444444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444444 44 4 4444444444444444444444444444444444444444444444444444 

444444444444444444444444444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444444 44 

444444444444444444444444444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444444 44 4 4 rr~ + 44444444444444444444444444444444444444444444444444444 
444444444444444444444444444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444444 44raz~t 4 44kE4& 4444444444444444444444444444444444444444444444444444 

444444444444444444444444444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444444 4444.w;w 4 7414,~ 44444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444 

444444444444444444444444444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444444444 4444444444 4444444444444444444444444444444444444444444444444444444444444444444 0.3 - 0.85 E-) Pore porosity [0152] TableIprovidesalistofparameternamesandrangessubjecttoparticletransport.  

[0153] Thenon-idealityatthetopofthechromatograminFIG.BCiscausedbyapressurewarningduetoloadingthecolumn 

toitsfullcapacityandisignoredforparameterestimation.Againonlythefirstpartofthebreakthroughfrontisusedbythe 

estimationengine.ForthisstepofthemodelcalibrationFVIPmaterialisusedwhichcontainstargetmoleculeaswellas 

impurities.Thereforetheparametersobtainedbythisstepdescribetheporetransportfortheactualusedmoleculesandnotfor 

tracermolecules.  

Stage 3: Capture quantitative adsorption behavior 

[0154] Themodeldescriptionofthesystemofunitoperationsofthechromatographymachinecannowbeusedinstage3to 

determinetheadsorptionbehaviorofthetargetmolecules.Fullexperimentalchromatographyrunswithdifferentgradientslopes 

(5mM/CV,8mM/CVIlmM/CVanda"Step"elution)wereperformed.Elutionvolumewasfractionatedatintervalsof0.5CVand 

thecontentofthemoleculesofinterest.  

ModeledSpecies 

[0155] Fractionationdatawereusedtodeterminethemodeledspecies.Thetargetedchromatogramareaofinterestisthe 

mainpeakandthefollowingpeakwithimpurities.  

[0156] Basedontheanalyzedfractionsthemainpeakisrepresentedinthemodelbylumpingallchargevariantsofthetarget 

moleculeintothreechargevariantspecies:theacidicmainandbasicchargevariant.Themolecularweightisconsideredequal 

forallthreevariants.BasedontheSECanalysisofthefractionsallspeciescontainedinthepeakofimpuritiesaredescribedin 

themodelasonesinglecomponent.Finallyafive-componentmodelisobtainedonesaltspeciesdescribingsodiumascounter 

ionsandfourproteincomponentsthatdescribetheacidicmainandbasicchargevariantsandhighmolecularweight(HMW) 

component.  
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[0157] ThemodelusestheconcentrationofeachmodeledspeciesintheFVIPmaterialasinputparameterwhichmeansthat 

foranaccuraterepresentationofmoleculespeciesthatenterthecolumnanalyticalexperimentsneedtobeconductedto 

determinethefeedloadproteinconcentrationsforeachmodeledspecies.Intheinterestofeffortandtimelinetheloadprotein 

concentrationswereidentifiedbyusingtheexperimentalfractionationpoolsalongwiththeUVchromatogramsinsteadof 

analyticalprofilesofthefeedsolution.Theratiosbetweenthepeakareasinthefractionationpoolandtheratiosbetweenthe 

peaksintheUVchromatogramarecalculated.ThenbyconsideringthetotalproteinconcentrationpresentinFVIPmaterialthe 

concentrationofeachspeciesinthefeedmaterialiscalculated.  

Calibration Results 

[0158] 5mM/CVand11mM/CVgradientrunswereusedforthebindingparameterestimationinparallel.TheUVsignalas 

wellasthefractionationdatawereusedfortheestimation.Theparametersandtheirrangessubjecttoestimationarelistedin 

Table.  

[0159] Table9providesalistofadsorptionparameternamesandrangessubjecttoestimation.Eachparameterisestimated 

foreachmodeledspecies.  

Table 

Parameter Description Range 
++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4*++4* +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4. +*++*++*++*++*++*++*++*++*++*++*++*++ ++*++*++*++*++ ++*++*++*++*++*++*++*++*++*++*++*++*++ 

4++4++4++4++4++4++4++4++4++4++4++4+ ++4++4++4++4++4++4++4++4++4++4++4++4++ ++4. +4. +4++4++4* u4++4++4++4++4 .. ++t++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ +4* ++4++4++4+ 4. +4* ++4++4++4++4++4++4++4++4++4++4+ 

4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4.  

~4UEU4.W4.W4.W~t 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 1 4.
4.I4It4.n 

4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. E4.~4U4.t4.t4.PC ~E4.14.E4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.~4.4. 4.4.4.4. 4.4. 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  _____________________________________________________________ 4.t&4.  
4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. t~i&n&4.j t4.Stfl4.t4..t4.Nt&t t4.~&E4.IE 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4. 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  kd Desorption coefficient 108 108 1/s 
4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.UN 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4t4. 4...4.4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4.~4.4.4. 4. 4. 4.4. 4.4.~4.4. 4. 4. 4. 4. 4. 4. 4. 4.  

4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. Ut4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.t4.9 S4IF4.E4.E4.  
4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.¶4.4.p~:q4..4.  

4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

a Shielding factor __________________________ __________________ 
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[0160] TheioniccapacityA wassetto'1339mMaccordingtotheproceduredescribedaboveinthe"BenchTopExperiments 
section.ThebestfitsobtainedareindicatedinFIGS.9Aand9B.Thefinaladsorptionmodelparametervaluesarelistedin 

Tables6A-6C.  

[0161] TomeasurethemodelpredictivityformodelvalidationtheprocessperFormanceindicators(PPI)poolvolumeyield, 

andpoolconcentrationareused.Furthergradientexperimentrunsonprocessscale(44mLcolumn)andonbenchtopscale 

(21.5mLcolumn)withvaryingloadandgradientsareusedformodelvalidation.ModelscaleupwasperFormedbysetting 

adaptingthecolumndiameterandcolumnlengthtothespecifiedvaluesfortheprocessscalecolumn.Furthermorethe 

volumetricflowratewaschangedfrom2.60mL/minto4.33mL/min.Allmodelparameterswerekeptthesameasestimatedby 

modelcalibration.PPIthresholdsformodelacceptabilityarelistedin9.Visualizationofmodelpredictionsandexperimentaldata 

onprocessscalearepresentedinFIGS.iQAlOB,100,andlOD.  

Table10 

PPI Range (%) of experimentally obtained value 
4.4.4. 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4. 4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4. 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4. 4. 4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4d*4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4. 4.4. 4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4. 4.4.4.4.4. ~~4.4.4. 4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  ~:~ieId:.* ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~ * ____________________________________________________ 
4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.3 4.4.4. 4.~~4.4.4.4. ~*er+n4.n4~ 4.4.4.~4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  t~SL4.-. 4.4.4.4. ~ 4.4.4. 4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4. 4.4.4.4. Ut4.~V4.QIL4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  
4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. ~ 4 . 4 . 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4.  

Pool volume 84 < experimentvalue cC 115 
4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4. 4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4. 4. 4. 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

n rr U~a. 4.4. 4.4.4.4. 4. 1 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  ~4rI*r 4.4.4. +~m~+-~-.~+ 4. 4. 4.4.s~~4.4.4. 4.Ea~j u4.rus4.  
4. 4.4.4. j~44.E 4. 4.4. 4.4.4.~'YE%4. 4.4.  

4.4.4. 4. 4.4. 4.4.f~b.~4.4. 4.  lit 4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.  

4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4 .4 ~ * 4 .4 .4 . ~ 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4. 4.  
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[0162] Gradientrunsatbench-topandprocessscaleareusedformodelvalidation.FirstthePPIsforrunsata25g/Lload 

factorarecomparedandtheresultsareindicatedinTable10.  

