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Streszczenie
Niniejsza praca doktorska dotyczy procesu oczyszczania i regulacji sktadu

rekombinowanych przeciwciat monoklonalnych (tzw. mAbs - ang. monoclonal
antibodies) stosowanych jako leki biologiczne. Ze wzgledu na wysoki koszt oraz
rygorystyczne wymagania dotyczace czystosci lekdw procesy te nadal wymagaja
udoskonalenia.

Istotnym  problemem  technologicznym w  produkcji  przeciwcial  jest
mikro-heterogeniczno$¢ otrzymywanego produktu, czyli niejednorodnos$¢ strukturalna
biatka, ktéra moze wptywaé na jego aktywnos$¢ biologiczng, stabilno$¢ oraz wtasnos$ci
biofizyczne. Mikro-heterogeniczno$¢ przejawia sie w powstawaniu wariantéw mAbs,
ktére réznig sie masa czasteczkowy, tadunkiem lub hydrofobowoscig czasteczki.
Gtownym Zrédtem mikro-heterogenicznosci mAbs sg tzw. warianty tadunkowe, ktoére
réznig sie od siebie punktem izoelektrycznym (pl). Doniesienia literaturowe wskazujg,
ze warianty tadunkowe o nizszej wartosci pl, tj. tzw. warianty kwasowe, zazwyczaj
wykazuja nizsza aktywno$¢ biologiczng niz pozostate warianty przeciwciata.
Podobienstwo struktury chemicznej i tadunku wariantéw powoduje, Ze s3g one bardzo
trudne do rozdzielenia.

W cyklu przeprowadzonych badan opracowano metode regulacji zawarto$ci
wariantdw kwasowych przeciwcial monoklonalnych z wudzialem chromatografii
jonowymiennej, ktora jest jedng z najczeSciej stosowanych technik izolacji
i oczyszczania przeciwciat. Prace zrealizowano w kilku etapach.

W pierwszym etapie pracy zbadano zjawisko agregacji przeciwcial na ztozach do
chromatografii jonowymiennej. Opracowano metode przesiewowej oceny stabilno$ci
przeciwcial na ztozach chromatograficznych przy uzyciu réznicowej fluorymetrii
skaningowej oraz aparatury do PCR (ang. polymerase chain reaction). Pomiary wartosci
temperatury przejScia fazowego (tzw. temperatury topnienia) umozliwity ocene
stabilno$ci przeciwciat na zlozach. Wykonano je dla dwoch przeciwciat w réznych
warunkach adsorpcyjnych, a poziom destabilizacji ich struktury zalezat od rodzaju ztoza
i warunkow wigzania. Ponadto ustalono, Ze spadek wartosci temperatury topnienia
ponizej wartosci krytycznej (ok. 300C) S$wiadczy o niekorzystnych zmianach
w strukturze biatek zaadsorbowanych na zlozu. Metoda ta moze stuzy¢ zaréwno do
badan stabilno$ci zaadsorbowanych przeciwciatl, jak i do szybkich badan przesiewowych

7167 oraz dostosowywania warunkow operacyjnych procesu.



W kolejnym etapie badan zbadano wptyw przestrzeni pozakolumnowych (ECV -
Extra Column Volume) na elucje biatek w uktadzie chromatograficznym. Badania
wstepne nad opracowaniem rozdzielania chromatograficznego prowadzi sie przy
zastosowaniu min-kolumn o bardzo matych wymiarach. Powoduje to wzrost udziatu
ECV wstosunku do zasadniczej objetoSci ztoza w chromatograficznym uktadzie
aparaturowym. Powyzsze pocigga za soba deformacje ksztaltu profili stezenia
przeciwciat w uktadzie chromatograficznym w postaci ,ogonowania” pikéw i asymetrii
krzywych wyjscia. Utrudnia to prawidtowa interpretacje otrzymanych danych
eksperymentalnych i przenoszenie skali procesu.

W niniejszej pracy przeanalizowano wptyw wystepowania ECV na retencje kilku
mato-i wielkoczasteczkowych zwigzkéw modelowych oraz ich mieszanin. Zjawisko
deformacji profili stezenia wynikato z nieré6wnomiernego rozkitadu predkosci w ECV
i zalezato od masy czgsteczkowej badanego zwigzku. Ponadto typ uktadu iniekcyjnego
wptywat na ksztatt otrzymanych chromatogramoéw. Do opisu tego zjawiska zastosowano
model matematyczny, ktory odtwarzatl profile stezenia w zakresie stosunkowo niskich
predkosci fazy ruchomej charakterystycznych dla chromatografii biatek.

W konncowym etapie badan opracowano metode optymalizacji zawartoS$ci wariantéw
tadunku przeciwcial monoklonalnych na ztozach do chromatografii jonowymienne;j.
Badania prowadzono w warunkach silnego przetadowania kolumny chromatograficzne;j
masg biatka w gradiencie pH. W wyniku tego procesu otrzymano dwie frakcje, w ktérych
jedna, w zalezno$ci od tadunku wypadkowego ztoza, wzbogacona byta o warianty
kwasowe (frakcja odpadowa), natomiast druga zubozona w te warianty (frakcja
produktu). Zastosowanie chromatografii jonowymiennej pozwolito na regulacje
zawartoS$ci wariantéw kwasowych we frakcji produktu, a zastosowanie recyklu frakcji
odpadowej pozwolito na zwiekszenie wydajnosci prowadzonego procesu. Do
ilosciowego opisu procesu wykorzystano model dynamiki kolumny chromatograficznej,
w ktérym uwzgledniono wptyw ECV na przebieg rozdzielania.

Praca doktorska opiera sie na cyklu trzech spojnych tematycznie artykutéow, ktére
zostaty opublikowane w renomowanym czasopi$Smie ,Journal of Chromatography A”.
Wyniki przeprowadzonych badan uzupetniaja obecny stan wiedzy na temat
oczyszczania przeciwciat monoklonalnych, a zaprezentowane metody moga byc¢

wykorzystane w przemysle biofarmaceutycznym.



Summary
This dissertation concerns the process of purification and regulation of the

composition of recombinant monoclonal antibodies (mAbs) used as biological drugs.
Due to high cost and stringent requirements for drug purity, purification processes still
need to be improved.

A significant technological problem in antibody production is micro-heterogeneity of
the obtained product, i.e., the structural heterogeneity of the protein, which can affect its
biological activity, stability, and biophysical properties. Micro-heterogeneity is
manifested in the formation of variants of mAbs that differ in molecular weight, charge,
or hydrophobicity of the molecule. The main source of micro-heterogeneity of mAbs is
formation of the charge variants, which differ in their isoelectric point. The similarity of
the chemical structure and charge of the variants makes them very difficult to separate.
Literature reports indicate that variants with a lower isoelectric point, i.e., the so-called
acid variants, usually show lower biological activity than the other antibody variants.

In this work, a method for regulation of the content of acid variants of monoclonal
antibodies with the use of ion-exchange chromatography was developed. Ion exchange
chromatography is one of the most widely used techniques for the isolation and
purification of antibodies. The research was performed in a few stages.

In the first stage of the work, the phenomenon of mAb aggregation in ion-exchange
chromatography media was investigated. A method for high-throughput screening
of the mAb stability on the chromatographic resins using differential scanning
fluorimetry and PCR (ang. polymerase chain reaction) equipment has been developed.
Measurements of the phase transition temperature, known as the melting point, enabled
the evaluation of mAb stability adsorbed on the resins. The method was verified for two
mAbs adsorbed under different conditions, and the level of destabilization of their
structure depended on the type of the resin and the bonding conditions. Moreover, it
was found that the drop in the melting point, below the critical value (approx. 30°C),
indicated unfavorable changes in the structure of adsorbed proteins. This method can be
used both for research on the stability of adsorbed mAbs, as well as for fast screening of
the resins and adjusting the operating conditions of the process.

In the next stage of the work, the effect of extra column volumes (ECV) on the elution
of proteins in the chromatographic system was investigated. Preliminary development
of chromatographic separation is performed using mini-columns of very small

dimensions. It results in increase in the ratio of ECV to the bed volume in the column and



is a cause of deformations of mAb profiles in the chromatographic system in the form of
peak tailing and asymmetry of breakthrough curves. This makes difficult to interpret the
obtained experimental data and transfer the scale of the process.

Therefore, in this stage, the influence of the presence of ECV on the retention of
several low- and high-molecular model compounds and their mixtures were analyzed.
The phenomenon of deformation of the concentration profiles resulted from the uneven
velocity distribution in the ECV and depended on the molecular weight of the tested
compound. Moreover, the type of the injection system influenced the shape of the
obtained chromatograms. A mathematical model was used to describe that
phenomenon. The model reproduced the concentration profiles in the range of relatively
low mobile phase velocities, characteristic for the protein chromatography.

Finally, a method for optimization of the content of mAb charge variants has been
developed using ion-exchange chromatography. The experiments were carried out
under strong mass-overloading conditions using pH gradient. As a result, two fractions
of column effluent were obtained, one of which was enriched with acidic variants (the
wasted faction), and another one depleted with these variants (the product fraction).
The use of ion exchange chromatography made possible to adjust the content of acidic
variants in the product fraction, whereas recycling of the wasted fraction allowed
increase in the efficiency of the process.

The doctoral thesis is based on a cycle of three thematically coherent articles
published in a renowned journal ,Journal of Chromatography A”. The results of the
performed research supplement the state of the art in the purification of mAbs and the

methods presented have the potential to be applied in biopharmaceutical industry.
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Wstep

Sektor biofarmaceutyczny w przemys$le ma najwyzsza szacowang stope wzrostu i stoi
w obliczu duzego zapotrzebowania na swoje produkty w najblizszej przysztosci.
Technologia produkcji przeciwciat monoklonalnych (mAbs) jest bardzo waznym
procesem w tym sektorze, a jednocze$nie bardzo skomplikowanym. Dotyczy to
w szczegOlnosci technologii otrzymywania przeciwcial klasy IgG, ktéra obejmuje
wiekszos$¢ lekow opartych na mAbs obecnie sprzedawanych lub opracowywanych.
Szacuje sie, ze wdo 2028 roku ich udzial w rynku §wiatowym wzro$nie o0 93.45 mld
dolarow [1-3].

W wielu przypadkach, pierwszy etap technologii produkcji przeciwciat - etap
wytwarzania i wydzielania wstepnego mAbs (ang. USP, Upstream Processing), polegajacy
na doborze systemOw ekspresji oraz prowadzeniu hodowli komdrkowych
w wielkoskalowych bioreaktorach zostat juz opracowany. Etap ten jest stale

udoskonalany poprzez wprowadzanie ulepszen technologicznych.

Otrzymane w USP mieszaniny pofermentacyjne poddawane sg procesom izolacji
biatek oraz ich oczyszczania w nastepnym etapie technologicznym (ang. DSP,
Downstream Processing). Zanieczyszczenia zawarte w mieszaninach pofermentacyjnych
moga generowa¢ w organizmie ludzkim niepozadane skutki uboczne, dlatego ich
usuwanie to kluczowy element produkcji przeciwciat monoklonalnych. Zastosowane
procesy oczyszczania ze wzgledu na wysokie koszty oraz rygorystyczne wymagania

dotyczace czystosci lekow nadal wymagaja udoskonalenia i/lub optymalizacji [3,4].