Table11 

Columnvolume(mL) Yield Pool Poolconcentration 
(%) volume(mL) (gIL) 

++4++4++4++4++4++4++4++4++4++4*++4* +*++*++*++*++*++*++*++*++*++*++*++*++*++*++*++*++*+ *++*++*++*++*++*++*++*++*++*++*++*++*++*++*++*++*+ *++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4. +*++*++*++*++*++*++*++*++*++*++*++*++*++*++*++*++ 
.*++4++ 4++4++4++4++4++4+ .*++4++ ++4++4++4++4++4++4++4++ 4. ++4++4++4++4++4++4++4++4* +4++4++4++4++4++4++4. 4. ++4++4++4++4++4++ ++4++4++4++4++4++4++4. ++4++4++4++4++4++4++4++4++4++4++4++4++4++4. .*++ ++4++4++4++4++4++4++4+ 

++4++4. 49+4++4++4++ 4 ++4++4++ ++4++4. +4++4++4++4++4++4++4++4. 4. 4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4. 4. +~-4+4+ +4++4++4++4++4++4+ 4++4++4++4++4++4++4+ 4. +4++4++4++4++4++4++4* +4++4++4++4++4++4++4++ ++4. +4++4++4++4++4++4++4++ 
4+44+4 4 +44+4 ++4++4++4++4++4++4++4++ 4. ++4++4++4++4++4++4++4++4. +4++4++4++4++4++4++4+ 4. 4. 4+~E4444 +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 4+ ++4++4++4++4++4++4++4+ 

+44+44 ~t±JiKEJ½t~1 +4+44 +4++4++4++4++4++4++4++4++ 4 4++4++4++4++4++4++4++4+ ~ + 4 ~ 6 ~ + 4 + +4++4++4++4++4++4+ 4++4++4++4++4++4++4+ 4 + +4++4++4++4++4++4++4 +4++4++4++4++4++4++4++ +4 +4++4++4++4++4++4++4++ 
4+44+4 +4 +44+4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ +4 ++4++4++4++4++4++4++4+ 

+44+44 +4 ~~fliCI1It~I +4+44 +4++4++4++4++4++4++4++4+ +4++4++4++4++4++4++4+ 4++4++4++4++4++4++4+ +4++4++4++4++4++4+ 4++4++4++4++4++4+ +4++4++4++4++4++4++4 +4++4++4++4++4++4++4+ 4 4 
4+44+4 +r~+'+~rrr.'+ +44+4 ++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4 +4++4++4++4++4++4++4 ~ Y4-w+ 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4+1*414 
4444444444 4444444444444444444444 444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 

+44+44+44+4 ++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ 

444444444444444444444444444444444 444444444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 
4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ 

444444444444444444444444444444444 444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 
++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ 

444444444444444444444444444444444 444444444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 

Model 21 77.8 84 4.9 
4+44 a rn++4+r4++u4 +44+44 4 4 +44+4 ++4++4++4++4++4++4++4+ 4 4 +4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++ 4 +4++4++4++4++4++4++4++ ++++++++++++++++++++++++ 4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 4+ ++4++4++4++4++4++4++4+ 

+44+ 4 4444 44444444444444444444444 4 4444444444444444444444 4444444444444444444444 444 4444444444444444444444 4444444444444444444444C44-5.,4444444444444444444444 44444444444444444444444 4 44444444444444444444444 
4444 ~ 4444 4444444444444444444444 444444444444444444444 ~~~~~~~~~~~~~~~~~~~~~~~1 4 1.~.8~~~~~~~~~~~~~~~~~~~~~~ 44444444444444444444444 1 4444444444444444444444444444444444444444444 44 4444444444444444444444 

4444 j444444 4 4444 44444444444444444444444I~44 4444444444444444444444 44444444444444444444444 44 4444444444444444444444 4444444444444444444444 44 4444444444444444444444 4444444444444444444444 44 4444444444444444444444 
+44+ 4U+4U~%+E+E+~EES4UU+1+ 1~~~~ +4++4++4++4++4++4++4++4+ ++++++++++++++++++++++++++++++++++++++++++++++++ ++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4 +++++++++++++++++++++++++++ +4++4++4++4++4++4++4++ 4 +4++4++4++4++4++4++4++ 4444 44444 444444444444444444444444 444444444444444444444 44444444444444444444444 44 4444444444444444444444 4444444444444444444444 44444444444444444444 4444444444444444444444 4444444444444444444444 4444 4444 4444444444444444444444 444444444444444444444 44444444444444444444444 4 44444444444444444444444 444444444444444444444444+44~4J+4+4444444444444444444444444444444444444444444 4 44 4444444444444444444444 +4+4 ++4++4++4++4++4++4++4+ 4 ++4++4++4++4++4++4++4 +4++4++4++4++4++4++4 4 I++++++++++++++++++++++++ ++4++4++4++4++4++4++4++ 4 4 4 4 ++4++4++4++4++4++4++4++4++4++4++4++4++4++4 

44444444444444444444444 444 44444 444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 
444444444444444444444444444444444 444444444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 

444444444444444444444444444444444 444444444444444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 
444444444444444444444444444444444 444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 

444444444444444444444444444444444 444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 

Experiment 44 76.6 179.51 4.72 
444444444444444444444444444444444 444444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 

44444444444 44 4 44444444444 4444444444444444444444444 4 44444444444444444444444 44444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 4444444444444444444444 44 4444444444444444444444 
44444444444 4 44 44444444444 444444444444444444444444 4 444444444444444444444444 4444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444 44 4444444444444444444444 

44444444444 on4~~ 44444444444 444444444444444444444444 n~u 44444444444444444444444 44444444444444444444444444444444444444444444444444 4444444444444444444444444444444444444444444444444 4444444444444444444444 44 44444444444444444444444 
44444444444 4 4S*~~.~~S* 44444444444 44444444444444444444444 4 444444444444444444444444 4444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444444444444444444 44 4444444444444444444444 

4444444444 +41114+1*St~LU+E44444444444 444444444444444444444444aba. 44444444444444444444444 444444444444444444444 444 444444444444444444444 44444444444444444444 4 44444444444444444444 444444444444444444444 ~ 444444444444444444444 
44444444444 44444444444 444444444444444444444444 44444444444444444444444 444444444444444444444 4 4 444444444444444444444 4444444444444444444 4 44 4 44444444444444444444 4444444444444444444444 4 444444444444444444444 

4444444444 1~4 Jr:1+I44444444444 44444444444444444444444 44444444444444444444444 444444444444444444444 44vi444444444444444444444 44444444444444444444 44 44 444444444444444444444444444444444444444444 4 44 4444444444444444444444 
4444444444 4WS*flE 44444444444 444444444444444444444444 44444444444444444444444444 44444444444444444444 4 444444444444444444444 44444444444444444444444 444444444444444444444444444444444444444444 . 4444444444444444444444 

444444444444444444444444444444444 444444444444444444444444444444444444444444444444444 44444444444444444444 +fl+4 N44 444444444444444444444 44444444444444444444 4 44444444444444444444 4444444444444444444444444444444444444444444444444 

444444444444444444444444444444444 444444444444444444444444444444444444444444444444444 444444444444444444444 444444444444444444 44444444444444444 444141* 44444444444444444444 4444444444444444444444444444444444444444444444444 444444444444444444444444444444444 444444444444444444444444444444444444444444444444444 44444444444444444444 w 4 444444444444444444444 4444444444444444444444 4 4444444444444444444444444444444444444444444444444444444444444444444444 r+ 4444 + + * + + . + + . + + . + + . + + + + . + + . + + . + + . + + . + + . + + +-~ + 4444444444444444444444444444444444444444444444444444444444444444444444 

Deviation(%) N/A 9.6 3.2 13.1 

[0163] AsindicatedinTable11itisobservedthatthemodelpredictsthePPIsforthebenchtopscaleprocesswithina5% 

deviationrange.Themodelpredictionfortherunonprocessscaleiswithina13%deviationrange.Both5%and13%liewell 

withinthepre-definedacceptablerangesgiveninTable10.  

[0164] Furthermodelvalidationactivitiescontaincomparingmodelpredictiononprocessscaleatvaryingloadfactorgradient 

slopesandstopcollectcriteria.Theresultsofmodelvalidationarecomparedin12and13.  