[stotnym problemem produkcyjnym jest mikro-heterogeniczno$¢ wytwarzanego
mAbs, czyli niewielka niejednorodno$¢ strukturalna biatka, ktéra moze wptywac na jego
aktywno$¢ biologiczng, stabilno$¢ oraz wtasnosci biofizyczne. Wynikiem mikro-
heterogenicznos$ci jest powstawanie réznych wariantéw mAbs, ktére polega na: zmianie
masy, tadunku lub hydrofobowosci czasteczki. Gléwnym Zroédtem mikro-
heterogeniczno$ci mAbs jest powstawanie tzw. wariantéw tadunkowych, ktére réznig
sie punktem izoelektrycznym pl. Ich zawarto$¢ w produkcie nalezy do atrybutéw
regulacyjnych produkcji. Jednocze$nie podobienstwo struktury chemicznej i tadunku

wariantéw powoduje, Ze s3 one bardzo trudne do rozdzielenia [5-7].

W wielu badaniach Kklinicznych stwierdzono zmniejszong aktywno$¢ biologiczna
wariantu kwasowego przeciwciat av i zwiekszong aktywno$¢ wariantu zasadowego bv

wzgledem celu molekularnego [8-10]. Zawarto$¢ av w produkcie czesto musi miescic sie



w kategorii cech jakoSciowych produktu i musi spetnia¢ okresSlone przez producenta
kryterium akceptacji. W literaturze [9,11-13] podaje sie jednocze$nie, ze wplyw
obecnosci av na wtasciwosci catej puli mAb jest czesto nieistotny w zakresie jego
zawartoS$ci wynoszgcej okoto 25 + 5% wag. lub nizszych.

W rozdzielaniu wariantéw tadunkowych w etapie DSP w skali przemystowej stosuje
sie chromatografie jonowymienng (IEX), ktéra najczesSciej wykorzystuje sie do regulacji
sktadu wariantéw tadunku. Adsorpcja przeciwciat na zywicach jonowymiennych moze
jednak powodowac destabilizacje struktury czasteczki biatka oraz ich agregacje tj.
1aczenie sie pojedynczych czasteczek w dimery i oligomery, czyli agregaty wyzszego
rzedu. Agregaty zwykle s3 nieaktywne biologicznie, a ich obecno$¢ wleku moze
wywota¢ niepozadane skutki uboczne. Dlatego tez rodzaj Zzywicy jonowymiennej oraz
parametry procesu IEX muszg by¢ odpowiednio dobrane, tak aby zapewni¢ dobra
selektywno$¢ rozdzielania przy uniknieciu niekorzystnych zmian konformacji biatka

[4-7].

Dobor zywic do [EX i warunkéw prowadzenia procesu (uktadu chromatograficznego)
wykonuje sie w skali laboratoryjnej w pierwszym etapie projektowania procesu przy
zastosowaniu mini-kolumn, czyli kolumn o bardzo matych rozmiarach. Pozwala to na
minimalizacje zuzycia materiatu biologicznego podczas badan. Jest to na tym etapie
bardzo istotne, poniewaz dobor optymalnych warunkéw procesu wymaga wykonania

ogromnej liczby cykli doswiadczalnych [14].

Z drugiej strony, minimalizacja rozmiaréw kolumny chromatograficznej wywotuje
kolejny problem, ktérym jest wptyw tzw. przestrzeni martwych (ECV - Extra Column
Volume) chromatograficznego ukitadu aparaturowego na ksztatt wylotowych profili
stezenia (chromatograméw), a co za tym idzie interpretacje danych doswiadczalnych
uzyskanych w eksperymentach. Obecno$¢ ECV wywotuje zjawisko dyspersji wzdtuznej
chromatografowanych zwigzkéw i rozmycie ich profili stezenia. PoniewaZ objetos$¢
przestrzeni martwych jest zwykle poréwnywalna, a czesto wieksza od objeto$ci mini-
kolumny, obecnos$¢ i wptyw ECV musi by¢ uwzgledniony w opisie dynamiki procesu
chromatografii. Pozwala to na unikniecie bledéw w przenoszeniu skali procesu
z uktadéw chromatograficznych z mini-kolumna na uktady z kolumng preparatywna lub

przemystowa [14-16].
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W ramach niniejszej pracy realizowano trzy cale badawcze;

1. Opracowanie kryteriéw doboru zywic do IEX (uktadu chromatograficznego) oraz

warunkow prowadzenia procesu oczyszczania przeciwciat monoklonalnych.

Na tym etapie pracy podjeto badania nad zjawiskiem rozwijania i agregacji
przeciwcial monoklonalnych na zywicach jonowymiennych, w efekcie ktorych
opracowano metode badania stabilnoSci biatka. W badaniach nad stabilnoscia
zaadsorbowanych biatek wykorzystano rézne techniki analizy, w tym réznicowa

fluorymetrie skaningowgq (DSF, Differential Scanning Fluorimetry), co jest nowoscig tej
pracy.
2. Okreslenie wptywu ECV na interpretacje danych do$wiadczalnych.

W tej czesci pracy zbadano wptyw ECV na przebieg elucji mikro i makro-czasteczek
w mini-kolumnach chromatograficznych i opracowano uproszczony model opisujacy

hydrodynamike ECV.

3. Opracowanie chromatograficznej regulacji skltadu wariantow przeciwciata

monoklonalnego.

W ramach realizacji tego celu, ktéry byt najwazniejszy w pracy, opracowano metode
redukcji zawarto$ci wariantow kwasowych av, w ktorej rozdzielanie odbywa sie
w kolumnie [EX, w warunkach silnego przetadowania masowego surowcem do poziomu
stanu nasycenia pojemnosci chtonnej ztoza. W trakcie elucji realizowanej
w jednostopniowym gradiencie pH, odbierane sa tylko dwie frakcje: frakcja zubozona
w av do zadanej zawartosci, oraz frakcja wzbogacona w av, ktéra moze by¢ zawracana
do ponownej chromatografii w celu poprawy wydajnosci procesu. Przebieg procesu jest

krétki i prosty do wykonania.

Proces rozdzielania wariantéw w chromatografii IEX biatek opisano matematycznie
za pomocg modelu dynamiki kolumny chromatograficznej, w ktéorym dodatkowo

uwzgledniono wptyw przestrzeni martwych na retencje biatek.