Table12 

Gradient Loading Stop Yield Poolvolume Poolconcentration(gIL) 
_________ (mMICV) (gIL) collect(%) (%) (CV) _______________ 
4444 444444444 4444444444444 4444444444444 4444444444444 444444444444 444444444444 4 444444444444 44444444444 44 444444444444 4444444444444444 44 44444444444444444 4444444444444444444444444 44 444444444444444444444444 

+4+4 +fl+++++U~+++fl~+++4+4+4+4+ +4+4+4+4+4+4+ +4+4+4+4+4+4+ +4+4+4+4+4+4 a+mn+4+4+4+4+4+ +4+4+4+4+4+4+ma+4+4+4+4+4+4 +4+4+4+4+4+4~flfl+4 +++++++++++++++++++++++++++++ 4 +++++++++++++++++ ++++++++++++++++++++++++ 4 ++++++++++++++++++++++++ 
4444 ~ 444 4444444444444 4444444444444 444444444444 fl454 444444444444 444444444444 4 4444444444444 444444444444 4 44 +S9 444444444444 4444444444444444 44 4 4444444444444444 444444444444444444444444 4 4 44444444444444444444444 

4444 +t~rruncnwunn++.444 4444444444444-4444444444444 444444444 ++*I~ 44444444444 44444444444 +ru~.44444444444 444444444444 44 44fl+ 44444444444 4444444444444444 44s4tc44444444444444444 444444444444444444444444 4 444444444444444444444444 

+4+4 
4 +r+rru4 rn+a4 n~n++4 .+4+ +4+4+4+4+ ++++rtU+4+4+4+4+4+4 +4+4+4+4+4 +W+E++4 +4+4+4+4+4+4 +4+4+4+4+4+4 4 +4 24+4+4+4+4+4+4 +++++++++++++++ ++~++'w*I ++++++++++++++++ ++++++++++++++++++++++++ 4 4 +++++++++++++++++++++++ 

4444 444 444444444444 4 4444444444444 444444444 44444444444 44444444444 44444444444 444444444444 4 44 O~ 44444444444 4444444444444444 44444444444444444 44444444444444444444444 4 444444444444444444444444 4444 444 4444444444444 4444444444444 444444444 444444444444 4444444444 444444444444 44444444444 44 4 444444444444 444444444444444 4444444444444444 4444444444444444444444444 44444444444444444444444 +4+4+4+4+4+4+ +4+4+4+4+4+4+ +4+4+4+4+ +4+4+4+4+4+4 +4+4+4+4+4+ +4+4+4+4+4+ +4+4+4+4+4+4 *4' 4 +4+4+4+4+4+ ++++++++++++++++ +++++++++++++++++ ++++++++++++++++++++++++ 

Experiment 8 15 45 72.0 2.8 3.8 
4444444 444444 444 44444444444 4444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444 444444444 4 4 44 44444444 4444444444444 4 4 444 44444444444 444444444444444444 44444444444444444444444 

+4+4+4 +4+4+ +4 +4+4+4+4+4+ ++++++++++++++++++++++++++++ +++++++++++++++++++++++++++ ++++++++++++++++++++++++++++ +4+4+4+4+4 4 rac+ . +4+4+4+ +4+4+4+4+4+4+_4 +4 fl~I++ +4+4+4+4+4+ ++++++++++++++++++ 

4 4 
4 wffi4 rrr4 .44444444 444444444444 wE 4 4 4 46.SC4 4 44444444444 44444444444444444444 44444444444444444 

444444 4 444 4444444444444444444444444444 444444444444444444444444444 4444444444444444444444444444 444444 ~t~tA4 .4444444 4444444444444 .4 4 4 4+wtk444 44444444444 444444444444444444 44444444444444444 
+4+4+4 +4+ ++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++ +4+4+ ~ +4+4+4+4+4+4+ 4 4 +4+4+4+4+4+ ++++++++++++++++++ 

444444 4 444 4444444444444444444444444444 444444444444444444444444444 4444444444444444444444444444 444444 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 44444444444 444444444444444444 44U444S43PE3444 44444444444444444 

444444 444 4444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444 44444 +444.4 44444444 4444444444444 4 4
4 +jn4

4
44444444444 444444444444444444 44444444444444444 

+4+4+4 I ~1~ 
4444444444444444444444444444 4444444444444444444444444444444 444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444 Prediction 5.6 15 30 87 4.6 2.8 

4444 444444 444444444 4444 444444444444 444444444444444 44444444444444 444444444444 444444444444 4 4444444444444 44444444444444 44444444444444 44444444444444444 44 44444444444444444 4444444444444444444444444 44 444444444444444444444444 

4+44 r 
+4+ 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4_4 

4444 ni* 444 44444444444_4 44444444 44444444444 ~4~444444444444 44444444444 ++.11+I. 44444444444 444444444444 44DSZ~ 4444444444444 4444444444444444 + +1+tiU44444444444444444 44444444444444444444444 4+S+SC+ 44444444444444444444444 
+44+ semn 4 +4+ 4+44+44+44+ +4+44+44 +4+44+44+44+4 4+44+44+44+4 +44+44+44+ +4+44+44+44+ 4+44+44+44+ 4+44+44+44+44 +4++4++4++4++4+ 4++4++4++4++4++4 +4++4++4++4++4++4++4++4+ 4444 SWS~ 44444 444444444444 4 44444444 444444444444 44 44444444444 44444444444 44444444444 444444444444 4444444444444 4444444444444444 44444444444444444 444444444444444444444444 44444444444444444444444 4444 a+E+Eat + 444 44444444444 4 44444444 444444444 4 444444444444 4444444444 444444444444 44444444444 4444444444444 444444444444444 4444444444444444 444444444444444444444444 44444444444444444444444 4+44 ~+*+4 ir ~ 

4 ~ J4 4 4  
44444444444 +4+44+44+44 +4+44+44+44 +44+44+44+4 +44+44+44+44 +44+44+44+44+ 4++4++4++4++4++4 ++4++4++4++4++4++ ++4++4++4++4++4++4++4++ 444 444444444444 4-4 444444444444 444444444444444 444444444444 4444444444 444444444444 44444444444 44444444444444 444444444444444 44444444444444444 444444444444444444444444 44444444444444444444444 

Deviation _____________________________________________ 115.5% 121.0% 92.5% 
4444444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444444 44444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444 

4444 444444444 44444444444 44444444 444444444444 4 44444444444 44444444444 44444444444 444444444444 4 44444444444 44444444444444444 4 44444444444444444 4444444444444444444444444 4 444444444444444444444444 
4444 44fl444444SW44S4~4 444444444 44444444444 44444444 444444444444 444444444444 44444444444 nfl 444444444444 44444444444 4 n 444444444444 4444444444444444 44 4444444444444444 4444444444444444444444444 4 44444444444444444444444 

4444+
4 +ItIS'SMt4 tt4 ~ 4 fl4 + 4 + 4

444 4444444444 44444444 44444444444 444444444444 44444444444+
4 ;4 a+i.4 u4

44444444444 444444444444 44 C444444444444 4444444444444444 4.41454-44444444444444444 444444444444444444444444 4 444444444444444444444444 
4444 ~ana s .a".444 44444444444 4 44444444 4444444444444 444444444444 4444444444 44-t.414444444444444 44444444444 44 444444444444 444444444444444 44~44Ua 4444444444444444 444444444444444444444444 44 44444444444444444444444 

4444 444 44444444 44444444 444444444 444444444444 4444444444 444444444444 44444444444 4 44 f4444444444444 444444444444444 4444444444444444 444444444444444444444444 4 44444444444444444444444 
4444 44444444444 44444444444 44444444444 444444444444 444444444444 44444444444444444 44444444444444444 444444444444444444444444 4 t 4 44444444444444444444444 

444 44444444 44444444 444444444 444444444444 4444444444 444444444444 44444444444 4444444444444 444444444444444 4 4*4 44444444444444444 444444444444444444444444 4* 44444444444444444444444 

4444444444444444444444444444444 4444444444444444444444444444 444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444444 444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444 Experiment 10.4 15 30 73.5 2.5 4.4 
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 ~4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4~ 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

4444 4444 4 444444444 4444444444444444444444444444 444444444444444444444444444 4444444444444444444444444444 4444444444 4 4 44 4444444 444444444444444 4 44 44444444444 44444444444444444444 4 4 44444444444444444 
4444 444in.4 +4+4 U4 44 E44 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 44444444 4444444444444 44 4 4,~4s44 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4~fl 44444444444444444 

4444 ++E+'U±a&.~~ 444 4444444444444444444444444444 444444444444444444444444444 4444444444444444444444444444 444444444 4444444 4444444444444#1~rt
4 ~ 4 ~ 4 s.1SF~~44444444444 444444444444444444 44444444444444444 

444 4444444444444444444444444444 444444444444444444444444444 4444444444444444444444444444 4444444444 43~4~7~4~4~ 4444444 444444444444444 44~4g+ 4g4~ rg~. 44444444444 444444444444444444 44444~I~44444444444444444 
+44+ 