Catos¢ wynikéw badan zrealizowanych w ramach pracy zostata opublikowana
w artykutach [17,18,20] oraz czesSciowo w [19], a ich charakter umozliwia
wykorzystanie w przemys$le biofarmaceutycznym. Wyniki pracy moga miec
zastosowanie przy oczyszczaniu innych niz przeciwciala monoklonalne biatek

terapeutycznych.
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Czesc teoretyczna

1. Biatka rekombinowane

Rekombinowane biatka sg wykorzystywane zaréwno w badaniach biomedycznych
jak i wleczeniu wielu wcze$niej nieuleczalnych ciezkich choréb. W 1982 roku
zatwierdzono jako lek pierwsze rekombinowane biatko, ktéorym byta ludzka insulina,
a do tej pory na calym Swiecie produkuje sie nawet kilkaset r6znych biofarmaceutykow

[6,21,22].

Pierwsza generacja bialek rekombinowanych opierata sie wylacznie o natywna
strukture otrzymanych produktéw, podczas gdy druga obejmowata biatka
o ulepszonych wtasciwosciach i wyzszym odwzorowaniu czasteczek obecnych
w organizmach zywych. Ulepszone wtasciwos$ci, tj. specyficzno$¢, biodystrybucja,
skutecznos$¢ i minimalizacja skutkéw ubocznych s3 jednak niewystarczajace biorgc pod
uwage rozw0j omawianej dziedziny. Najnowsza, trzecia generacja rekombinowanych
biatek, oprécz rozwoju nowych produktéw, ma na celu opracowanie innych drég
podawania leku, wyzszg efektywnos$¢ oraz wieksze bezpieczenstwo tego typu terapii

[22].

We wszystkich komoérkach zywych, wzalezno$ci od potrzeb funkcjonalnych
syntezowane s3 odpowiednie biatka. Informacje o biatkach zakodowane w materiale
genetycznym sg kontrolowane iregulowane przez systemy transkrypcyjne, dzieki
czemu z DNA syntezowany jest matrycowy kwas rybonukleinowy (mRNA), ktéry
w procesie translacji pozwala na uzyskanie odpowiedniego biatka. Po procesie
translacji, ze wzgledu na konieczno$¢ uzupetniania struktury, biatka podlegaja tzw.

modyfikacjom potranslacyjnym [23].

Biatka syntezowane s3 zaréwno w komorkach prokariotycznych jak
i eukariotycznych. U organizmoéw bezjadrowych procesy w komoérce sg szybkie, mato
skomplikowane, a co za tym idzie wysoce ekonomiczne, jednak z powodu wystepujacych
modyfikacji potranslacyjnych, w przemysle biofarmaceutycznym czesto stosuje sie
komorki eukariotyczne. Komorki ssacze z uwagi na zblizong strukture i aktywno$¢
w poréwnaniu do komoérek ludzkich sg najlepszym wyborem do produkcji lekow
biopodobnych (ang. biosimilars) - lekéw produkowanych na bazie juz istniejacych na
rynku. Przeciwciata monoklonalne ze wzgledu na szerokie zastosowanie stanowig

najwieksza grupe rekombinowanych lekéw biatkowych. W przypadku ich produkcji jako
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system ekspresyjny czesto wykorzystuje sie komérki z jajnika chomika chinskiego
(CHO - ang. Chinese Hamster Ovary). Zastosowanie znalazty réwniez komorki ludzkie
typu Per(C6, ktore podobnie jak komoérki CHO pozwalaja na otrzymanie wysokiego

stezenia biatka docelowego w roztworze (nawet 15 mg mL-1) [1,24-26].

Gen kodujacy docelowe biatko wprowadzany jest do komdrki ekspresyjnej za pomoca
odpowiedniego wektora, a nastepnie w bioreaktorze dochodzi do produkcji pozadanego
biofarmaceutyku (rys.1). Biatka rekombinowane moge by¢ wytwarzane wewnatrz lub
zewnatrz-komérkowo. Produkcja biatek wewngtrz komérek wymaga zastosowania
dodatkowego etapu jakim jest liza komérki, co dodatkowo generuje zanieczyszczenia w
postaci jej sktadnikéw. Niezaleznie od sposobu wytwarzania mieszanina poreakcyjna

poddawana jest szeregom procesdéw oczyszczania i zatezania [4].

j Izolacja i
Izo¥aqa. Wprowadzenie Produkcja biatka clacjal
odpowiedniego 1. . oczyszczanie
genu do komorki w bioreaktorze .
genu biatka

O |
#F 8

o[olo
AAOE

Formulacja i zastosowanie
farmaceutyczne

Rys.1. Uproszczony schemat produkcji biofarmaceutykéw (na podstawie [26])

Kazdy kolejny etap produkcji i oczyszczania jest wybierany i optymalizowany
w oparciu o wymagania docelowego produktu dotyczace czystos$ci, tozsamosci a takze

ilosci zanieczyszczen.
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2. Przeciwciala monoklonalne

Przeciwcialta sa glikoproteinami wytwarzanymi w organizmach zywych przez
komorki plazmatyczne w odpowiedzi na wystapienie réznego rodzaju antygendw.
Przeciwciata mozna podzieli¢ na poliklonalne i monoklonalne. Przeciwciata poliklonalne
wywotujg swoistg, uniwersalng odpowiedzZ organizmu, gdyz rozpoznajg wiele epitopow
(specyficznych region6w) tego samego antygenu. Przeciwciata monoklonalne wigza sie
bardzo specyficznie z jednym, konkretnym epitopem danego antygenu. Wiasciwosci
przeciwcial monoklonalnych wykorzystywane sg zaréwno w analityce jak i diagnostyce

laboratoryjnej oraz jako leki biologiczne [23,27].