4+4+'r+u 1;w-ws.r+t +4+ 4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4+ 4+44+44+4 4 m4+~4 +4+44+44 +4+44+44+44+.~ ~ +4+44+44+44 +4++4++4++4++4++4+ +4.--
4+44 att~ 4~ 4 4+44+44+ 4++4++4++4++4++ 4 4+44+44+44+4 ++4++4++4++4++4++4 + 4 4 W+~W+E' LI ___________________ ___________________ ___________________ 4 4 4 444444444 4444444444444 4 4 4 444444444444 444444444444444444 4444 ++.+ 444 4444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444 444444444 4 I 44444444444444444 4444444444444444444444444444444 4444444444444444444444444444 444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444444 444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444 

Prediction 8 5 30 _______________________________ _______________________ 

4444444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444444 44444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444 
4+44 

4444 444444 U 4 4 4 4 4 4444 4444 4444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444444 44444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444 
4444 444 4444444444444444444444444444 444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444444 444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444 

+44+ nn+~Emn 4 +4+ 4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 

4444 -~---asweats 444 4444444444444444444444444444 444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444444 444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444 
44444+44 r~sYrru~~ 444 4444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444444 44444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444 

a4*4e4 444 4444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444444 44444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444 
444444444 444444444444444444444 4444444444444444444444444444 444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444444 444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444 

+44+44+44+ 4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++44 4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 

Table13 

Gradient Loading Stop SEC SEC Acidic Main(%) Basic(%) 
(mMICV) (gIL) collect(%) HMW Main (%) 

_________________________________ (%) (%) ______________________ 

4444 444444444 44444444444444 444444444444444444444444444 444444444444 444444444444 444444444444444444444 44 44 44444444 4444444 4 444 4444444 444444444 44 444444444 44444444 4 44 44444444 444444444444444 44 444444444444 
4+44 +44+44+44 +4+44+44+44+4a+4+44+44+44+4 +44+44+44+44 4r+4+44+44+44 +4+44+44+44+ ~ 4+44+44+44+ 4+44+44+ 4 +4 +44+44+4 +44+44 +4_4+44+4 +44+44+4 4 4+44+44+ 4+44+44+ 4 +4+44+44 +4+44+44+44+ 4 4 4+44+44+44+4 

4444 
4 

45 n~....tt..±tor.z ~ 444 4444444444444 4 4444444444444444444444444 SW 4 4444444444444 444444444444Sc 444444444444444444444 4 4 44444444 444444 4 4 44444444 44444444 4 4 44444444 444444444 V 4 44 44444444 444444444444 St 4 4 44444444444 
4444 ~ ~ 444 4444444444444 n.e 4444444444444 444444444444~q 4 44444444444 44444444444 4DE4~4 4444444444 44444444 4 4 44444444 444444 4 4 444444 444444444 44 44444444 444444444 4 44 444444444 44444444444 4*~4 Uk.44S4d4 44444444444 

+44+ + 4 W+r~Ufl+~U~rS4nW u4rw4++4+ 4+44+44+44+44 ++4++4++4++4++4++4++4++4++~ '+3++44+44+44+4 +44+44+44+ +VIW4t+ +4++4++4++4++4++4++ 4 4+ 4 +4+44+44 +4+44+ +%AStA 4 fl+4 4 + 4 4 + 4+44+44+4 +4 +44+44+44 +4+44+44+ 4 +4+44+44+ 4+44+44+44+44.4 m.-t+ +*~.a+4+44+44+44 
4444 444 4444444444444V4444444444444 444444444444 44 44444444444 44444444444 4444444444 44444444 44 44 44444444 444444 4 44 444444 4444444444 4 44444444 444444444% 4 44 444444444 444444444444 4 44444444444 

4444 444 4444444444444 4 4444444444444444444444 4 44444444444 4444444444 444444444444444444 4 44 44444444 444444 4 4 4 444444 44444444 4 444444444 44444444 444444444 4444444444444r 44444444444 
4+44 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ 4 ~ V+4+44+44+44 +4+44+44+44 +44+44+44+ 4+44+44+ * .r+~+*'~ +44+4 +44+44 ~94+44+4+44+44+4 4 +44+44+ 4+44+44+4 +44+44+44 +4+44+44+44+ 4 +44+44+44+4 

444 44444444444444 444444444444444444444444444 4 444444444444 4444444444 444444444444444444 44444 444444 ~ 4 4444444 44444444 4~ 44444444 44444444 444444444 44444444444444 44444444444 

4444444444444444444444444444444 4444444444444444444444444444 444444444444444444444444444 444444444444444444444444444 444444444444444444444444 44444444444444444444 4444444444444444444444 4444444444444444444444444 4444444444444444444444444444444 Experiment ____________________________________ 0.52 99.5 3.6 79.7 16.3 
4444444444444444444444444444444 444444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444 444444444444444444444 4444444444444444444444 444444444444444444444444 4444444444444444444444444444444 

4+44+44+ +44+44+44 +4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++ ++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++ 
44444444 U44444 .9 4 4 4-q.44 444444444 444444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444 444444444444444444444 4444444444444444444444 444444444444444444444444 4444444444444444444444444444444 

444444 mE. 444 4444444444444444444444444444 444444444444444444444444444 444444444444444444444444444 444444444444444444444444 44444444444444444444 4444444444444444444444 4444444444444444444444444 4444444444444444444444444444444 
+44+44+n 4~.5+4+ +4+ 4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4++4++4 ~sra+a *4444 444 4444444444444444444444444444 444444444444444444444444444 444444444444444444444444444 444444444444444444444444 44444444444444444444 4444444444444444444444 4444444444444444444444444 4444444444444444444444444444444 

4444 4qq+wI 444 444444444444444444444444444444444444444444444444444444444 444444444444444444444444444444444444444444444444444 444444444444444444444 4444444444444444444444 444444444444444444444444 44444444444444444444444444444444 
4444444444444444444444444444444 4444444444444444444444444444 444444444444444444444444444 444444444444444444444444444 444444444444444444444444 44444444444444444444 4444444444444444444444 4444444444444444444444444 4444444444444444444444444444444 

Prediction 5.6 15 30 0.65 99.34 2.6 77.9 18.7 
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444444444 444444444444444444444 4444444444444444444444444444 444444444444444444444444444 4444444444444444444444444444 4444444444444444444444444444444 444444444444444444444444444444444444444 44444444444444444444444444444444444444444444444444444
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4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++ ++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4. +4++4++4++4++4++4++4++4++4++4++ 

*&++4* W+++ ++++++ 4. 4. 4. 4. 4. ++4. +4++4. +4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4. +*++*++*++*++*++*++*++*++*+ *++*++*+ 4. 4.a++4.++4.++ ++4++4. fl +4. *++4.++ ++4++4++ 4+ *++4.++4.+ +++++++++++ 4. ++4++4.++4 +*++*++*++*+ S I. 4. *++4++4.++4.++ 

+44+ 
4

W
4
&~.+ +4.4+ 4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++ 4. 4. +4.flU+4+4.4+4.4 +4+4.4+ 4* 4. 4+4.4+4.4+ 4+4.4+4.4+ +4* +4.4+4.4+4.4 +4+4.4+4.4+ S 4* 4. 4+4.4+4.4+ 4+4.4+4.4+4.4+4. CS 4* 4. +4+4.4+4.4+4.4 

+44+ +flrK~+ r+u+rri~ +44+ 4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++ 4. 4 n+4 +4 4 +4 4 
+4+44+ 4 +4+44+ 4+44+44+4 +4 +44+44+44 +4+44+44+5+ fl+~4+44+44+ 4+44+44+44+441+ n++u+&+4+44+44+44 

4+44 fl 4+44 +4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4+ 4+44+44+ 4 4 +44+44+4 +44+44 4 4 4+44+4 +44+44+44 4 4+44+44+ 4+44+44+4 C4 4 4 +4+44+44 +4+44+44+44+~4 4 4 4+44+44+44+4 
4+44 +4+44 +4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4+ 4+44+44+ 4 4 +44+44+4 +44+44 4 4+44+4 +44+44+4 4 4+ 4+44+44+ 4+44+44+4 +4+44+44 +4+44+44+44+ 1 +44+44+44+4 +44+ 4 +44+ 4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++ 4 1 ~+4+44+44 +4+44+ 4 +4+44+ 4+44+44+ +4+44+44 +4+44+44 ~+i.Jtt/4+44+44+ 4+44+44+44+44 +4+44+44+44 ~u~u.u~rat.. +4 +4+4+4+4 +4+4+4 +4+4+4 +4+4+4+4+ +4+4+4+ +4+4+4+4+ +4+4+4+4+ +4+4+4+4+44+ 4 +4+4+4+4+4+ +44+44+44+ 4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4++4++4 

deviation ____________ ____________ ____________ ___________ _________ __________ ___________ ______________ 

4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++ ++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++ 
44.4.4 4.S4.44.4.4US44.4.~S4.4 4.4.44.4.44.4.4 4.44.4.44.4.44.4.4a*a4.4.4S 4.44.4.44.4.44.4. 4.4.44.4.44.4.44.4.4 C 4. 4.44.4.44.4.44.4.4 4.44.4.44.4.44.4.4 44.4.44.4.44.4.44. 44.4.44.4.44.4. -- 4. 4~ 44.4.44.4.44.4. 4.4.44.4.4 a-4.4 - 44.4.44.4. 4.4.44.4.44.4. 44. 44.4.44.4.44. 44.4.44.4.44. .~ 4. 4.4.44.4.44.4.4 4.44.4.44.4.44.4.44. 4. 4. 44.4.44.4.44.4.44.4.  

+44+ 44~4+4*4+.44*S+~++4+444 +4+ 4+44+44+44+ 4 4+ S4++4++4++4++4++4++4++4+ a a +4+44+44+44+4 +44+44+44+4 ~cc4~++4++4++4++4++4++4++4++ 4 +44+44+44 +4+44+ 4 +4 C+44+44+ 4+44+44+ +4 +44+44+44 +4+44+44+ F 4 4 4+44+44+4+44+44+44+45+ 4 4 +4+44+44+44 

4+4.4 +4.4 +4+4.4+4.4+4. 4+4. +4+4.4+4.4+4. +4.4+4.4+4.4+4.4 4. +4+4.4+4.4+4.4 +4+4.4+4.4+4.4+ 4. 4+4.4+4.4+4.4+ 
4 + 4 .4 + 4 . 4 + 4 . ii+ 4  

4+4.4+4.4+4. +4.4+4.4 4. 4 ~+4+4.4+4. +4.4+4.4+4.4 4 4+4.4+4.4+ 4+4.4+4.4+4. 4. 4. 4 +4+4.4+4.4 +4+4.4+4.4+4.4 +*~C 4 4+ 4+4.4+4.4+4.4+4.  

4.4.44. 4.44. 44.4.44.4.44.4.44. 44. 4. 44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4. 4.4.44.4.44.4.44.4. 4.4.44.4.44.4.44.4.4 44.4.44.4.44.4.44.4.44.4.44.4.44.4.4 4. 4.4. 4.4.44.4.44.4.4 4.44.4.44. SW 4.4.~ 4.4.44.4.44. 44.4.44.4.44.4. 4.4. 4.4.44.4.44.4.4 4.44.4.44.4.44. 44.4.44.4.44. 44.4.44.4.44.4.44.4.41+ 4.4. 4.44.4.44.4.44.4.4 
44.4.4 4.4.4 4.44.4.44.4.4 ...--.- 4.4.4 4.44.4.44.4.44.4. 4.4.44.4.44.4.4 - .... 4.44.4.44.4.44.4.4 4.44.4.44.4.44.4.4 ~5+U 44.4.44.4.44.4. ++++++ ~1+++++++ 4.4.44.4.44.4. 4 4.4.44.4.44. 44.4.44.4.44.4. 4.44.4.44.4.4 4.44.4.44.4.44.4.44. 4 4.4.44.4.44.4.44.4.  4+44 +44 +4+44+44 +4-- +4+44+44+4 +44+44+44+44 +4 +4+44+44+44 +4+44+44+44+4 4 4+44+44+44+ 4+44+44+4 +4+ 4+44+44+4 +44+44 4 4 +4+44+4 +44+44+44+ 4+ 4+44+44+ 4+44+44+4~ +44+44+44 +4+44+44+44+ 4 4 4++4++4++4++4++ +4.4+ 4.4+ 4+4.4+4.4+ 4 ++4++4++4++4++4++4+ 4. +4.4+4.4+4.4+4. +4.4+4.4+4.4+4. ++4++4++4++4++4++4++4++ 4. +4.4+4.4+4.4 +4+4.4+ 4 4. 4+4.4+4.4+ 4+4.4+4.4+ +4. +4.4+4.4+4.4 +4+4.4+4.4 +4+4.4+4.4+ 4+4.4+4.4+4.4+4.4r +4+4.4+4.4+4.4 4+44+44+ 4 ++4++4++4++4++4++4++4++4++ 4 4+44+44+44+4 +44+44+44+ +4++4++4++4++4++4+ t 4 +44+44+44 +4+44+ +4+44+44+ 4+44+44+ +4+44+44 +4+44+44 4+44+44+ 4++4++4++4++4+ +4+44+44+44 

Experiment ____________ ________________________ 0.75 99.25 3.7 78.9 17.4 
44.4.44.4.44. 4.4.44.4.44.4.4 4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4. 4.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.4 4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44. 44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4. 4.4.44.4.44.4.44.4.44.4.44.4.44.4. 4.4.44.4.44.4.44.4.44.4.44.4.44.4.44. 44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.4 4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.  

+44+44+4 U +44+4 *Y 4 + 4-14+ +4+44+44+ 4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4++4++4 

4.4.44. +++fl a-ass.v'-~u 4.44. 44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4. 4.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.4 4.44.4.44.4.44.4.44.4.44.4.44.4.44. 44.4.44.4.44.4.44.4.44.4.44.4.44.4.4 4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44. 44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.4 4+44+4+1?meaa+s +44 +4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++ ++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4++4++4++ 
+4.4+ S+~~4~Ua-~'S +4+ 4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++ ++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4 +4++4++4++4++4++4++4++4+ 4++4++4++4++4++4++4++4++4++4++4 

44.4.4 ~r
4

+~
4

4
q+~~ ui~:~:~:~+4.4.4 4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4. 4.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.4 4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44. 44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4. 4.4.44.4.44.4.44.4.44.4.44.4.44.4. 4.4.44.4.44.4.44.4.44.4.44.4.44.4.44. 44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.4 4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.44.4.  

Prediction 8 5 30 ___________________ ______________ 

[0165] FromTables12and13,itisobservedthatwhilevaryingtheloadfactorthemodelpredictionsliewellwithinthedefined 

PPIranges.Howeverthemodelseemstobelesspredictiveregardingyieldwhenvaryingthegradientslopeeventhoughthe 

gradientslowisclosetothevaluesthemodelcalibrationwasperformedwith.Atrendcanbeobservedwiththoserunsthat 

indicatesageneraloverestimationofyieldandpoolvolume.Areasonfortheoverestimationofyieldcanbefoundinthegeneral 

overestimationofpeakareawhichisconnectedtoonemodellimitationwhichisageneralchallengeofmechanistic 

chromatographymodeling.ThisindicatesthatthemassloadedontothesimulatedcolumnishigherthanmeasuredbytheUV 

detectorinthechromatogramresultinginapeakareadeviationofabout10%.Themodelseemstobeverysensitivetoprotein 

load.Moreaccuratefeedconcentrationsthatdeterminethemassfedintothearenotavailableforthisdataset.  

[0166] InTable12,portionsofthechargevariantsinthecollectedpoolforthemainbasicandacidicchargevariantsare 

comparedbetweenpredictedandmeasuredvalues.Allsimulatedportionsdeviatebetween0and16.2%fromtheexperimentally 

obtainedvalues.Thevaluesareindicatingenoughmodelaccuracyforpredictingchargevariantprofilesforvaryingloadfactors 

andgradientslopes.Thisfactsuggeststhatthemodelcalibrationworkflowisadequateformodelcalibrationactivitiesfor 

industrialCEXprocessdevelopment.  

[0167] ItisworthnotingthatinordertotransfertheUVsignalfromAUtoSIunitsamolecularweighthastobeassignedto 

eachmodeledspecies.SIunitsareconvenientforsimulationactivities.ThemolecularweightoftheHMWspeciesisnot 

preciselyknown.ThereforetheamountofHMWspeciesinthefeedisnotdeterminedpreciselyaswell.Inasteptoimprovethe 

[0168] FurthermodelaccuracyimprovementcanbeachievedbycombiningUV280andUV300measurementsignalsina 

moreintegratedfashion.Itisobservedthatthemaximumvalueofthemainpeakinsomeofthechromatogramspresentedis 

veryclosetotheupperendofthelinearrangeoftheUV280signal.Thatcouldbeacontributionfortheobserveddeviationsin 

chromatogrampeakareaandsimulatedpeaks.HereadataintegrationthatisflexibleinintegratingUV280andUV300data 

signalswouldbevaluabletoimprovemodelaccuracy.  