Czasteczka przeciwciata (jako immunoglobuliny G - IgG) sktada sie zczterech
fanicuchéw: dwéch lekkich i dwoch ciezkich potgczonych ze sobg mostkami
dwusiarczkowymi. Kazdy z tafiicuchéw zbudowany jest z domen statych: Cu i CL oraz
zmiennych: Vy i VL. Struktura IgG przypomina litere Y, gdzie trzon stanowi fragment Fc,
natomiast ramiona, w ktoérych zawarte sg miejsca wigzania antygenu, nazywane sg
fragmentami Fab (rys.2).

Region
. hiperzmisnnny
N p /% Migjsce wigzania

: _ a.ntvgenu
“‘x\\f“ /‘ﬁ\
. //§’

'V[JE]sca determinujgce

Fab
egln:un komplementarnosc
Cul zawias D“?\/
Cu2
Fef | [
Cu3

Rys.2. Budowa przeciwciata klasy IgG (na podstawie [28]).

Ze wzgledu na budowe przeciwciat, podzieli¢ je mozna na 5 klas: IgA, IgD, IgE, IgG
oraz IgM. Z wymienionych klas, immunoglobuliny G wystepuja w surowicy krwi
w najwiekszym stezeniu i petnig kluczowa role w dziataniu systemu immunologicznego.
W surowicy ludzkiej krwi wyrdznia sie 4 podklasy IgG: IgGi, 1gGz, 1gG3 oraz IgGa, ktdre
réznia sie miedzy sobg budowa domen statych Cu oraz strukturg wigzania fragmentéw

Fc z Fab (regionem zawiasowym). To wtasnie réznice strukturalne odpowiadaja za
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dobor odpowiedniej podklasy do celéw terapeutycznych, np. dtugi region zawiasowy,
krotki okres pottrwania oraz trudnos$ci w oczyszczaniu powoduja, ze IgGs jest

najrzadsza podklasg wykorzystywang jako lek biologiczny [5,27].

Na rys.3 zilustrowano poszczeg6lne etapy produkcji przeciwciat monoklonalnych.
Mieszanina pohodowlana po etapie USP poddawana jest procesom wirowania i filtracji,
w ktorych usuwane sg duze zanieczyszczenia (np. sktadniki komorki). Nastepnie
docelowy produkt jest wychwytywany w procesie chromatograficznym przy uzyciu
komplementarnego liganda, przy jednoczesnej dezaktywacji wirusé6w (poprzez
desorpcje w niskim pH). Ostatnim etapem przed formulacjg jest doczyszczenie produktu
biatkowego z wystepujacych w mniejszych iloSciach zanieczyszczen (np. DNA), biatek

komorek gospodarza (HCP) czy agregatéw [29,30].

Wirowanie

Filtracja
drugiego
stopnia

itracja
pierwszego
stopnia

o ] Oczyszozanie
Skiadniki komédrek «({ = > wstepne
iltracja

drugiego
\__stopni

/
AC Wychwytywanie
HCP, DNA, @«

pozostatodcl komdrek

g,

Niskie pH

|

CEX/HIC

Agregaty wyplukane
biatko A €<§

|

> Doczyszczanie
AEX °

i

HCP, DNA @@

Filtracja
wirusow )

|

Rys.3 Przyktadowy schemat technologiczny procesu produkcji przeciwcial monoklonalnych (na
podstawie [29]).
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3. Chromatografia w oczyszczaniu biatek

Procesy oczyszczania przeciwcial monoklonalnych rozwijaja sie w kierunku
opracowania uniwersalnych platform (schematéw), w ktorych stosuje sie te same
operacje jednostkowe. Jednak ze wzgledu na réznice we wiasciwosciach

i zachowywaniu oczyszczanych zwigzkow jest to bardzo trudne.

Niezaleznie od typu produkowanego przeciwciata pierwszym chromatograficznym
etapem oczyszczania w DSP jest chromatografia powinowactwa, AC (rys.3), ktora
charakteryzuje sie wysoka specyficznoscig i wydajnoscig oraz pozwala na skuteczny
wychwyt biatka z mieszanin pofermentacyjnych. Po etapie wychwytu konieczne jest
zastosowanie Kkolejnych etapéw doczyszczania chromatograficznego - gtéwnie
chromatografii hydrofobowej i jonowymiennej. W celach analitycznych, rzadziej

preparatywnych, wykorzystuje sie r6wniez chromatografie wykluczania SEC [30].

3.1 Chromatografia powinowactwa

AC jest jedng z wazniejszych technik oczyszczania biatek, szczegdlnie przeciwciat
monoklonalnych. Wigzanie biatka z odpowiednim ligandem jest wysoko specyficzne.
Biatko wprowadzone jest do kolumny i wigzane izokratycznie w neutralnym pH, a jego
elucja z kolumny odbywa sie najczeSciej poprzez zastosowanie eluentu o niskim pH.
Biatko eluowane w takich warunkach charakteryzuje sie sktonnos$ciag do tworzenia
agregatéw, dlatego tez konieczny jest dobér odpowiedniego sktadu igradientu fazy
ruchomej [31]. Eluenty stosowane do wymywania biatek zawierajg w swoim sktadzie
aminokwasy, ktérych zawarto$¢ wptywa zaréwno na odzysk produktu, jak i na
agregacje. Stosuje sie m.in. glicyne, proline, lizyne, histydyne iarginine, jednak jak
dowodza badania, wykorzystanie tej ostatniej zapewnia najwiekszg wydajnos¢ procesu

przy stosunkowo niskiej agregacji biatek [32-42].

3.2 Chromatografia oddziatywan hydrofobowych

W procesach rozdzielania i oczyszczania biofarmaceutykéw popularng iznaczaca
metoda jest chromatografia oddziatywan hydrofobowych HIC. Technika wykorzystuje
wlasciwosci hydrofobowe rekombinowanych przeciwciat poprzez interakcje miedzy
niepolarnymi  regionami na ich  powierzchnia hydrofobowymi  ligandami
unieruchomionymi na ztozu. Kazde biatko posiada specyficzng liczbe oraz rézne
wyeksponowanie grup hydrofobowych, co wobecno$ci soli kosmotropowej

o odpowiednim zakresie stezenia pozwala na ich rozdzielenie [4,43-45].
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Fragmenty hydrofobowe biatek ulokowane s3a najczeSciej w wewnetrznej czesSci
struktury biatka, dlatego podczas oczyszczania technika chromatografii hydrofobowe;j
czesto dochodzi do zmian konformacyjnych czasteczek. Efekt ten zalezy réwniez od
rodzaju liganda oraz stezenia soli kosmotropowej, ktérej obecno$¢ wptywa najmocnie;j
na omawiane zmiany. Rozwijanie biatka na zlozu jest w duzej mierze zjawiskiem
odwracalnym, mimo to powstawanie agregatow jest jednym z gléwnych ograniczen
chromatografii HIC [44-49].

W zaleznosci od rozdzielanych substancji mozna zastosowac roézne tryby elucji.
Najczesciej stosuje sie gradient liniowy istopniowy (przy malejagcym stezeniu soli
kosmotropowej) lecz mozliwa jest takze elucja izokratyczna lub zmiana typu soli na
chaotropowa. Ponadto stosuje sie gradient temperatury lub modyfikacje powyzszych

[50-52].

3.3 Chromatografia wykluczania

Mechanizm rozdzielania w chromatografii wykluczania SEC opiera sie wytacznie na
réoznicy w ksztattach irozmiarach badanych zwigzkéw. Czasteczki nie wigza sie
specyficznie ze zlozem, poniewaz jest ono adsorpcyjnie inertne, nie posiada ono na
swojej powierzchni unieruchomionych ligandéw i grup funkcyjnych, ktére mogtyby
wywota¢ adsorpcje rozdzielanych substancji. W SEC matryca oraz rozktad Srednic
poréw s3 dostosowane do wielkoSci $rednic hydrodynamicznych rozdzielanych
czasteczek. Eluent (bufor) wykorzystany w tej technice nie ma znaczacego wptywu na
rozdzielanie, co umozliwia zastosowanie tej metody bezposrednio po innej technice
rozdzielania (np. IEC, HIC) [44,53]. Technika znajduje réwniez zastosowanie jako
metoda odsalania (wymiany) buforéw pomiedzy poszczegdélnymi etapami
chromatograficznymi [53].

Proces chromatografii wykluczania jest prowadzony w trybie elucji izokratyczne;j.
Zakres stosowanego pH jest zalezny wytacznie od ograniczen zwigzanych ze stabilnoScia

biatka i wymagan procesowych [44].

3.4 Chromatografia jonowymienna

Chromatografia jonowymienna IEC jest jedng z najcze$ciej stosowanych technik do
oczyszczania iseparacji peptydéw, biatek (w tym mAb), kwaséw nukleinowych oraz
innych natadowanych czasteczek. Mechanizm procesu pozwala na separacje czasteczek
ulegajacych jonizacji poprzez oddziatywanie z przeciwnie natadowang powierzchnig

ztoza [44,54-56].
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Czasteczki biatka charakteryzuja sie réznicami w tadunku powierzchniowym, jego
gestoscig i rozktadem. Warto$¢ sumarycznego tadunku powierzchniowego czasteczki
jest zalezna od pH roztworu buforowego, w ktérym sie znajduje. W pl biatka osiagaja
zerowy wypadkowy tadunek elektryczny, wroztworach o nizszym pH wystepuja
w formie kationow, natomiast w pH wyzszym w postaci anionéw [54]. Niezaleznie od
tadunku wypadkowego, w duzych czasteczkach, takich jak biatka, nie wszystkie grupy
funkcyjne sg rownomiernie eksponowane. Mimo, iz biatko ma sumarycznie tadunek
zerowy, zaleznie od jego struktury Kkationy lub aniony moga wystepowac¢ na
powierzchni. W celu zachowania odpowiedniej stabilno$ci biatka, wartos¢ pH powinna
by¢ dobrana w taki sposéb, aby biatko pozostawato w formie natywnej, a jego

aktywno$¢ nie ulegata zmianie [56].

Zdolno$¢ rozdzielcza w tej technice jest na tyle wysoka, iZ pozwala m.in. na
rozdzielanie biatek réznigcych sie nawet jednym aminokwasem [54]. Wszechstronnos¢,
szerokie zastosowanie i stosunkowo niskie koszty doprowadzity do tego, ze
chromatografia jonowymienna stata sie jednag z najpopularniejszych technik

chromatografii biatek [56].

Matryca ciata statego w chromatografii jonowymiennej jest najczesciej usieciowana
agaroza (sepharoza), modyfikowany styren czy polimetakrylan metylu. Dzieki reakcji
chemicznej do matrycy za pomoca odpowiedniego linkera (np. propylowego)
przytaczana jest odpowiednia grupa funkcyjna. W przypadku, gdy przytaczona grupa
wystepuje w formie anionu (np. grupa sulfonowa, karboksylowa) ztoze jest kationitem,
natomiast w wyniku reakcji np. z czwartorzedowa aming wytwarza sie wymieniacz

anionowy [4,44,57].