Summary and Conclusion 

[0169] Amodeldevelopmentapproachwasintroducedforapharmaceuticaltherapeuticmoleculethatsuggestsastagewise 

methodcalibratingpartsofthemodelinthreestepstobuildthefinalmodel.Thisapproachcanbeusedtodecoupletransport 

modeldescriptionsfromtheadsorptionmodel.  

[0170] Amodelrepresentationwasdevelopedforachromatographicsystemthatcontainsmultipleunitoperations.The 

systemdescribesthepathwayseitherthesamplemoleculesorthebuffermoleculesexperienceduringasaltelutionstepbothof 
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modelaccuracythemolecularweightoftheHMWcouldbeconsideredmoreprecisely.
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whichcontainvalvesandtubingapartfromthecolumn.Inanextstepthemodelparametersareestimatedthatdescribethe 

interstitialcolumntransport.Thenextsteptakenestimatestheparametersdescribingmasstransferintothepores.Finallythe 

adsorptionmodelparametersareestimatedinthelaststageofmodelcalibration.Foreachparameterestimationstepaseparate 

setofexperimentsisused.  

[0171] Theaccuracyofthemodelisassessedbyusingexperimentsperformedatdifferentcolumnscales.Themodel 

predictstheelutionbehaviorforprocessrobustnessexperimentswithacceptablequalityandcanbeusedtoexploretheranges 

ofprocessparameterssuchasgradientslopeloadfactorandstopcollectcriteria.  

[0172] Withthatitcanbeconcludedthatthesuggestedworkflowentailsthenecessarystepsforcalibrationofmodelpartsfor 

extracolumnvolumesintra-columntransportandadsorptionbehavior.Beneficialfeaturesofthemethodsprovidedherein 

include: 

0 alownumberofexperimentsarerequiredforthecalibration 

0 extracolumnvolumesarecharacterizedandtherespectivemodelpartscanbere-usedforothermolecules 

0 byrelativede-couplingoftransportandadsorptionmodelcalibrationthemodelreflectschangesinequipmentand 

furthercanbeusedacrossscales.  

[0173] Themodelpredictstheprocessathigherscalewithacceptablequalitybutrevealsgenerallimitations.Oneofthose 

limitationsisthatoftenthefeedconcentrationofeachmodeledspeciesisnotknownwhichrequiresadditionalanalytical 

experiments.IninterestoftimeandeffortanalternativewayissuggestedtoidentifythefeedconcentrationsfromUV 

chromatogramandfractionationdata.Nopreviousstudyhasrevealedthisdrawbackofmechanisticmodelsbeforeordescribed 

howthisissuewasapproached.Thepresentdisclosureprovidesanapproachtoidentifythefeedconcentrationsfrom 

fractionationdataandUVchromatogramissuggestedthatdoesnotrequireadditionalexperiments.Ininterestoftimeandeffort, 

aminimalsetwasusedformodelcalibrationandvalidation.Asetof12experimentsareusedforthecompleteworkflow, 

modelcalibrationunderbindingconditionsatonepHvalueasetof4additionalexperimentswasrequiredtoestimatetransport 

modelparametersforintraandextracolumntransport.Furthermodelvalidationexperimentswereused.Itiscommonlyknown 

thatthemodelacceptabilityandpredictivityincreaseswiththeamountofknowledgeandexperimentsthatserveformodel 

calibration.Howeverwithrisingexperimentaleffortacceptabilitytointegratemodelbasedmethodsintoplatformprocess 

developmentapproaches.Henceidentifyingaminimalexperimentalsetformodelcalibrationsupportstheintegrationof 

chromatographymodelingintoindustrialprocessdevelopmentactivities.  

[0174] Furthermoreithasbeenrevealedthatthemodelismoresensitivetotheamountofproteinloadedthanthe 

experimentssuggest.ConsequentlyPPIsareoftenoverestimated.Heretwoapproachescanhelptoimprovethemodel 

accuracy.Firstincreasetheanalyticefforttoimprovethecharacterizationofthefeedmaterial.Secondincludeaparameter 

uncertaintyestimationintothemodelassessment.Heretheestimatedparameterscouldbeinvestigatedwithrespectto 
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variationsinthefeedmaterialconcentration.Suchkindofinsightisvaluablefortoguideprocessoptimizationandprocess 

robustnessexperimentation.  

[0175] Themethodsprovidedhereincanbeusedandreproducedbyothermodelersasthesolversandalgorithmsare 

publiclyavailable.FurthermorethemodelincludesasetofunitoperationsthatareavailabletobeusedinHDF5formatandthe 

simulationsarereadytobereproduced.Theresultsdescribedhereincanbeusedtofurtherinvestigateandenhancemodeland 

workflowcapabilitieswhichisamajorcontributiontotheprogressingchromatographycommunity.  

Exemplary Method 

[0176] FIG.IIillustratesaflowdiagram100ofanexamplemethodasdescribedherein.Forachromatographymachine 

includingafirstdispersedplugflowreactor(DPFR)andacontinuousstirredtankreactor(CSTR)priortoacolumnandasecond 

DPFRafterthecolumngeometricmeasurementsassociatedwiththesecondDPFRmaybeobtained(block102).Forinstance, 

thegeometricmeasurementsassociatedwiththesecondDPFRmayincludetubingdiametermeasurementsandtubinglength 

measurementsassociatedwiththesecondDPFR.Thesemeasurementsmaybeobtainede.g.,basedonmeasuringthetubing 

diameterandtubinglengthand/orbasedonknownmanufacturerspecificationsforthechromatographymachine.  

[0177] TransportmodelparametersforatransportmodelassociatedwiththesecondDPFRmaybegenerated(block404), 

e.g.,byaprocessorbasedonthegeometricmeasurements.Forinstancethetransportmodelparametersmayinclude 

dispersioncoefficientinDPFRvolumeofDPFRcross-sectionareaofDPFRetc.  

[0178] Atracermolecule(e.g.,dextranNaCIoranothersuitabletracermolecule)maybefed(block106)intothe 

chromatographymachine.Oneormoretracermoleculemeasurementsmaybecaptured(block108)basedonthetracer 

moleculetravelingthroughthechromatographymachine.Forinstancetheoneormoretracermoleculemeasurementsmaybe 

capturedbasedonachromatogramassociatedwiththetracermoleculetravelingthroughthechromatographymachine.  

[0179] BasedonthetransportmodelassociatedwiththesecondDPFRandtheoneormoretracermoleculemeasurements 

transportmodelassociatedwiththefirst(andsecond)DPFRandtheCSTRmaybeestimated(block110).Forinstancethe 

transportmodelparametersmayincludedispersioncoefficientinDPFRvolumeofDPFRcross-sectionareaofDPFRvolume 

ofCSTRetc.  

[0180] Moreoverinsomeexamplesoneormorecolumn-specifictransportmodelparametersforacolumn-specifictransport 

modelassociatedwiththecolumnofthechromatographymachinemaybeestimatedbasedonthetransportmodelassociated 

withthefirstDPFRandtheCSTRthetransportmodelassociatedwiththesecondDPFRandtheoneormoretracermolecule 

measurementsbasedonthetracermoleculetravelingthroughthechromatographymachine.Forinstancethecolumn-specific 

transportmodelparametersmayincludecolumnporositycolumndispersionetc.  

[0181] Additionallyinsomeexamplesoneormoreresintransportparametersforaresintransportmodelassociatedwith 

resinparticlesofthechromatographymachinemaybeestimatedbasedonthecolumn-specifictransportmodelthetransport 
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modelassociatedwiththefirstDPFRandthe08WthetransportmodelassociatedwiththesecondDPFRandtheoneormore 

tracermoleculemeasurementsbasedonthetracermoleculetravelingthroughthechromatographymachine.  

[0182] Optionallyanexperimentalsamplemaybefed(blockI12)intothechromatographymachine.Oneormore 

experimentalmeasurementsbasedontheexperimentalsampletravelingthroughthechromatographymachinemaybecaptured 

(blockI14).Forinstancetheoneormoreexperimentalmeasurementsmaybecapturedbasedonachromatogramassociated 

withtheexperimentalsampletravelingthroughthechromatographymachine.  

[0183] Basedontheoneormoreexperimentalmeasurementsbasedontheexperimentalsampletravelingthroughthe 

chromatographymachinetheestimatedoneormoretransportmodelparametersforthetransportmodelassociatedwiththe 

firstDPFRandthe08WandthetransportparametersforthetransportmodelassociatedwiththesecondDPFRoneormore 

adsorptionmodelparametersforanadsorptionmodelassociatedwiththeexperimentalsamplemaybeestimated(blockI16), 

e.g.,byaprocessor.Insomeexamplesthecolumn-specifictransportmodeland/ortheresintransportmodelmayalsobe 

factorsusedinestimatingtheadsorptionmodelparametersfortheadsorptionmodel.Forinstancetheadsorptionmodel 

parametersmayincludeoneormoreof:adsorptioncoefficientdesorptioncoefficientcharacteristicchargeshieldingfactoretc.  

Insomeexamplesasecondsetofadsorptionparametersforasecondadsorptionmodelassociatedwiththeexperimental 

samplemaybeestimatedbasedonrangesassociatedwiththeinitially-estimatedadsorptionparameters.  

[0184] Insomeexamplestheexperimentalsamplemaybeidentifiedbasedontheadsorptionmodelassociatedwiththe 

experimentalsample(and/orbasedonthesecondadsorptionmodelassociatedwiththeexperimentalsample).  

[0185] MoreoverinsomeexamplesthechromatographymachinemayincludeaninletflowpathincludingafirstDPFRanda 

CSTRpriortoaninletflowpathcolumnandasecondDPFRaftertheinletflowpathcolumnaswellasasampleflowpath 

includingafirstDPFRanda08WpriortoasampleflowpathcolumnandasecondDPFRafterthesampleflowpathcolumn, 

andthemethod100maybeperFormedforboththeinletflowpathandthesampleflowpath.  

sample(e.g.,distinctfromthefirstexperimentalsample),butusingthesameestimatedtransportmodelparameters.Thatis, 

onceatransportmodelforthechromatographymachineisdevelopedthetransportmodelmaybeusedtodetermineadsorption 

modelparametersformultipleexperimentalsamples.  

ASPECTS 

[0187] 1. Amethodcomprising:obtainingforachromatographymachineincludingafirstdispersedplugflowreactor 

(DPFR)andacontinuousstirredtankreactor(CSTR)priortoacolumnandasecondDPFRafterthecolumngeometric 

measurementsassociatedwiththesecondDPFR;generatingbyaprocessortransportmodelparametersforatransportmodel 

associatedwiththesecondDPFRbasedonthegeometricmeasurements;feedingatracermoleculeintothechromatography 

machine;capturingoneormoretracermoleculemeasurementsbasedonthetracermoleculetravelingthroughthe 

chromatographymachine;andestimatingbytheprocessorbasedonthetransportmodelassociatedwiththesecondDPFR 
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andtheoneormoretracermoleculemeasurementsbasedonthetracermoleculetravelingthroughthechromatography 

machineoneormoretransportmodelparametersforatransportmodelassociatedwiththefirstDPFRandthe08W.  

[0188] 2. Themethodofaspect1,furthercomprising:feedinganexperimentalsampleintothechromatography 

machine;capturingoneormoreexperimentalmeasurementsbasedontheexperimentalsampletravelingthroughthe 

chromatographymachine;andestimatingbytheprocessorbasedontheoneormoreexperimentalmeasurementsbasedon 

theexperimentalsampletravelingthroughthechromatographymachinetheestimatedoneormoretransportmodelparameters 

forthetransportmodelassociatedwiththefirstDPFRandtheCSTRandthetransportparametersforthetransportmodel 

associatedwiththesecondDPFRoneormoreadsorptionmodelparametersforanadsorptionmodelassociatedwiththe 

experimentalsample.  

[0189] 3. Themethodofanyofaspects1-2,whereinthegeometricmeasurementsincludetubingdiameter 

measurementsandtubinglengthmeasurementsassociatedwiththesecondDPFR.  

[0190] 4. Themethodofanyofaspects1-3,whereintheoneormoretracermoleculemeasurementsarecaptured 

basedonachromatogramassociatedwiththetracermoleculetravelingthroughthechromatographymachine.  

[0191] 5. Themethodofanyofaspects2-4,whereintheoneormoreexperimentalmeasurementsarecapturedbased 

onachromatogramassociatedwiththeexperimentalsampletravelingthroughthechromatographymachine.  

[0192] 6. Themethodofanyofaspects2-5,furthercomprising:identifyingbytheprocessortheexperimentalsample 

basedontheadsorptionmodelassociatedwiththeexperimentalsample.  

[0193] 7. Themethodofanyofaspects2-6,whereintheestimatingtheoneormoreadsorptionmodelparametersfor 

theadsorptionmodelassociatedwiththeexperimentalsampleisafirstestimatingofafirstoneormoreadsorptionparameters 

forafirstadsorptionmodelassociatedwiththeexperimentalsampleandfurthercomprising:asecondestimatingbythe 

processorofasecondoneormoreadsorptionparametersforasecondadsorptionmodelassociatedwiththeexperimental 

theexperimentalsample.  

[0194] 8. Themethodofaspect7,furthercomprising:identifyingbytheprocessortheexperimentalsamplebasedon 

thesecondadsorptionmodelassociatedwiththeexperimentalsample.  

[0195] 9. Themethodofanyofaspects1-8,whereinthefirstDPFRandaCSTRpriortothecolumnandthesecond 

DPFRafterthecolumnarepartofaninletflowpathofthechromatographymachineandwhereinthechromatographymachine 

furtherincludesasampleflowpathhavingafirstDPFRandaCSTRpriortoasampleflowpathcolumnandasecondDPFR 

afterthesampleflowpathcolumnandwhereinthestepsofclaim'1arefurtherperFormedforthefirstDPFRandtheCSTRprior 

tothesampleflowpathcolumnandthesecondDPFRafterthesampleflowpathcolumn.  

[0196] 10. Themethodofanyofaspects2-9,whereintheexperimentalsampleisafirstexperimentalsampleand 

furthercomprising:feedingasecondexperimentalsampleintothechromatography , capturingoneormoresecond 
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experimentalmeasurementsbasedonthesecondexperimentalsampletravelingthroughthechromatographymachine;and 

estimatingbytheprocessorbasedontheoneormoresecondexperimentalmeasurementsbasedonthesecondexperimental 

sampletravelingthroughthechromatographymachinetheestimatedoneormoretransportmodelparametersforthetransport 

modelassociatedwiththefirstDPFRandthe08Wandthetransportparametersforthetransportmodelassociatedwiththe 

secondDPFRoneormoreadsorptionmodelparametersforanadsorptionmodelassociatedwiththesecondexperimental 

sample.  

[0197] 11. Themethodofaspect10,whereinthesecondexperimentalsampleisdistinctfromthefirstexperimental 

sample.  

[0198] 12. Themethodofanyofaspects1-11,whereinthetransportmodelparametersincludeoneormoreof: 

dispersioncoefficientinDPFRvolumeofDPFRcross-sectionareaofDPFRandvolumeof08W.  

[0199] 13. Themethodofanyofaspects2-12,whereintheadsorptionmodelparametersincludeoneormoreof: 

adsorptioncoefficientdesorptioncoefficientcharacteristicchargeandshieldingfactor.  

[0200] 14. Themethodofanyofaspects1-13,furthercomprisingestimatingbytheprocessorbasedonthetransport 

modelassociatedwiththefirstDPFRandtheCSTRthetransportmodelassociatedwiththesecondDPFRandtheoneormore 

tracermoleculemeasurementsbasedonthetracermoleculetravelingthroughthechromatographymachine, oneormore 

column-specifictransportmodelparametersforacolumn-specifictransportmodelassociatedwiththecolumnofthe 

chromatographymachine.  

[0201] 15. Themethodofaspect14,whereinthecolumn-specifictransportmodelparametersincludeoneormoreof: 

columnporosityandcolumndispersion.  

[0202] 16. Themethodofanyofaspects14-15,furthercomprisingestimatingbytheprocessorbasedonthecolumn

specifictransportmodelthetransportmodelassociatedwiththefirstDPFRandtheCSTRthetransportmodelassociatedwith 

chromatographymachine, oneormoreresintransportparametersforaresintransportmodelassociatedwithresinparticlesof 

thechromatographymachine.  

[0203] 17. Themethodofaspect16,whereintheresintransportparametersincludeoneormoreof:filmtransport 

coefficientforeachcomponentandporeporosity.  