Proces rozdzielania mozna prowadzi¢ za pomocg gradientu soli lub pH. Przy
najczesciej stosowanym gradiencie soli, biatko adsorbuje sie przy jej niskiej zawartosci
w fazie ruchomej, a wymycie nastepuje przy wzroscie zawartosci soli w strumieniu
wlotowym. Zwykle w celu wymycia biatka stosuje sie gradient liniowy, natomiast aby
wymy¢ silnie zaadsorbowane zanieczyszczenia konieczny jest gradient skokowy
realizowany przy duzym stezeniu soli. Niektore mieszaniny biatek réznigce sie pl moga
by¢ wymywane przy uzyciu gradientu pH [44,56]. W skali przemystowej, gdzie dazy sie
do minimalizacji przeprowadzonych etapéw stosuje sie rowniez gradient soli lub pH
generowany wewnatrz kolumny [44]. Po przeprowadzonej pracy kolumna musi zostac
poddana regeneracji fazg ruchoma uzyta do adsorpcji, a w niektoérych przypadkach musi

zosta¢ zastosowana sanityzacja (np. roztworem NaOH) [44]. IEC mozna prowadzi¢
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réwniez w trybie rugowania, co ma miejsce m.in. przy oczyszczaniu wariantéw
przeciwciat monoklonalnych. Rugowanie przeprowadza sie przy uzyciu odpowiedniego
Srodka wymywajacego [58] lub wykorzystujac wytacznie réznice w adsorpcji substancji

rozdzielanych [59].

W [EC zjawisko rozwijania iagregacji czasteczek biatka jest obserwowane
stosunkowo rzadko. Fragmenty biatek zawierajace tadunek, ktére odpowiedzialne sg za
wigzania elektrostatyczne z ligandami unieruchomionymi na ztozu, eksponowane s3g na
zewnatrz czasteczki, dzieki czemu proces adsorpcji nie wymusza zmian
konformacyjnych w obrebie biatek. Zmiana struktury moze by¢ jednak wywotana przez
inne wilasciwosci zt6z do chromatografii jonowymiennej. Dobér odpowiednich
parametréw ztoza, tj. rodzaju matrycy i liganda, porowatosci czy gestosci usypowej oraz

sktadu fazy ruchomej jest niezbedny przy projektowaniu tego typu chromatografii [60-

67].

W IEC szybkos$¢ procesu powierzchniowego adsorpcja-desorpcja jest znaczaco
wyzsza w stosunku do szybkos$ci dyfuzji w porach adsorbentu. Przy modelowaniu
procesu zwykle zaktada sie r6wnowage termodynamiczng pomiedzy stezeniem biatka w
fazie ruchomej i na powierzchni adsorbentu. ROwnowage termodynamiczng opisuje sie
przy uzyciu izotermy stechiometrycznej (réwnania (1) i (2)) po uprzednim
uwzglednieniu zjawiska ostaniania (ekranowania) tadunku na powierzchni adsorbentu

przez makroczasteczke (rys.4) [68-69].

zZRNa* + P?* = R,P** + zNa* (D
« _ Ke[q®—(z+0)qp)?
qP - [Na+]z £ CP (2)

gdzie: z - tadunek biatka, R — miejsce aktywne na wymieniaczu jonowym, P - czgsteczka
biatka, Na* - przeciwjony, Cp - stezenie biatka w fazie ruchomej, qp - stezenie
zaadsorbowanego biatka, ¢ - wspétczynnik ekranowania tadunku, ¢** - pojemnos¢

chtonna ztoza, Ke - stata rownowagi [4].
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Fazaruchoma

Matryca

Rys.4. Schemat przedstawiajacy adsorpcje i efekt ekranowania na ztoZzach do chromatografii
jonowymiennej (na podstawie [4]).

4. Denaturacja i agregacja biatek

Jak  wspomniano powyZej, procesy adsorpcji idesorpcji na zlozach
chromatograficznych prowadza czesto do zmiany struktury biatek, a w konsekwencji do
zmian ich aktywnoSci. Np. rozwijanie sie biatek moze by¢ procesem nieodwracalnym,
a wytworzone agregaty charakteryzujg sie zazwyczaj odmienng aktywnos$cia biologiczng
w porownaniu z czasteczkami w formie natywnej. W przypadku biofarmaceutykow
obecno$¢ agregatéw jest niewskazana ze wzgledu na mozliwo$¢ wystgpienia reakcji
immunogennych lub inne dziatania niepozgdane po podaniu leku. Zatem zmiany
struktury biatek wptywaja na wydajnos$¢ i selektywno$¢ oczyszczania produktow
biatkowych 1 wymagaja w zastosowanych technikach izolacji i oczyszczania

odpowiedniego przeciwdziatania [4,31].

Denaturacja, jako odwracalna lub nieodwracalna zmiana struktury biatka jest
niewatpliwie prekursorem tworzenia agregatow biatkowych. Podczas tego procesu
dochodzi do ekspozycji hydrofobowych domen, ktére w znacznej mierze odpowiadajg za
agregacje. Na proces agregacji moze wplywac¢ wiele czynnikéw, m.in. temperatura,
stezenie biatka, pH oraz jonowo$¢ roztworu. Ponadto obecnos$¢ niektorych ligandow,
wtym specyficznych jonéw moze stymulowac¢ zmiany struktury biatka. Podczas
produkcji i oczyszczania biofarmaceutykéw wystepujg rowniez naprezenia mechaniczne
mogace wpltywac na agregacje produktéw [31,70]. W zalezno$ci od warunkéw procesu
biatko wigze sie w formie natywnej lub rozwija sie podczas adsorpcji na ztozu
chromatograficznym, co w konsekwencji moze prowadzi¢ do powstania agregatéw

drugiego lub wyzszych rzedéw. Hipotetyczny mechanizm rozwijania i agregacji
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przedstawiono na rys.5. Przypuszcza sie, Ze zaadsorbowane biatko po zakotwiczeniu na
powierzchni adsorbentu rozwija sie poprzez interakcje z kilkoma sgsiadujgcymi

miejscami aktywnymi. Rozwiniete w ten sposob biatko podatne jest na agregacje.

/ Faza ruchoma \
SN

Zwiqgzane Rozwinigte Agregaty 11 Agregaty 111

K biatko biatko rzedu rzedu /

Rys.5. Uproszczony schemat agregacji biatek.