[0204] 18. Themethodofanyofaspects2-17,whereinestimatingoneormoreadsorptionmodelparametersforan 

adsorptionmodelassociatedwiththeexperimentalsampleisfurtherbasedononeormoreofacolumn-specifictransportmodel 

oraresintransportmodel.  

[0205] 19. Themethodofanyofaspects1-18,whereinthetracermoleculeisdextran.  

[0206] 20. Themethodofanyofaspects1-19,whereinthetracermoleculeisNaCI.  

[0207] 21. Themethodofanyofaspects1-19,whereinthetracermoleculeisaDNAmolecule.  
35 
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[0208] 22. Themethodofanyofaspects1-19,whereinthetracermoleculeisananoparticle.  

[0209] 23. Acomputersystemincludingaprocessorandoneormorememoriesstoringinstructionsthatwhen 

executedbytheprocessorcausethecomputersystemtoperformthestepsofthemethodofanyofaspects1-22.  

[0210] 24. Anon-transitorycomputer-readablestoragemediumstoringinstructionsthatwhenexecutedbyaprocessor, 
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causetheprocessortoperformthestepsofthemethodofanyofaspects1-22.
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WhatisClaimedis: 

I. Amethodcomprising: 

obtainingforachromatographymachineincludingafirstdispersedplugflowreactor(DPFR)andacontinuousstirred 

tankreactor(08W)priortoacolumnandasecondDPFRafterthecolumngeometricmeasurementsassociatedwiththe 

secondDPFR; 

generatingbyaprocessortransportmodelparametersforatransportmodelassociatedwiththesecondDPFRbased 

onthegeometricmeasurementsU 

feedingatracermoleculeintothechromatographymachine' 

capturingoneormoretracermoleculemeasurementsbasedonthetracermoleculetravelingthroughthe 

chromatographymachine;and 

estimatingbytheprocessorbasedonthetransportmodelassociatedwiththesecondDPFRandtheoneormore 

tracermoleculemeasurementsbasedonthetracermoleculetravelingthroughthechromatographymachineoneormore 

transportmodelparametersforatransportmodelassociatedwiththefirstDPFRandthe08Th.  

2. Themethodofclaim1,furthercomprising: 

feedinganexperimentalsampleintothechromatographymachine' 

capturingoneormoreexperimentalmeasurementsbasedontheexperimentalsampletravelingthroughthe 

chromatographymachine;and 

estimatingbytheprocessorbasedontheoneormoreexperimentalmeasurementsbasedontheexperimental 

sampletravelingthroughthechromatographymachinetheestimatedoneormoretransportmodelparametersforthetransport 

modelassociatedwiththefirstDPFRandthe08Thandthetransportparametersforthetransportmodelassociatedwiththe 

3. Themethodofclaim1,whereinthegeometricmeasurementsincludetubingdiametermeasurementsand 

tubinglengthmeasurementsassociatedwiththesecondDPFR.  

4. Themethodofclaim1,whereintheoneormoretracermoleculemeasurementsarecapturedbasedona 

chromatogramassociatedwiththetracermoleculetravelingthroughthechromatographymachine.  

5. Themethodofclaim2,whereintheoneormoreexperimentalmeasurementsarecapturedbasedona 

chromatogramassociatedwiththeexperimentalsampletravelingthroughthechromatographymachine.  

6. Themethodofclaim2,furthercomprising: 
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identifyingbytheprocessortheexperimentalsamplebasedontheadsorptionmodelassociatedwiththe 

experimentalsample.  

7. Themethodofclaim2,whereintheestimatingtheoneormoreadsorptionmodelparametersforthe 

adsorptionmodelassociatedwiththeexperimentalsampleisafirstestimatingofafirstoneormoreadsorptionparametersfora 

firstadsorptionmodelassociatedwiththeexperimentalsampleandfurthercomprising: 

asecondestimatingbytheprocessorofasecondoneormoreadsorptionparametersforasecondadsorptionmodel 

associatedwiththeexperimentalsamplebasedonarangeassociatedwiththefirstoneormorebindingparametersforthefirst 

adsorptionmodelassociatedwiththeexperimentalsample.  

8. Themethodofclaim7,furthercomprising: 

identifyingbytheprocessortheexperimentalsamplebasedonthesecondadsorptionmodelassociatedwiththe 

experimentalsample.  

9. Themethodofclaim1,whereinthefirstDPFRanda08WpriortothecolumnandthesecondDPFRafter 

thecolumnarepartofaninletflowpathofthechromatographymachineandwhereinthechromatographymachinefurther 

includesasampleflowpathhavingafirstDPFRanda08WpriortoasampleflowpathcolumnandasecondDPFRafterthe 

sampleflowpathcolumnandwhereinthestepsofclaim1arefurtherperformedforthefirstDPFRandthe08Wpriortothe 

sampleflowpathcolumnandthesecondDPFRafterthesampleflowpathcolumn.  

I0. Themethodofclaim2,whereintheexperimentalsampleisafirstexperimentalsampleandfurther 

comprising: 

feedingasecondexperimentalsampleintothechromatographymachine; 

throughthechromatographymachine;and 

estimatingbytheprocessorbasedontheoneormoresecondexperimentalmeasurementsbasedonthesecond 

experimentalsampletravelingthroughthechromatographymachinetheestimatedoneormoretransportmodelparametersfor 

thetransportmodelassociatedwiththefirstDPFRandtheCSTRandthetransportparametersforthetransportmodel 

associatedwiththesecondDPFRoneormoreadsorptionmodelparametersforanadsorptionmodelassociatedwiththe 

secondexperimentalsample.  

II. Themethodofclaim10,whereinthesecondexperimentalsampleisdistinctfromthefirstexperimental 

sample.  

38 

capturingoneormoresecondexperimentalmeasurementsbasedonthesecondexperimentalsampletraveling



WO2022/123412 PCT/1B2021/061322 

I2. Themethodofclaim, whereinthetransportmodelparametersincludeoneormoreof:dispersion 

coefficientinDPFRvolumeofDPFRcross-sectionareaofDPFRandvolumeof08W.  

I3. Themethodofclaim2,whereintheadsorptionmodelparametersincludeoneormoreof:adsorption 

coefficientdesorptioncoefficientcharacteristicchargeandshieldingfactor.  

I4. Themethodofclaim1,furthercomprisingestimatingbytheprocessorbasedonthetransportmodel 

associatedwiththefirstDPFRandtheCSTRthetransportmodelassociatedwiththesecondDPFRandtheoneormoretracer 

moleculemeasurementsbasedonthetracermoleculetravelingthroughthechromatographymachineoneormorecolumn

specifictransportmodelparametersforacolumn-specifictransportmodelassociatedwiththecolumnofthechromatography 

machine.  

I5. Themethodofclaim14,whereinthecolumn-specifictransportmodelparametersincludeoneormoreof: 

columnporosityandcolumndispersion.  

I6. Themethodofclaim14,furthercomprisingestimatingbytheprocessorbasedonthecolumn-specific 

transportmodelthetransportmodelassociatedwiththefirstDPFRandtheCSTRthetransportmodelassociatedwiththe 

secondDPFRandtheoneormoretracermoleculemeasurementsbasedonthetracermoleculetravelingthroughthe 

chromatographymachineoneormoreresintransportparametersforaresintransportmodelassociatedwithresinparticlesof 

thechromatographymachine.  

I7. Themethodofclaim16,whereintheresintransportparametersincludeoneormoreof:filmtransport 

I8. Themethodofclaim2,whereinestimatingoneormoreadsorptionmodelparametersforanadsorption 

modelassociatedwiththeexperimentalsampleisfurtherbasedononeormoreofacolumn-specifictransportmodeloraresin 

transportmodel.  

I9. Themethodofclaim1,whereinthetracermoleculeisdextran.  

20. Themethodofclaim1,whereinthetracermoleculeisNaCI.  

21. Themethodofclaim1,whereinthetracermoleculeisaDNAmolecule.  
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22. Themethodofclaim1,whereinthetracermoleculeisananoparticle.  

23. Acomputersystemincludingaprocessorandoneormorememoriesstoringinstructionsthatwhen 

executedbytheprocessorcausethecomputersystemtoperformthestepsofthemethodofanyofclaims1-22.  

24. Anon-transitorycomputer-readablestoragemediumstoringinstructionsthatwhenexecutedbyaprocessor, 

40 

causetheprocessortoperformthestepsofthemethodofanyofclaims1-22.
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