Agregacja moze zachodzi¢ juz na etapie USP. Wybo6r odpowiedniego systemu
ekspresji i warunkéw, w ktérych prowadzona bedzie hodowla to gtéwne czynniki
mogace limitowac agregacje na tym etapie. Akumulacja duzej ilosci biatka powstatego
podczas ekspresji w komorkach moze prowadzi¢ do agregacji wewnatrzkomoérkowej
z powodu oddziatywan miedzy fragmentami rozwinietej molekuty lub nieprawidtowe;j
identyfikacji tancucha peptydowego przez chaperony odpowiedzialne za odpowiednie
fatdowanie [31]. W wyniku nagromadzenia sie biatek i pozostatych skiadnikéw
mieszaniny hodowlanej oraz ich interakcji (oddziatywan jonowych lub hydrofobowych)
powstaja ciata inkluzyjne, zawierajagce w sobie duza ilo§¢ rekombinowanego biatka (50 -
90%), jednak bez pdzZniejszej obrobki nie nadajg sie one do zastosowania jako leki [71].
Dostosowanie warunkéw ekspresji m.in: temperatury, czasu prowadzenia procesu,
dodatek $rodkéw powierzchniowo czynnych oraz wybér systemu komoérkowego
zapewniajacego wysoka zgodno$¢ na poziomie potranslacyjnym to gtéwne czynniki
pozwalajace ogranicza¢ niekorzystne zjawisko agregacji [31,72,73]. Zmiany
konformacyjne biatek sa problemem limitujagcym proces produkcji biofarmaceutykow,
dlatego tez istnieje wiele metod analitycznych pozwalajacych na detekcje tego zjawiska.
Wykorzystuje sie tu metody fluoroscencyjne, spektrofotometryczne, czy tez
kalorymetryczne, lecz gtéwng ich wadg jest dtugi czas wykonania analiz oraz trudnosci
ze zbadaniem zmian konformacyjnych na zlozach chromatograficznych w czasie

rzeczywistym [74-77].

Réznicowa fluorymetria skaningowa DSF jest praktyczna, optacalng i dostepna
technika biofizyczng szeroko stosowang do oceny fatdowania biatek oraz ich stabilno$ci

termicznej. Technika pozwala na badanie rozwijania biatek poprzez podgrzewanie ich
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w kontrolowanym S$rodowisku i pomiarze zmiany emisji fluorescencji. Z otrzymanej
w ten sposob krzywej fluorescencji, mozna odczyta¢ temperature przejscia fazowego
(topnienia), czesto wiecej niz jedng, charakteryzujaca odchylenie konformacji od formy
natywnej. W przypadku przeciwcial monoklonalnych, ze wzgledu na wielko$¢ czastek
i strukture domenowg, mozna zaobserwowac¢ dwie lub trzy temperatury topnienia [78-

79].

Omawiana technika nie wymaga specjalistycznego sprzetu, do
wysokoprzesiewowych eksperymentéw wykorzysta¢c mozna zestaw do RT-PCR
(tancuchowej reakcji polimerazy w czasie rzeczywistym) bedacy na wyposazeniu
wiekszosci laboratoriow biotechnologicznych [80-81]. W artykule [17], w ramach
niniejszej pracy, opisano metode szybkiej identyfikacji zmian strukturalnych biatek

zaadsorbowanych na ztozu przy wykorzystaniu zestawu do RT-PCR.

5. Niejednorodnos¢ przeciwcial monoklonalnych

Przeciwciata, w tym przeciwciala rekombinowane, ze wzgledu na swoja ztozona
budowe iduze rozmiary sg czasteczkami niejednorodnymi. Mikro-heterogenicznos¢
przeciwcial moze by¢ powodowana procesami zachodzacymi w etapie USP, zaréwno na
poziomie wewnatrz jak i zewnatrzkomérkowym [7]. Dodatkowo, jak wspomniano
powyzej, zmiany strukturalne biatek zachodza w etapie DSP i wynikaja przewaznie tylko

Z procesu agregacji biatek.

W przemysle biofarmaceutycznym wymaga sie wysokiej zgodnosci produkowanych
substancji zich naturalnie wystepujacymi w organizmach odpowiednikami. Biatka
czesto rdznig sie sumarycznym tadunkiem (zaleznym od jonizacji reszt
aminokwasowych), co ma znaczacy wptyw Kkliniczny i moze wyeliminowa¢ dany produkt
z zastosowan farmaceutycznych. Dodatni tadunek wypadkowy (gdy pH biatka jest
mniejsze od pl) pochodzi gtéwnie od argininy, lizyny, histydyny i aminy na N-koncu,
natomiast ujemny (gdy pH > pl) generowany jest zazwyczaj przez kwas asparaginowy
i glutaminowy oraz wolng grupe karboksylowa. W zalezno$ci od sumarycznego tadunku
wyroznia sie trzy typy izoform biatek (zwanych dalej wariantami): kwasowe (av),
obojetne (mv) i zasadowe (bv), wykazujace réznice w wartosci pl. Tworzenie sie
odpowiednich wariantbw ma miejsce na poziomie obrobki potranslacyjnej, gdzie
dochodzi miedzy innymi do glikozylacji, utleniania reszt metioninowych, izomeryzacji

kwasu asparaginowego czy obrobki N-koncowej lizyny (rys.6)[7,82,83].

23



N-koficowa War‘tiﬂ.lntv
licyna/glutamina cysteiny
glcynafg ;\ /;
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Rys.6. Przyktadowe modyfikacje czasteczki IgG (na podstawie [7]).

Warianty kwasowe izasadowe wykazuja czesto odmienne wtasciwosci od
wariantéw obojetnych. Warto$¢ punktu izoelektrycznego moze mie¢ wptyw m.in. na
farmakokinetyke poprzez zmniejszong retencje tkankowa dla wariantow kwasowych
i zwiekszong dla zasadowych [10,84]. Przyktadem moze by¢ lek Trastuzumab, ktéry jest
rekombinowanym przeciwcialem monoklonalnym tgczacym sie z receptorem ludzkiego
naskérkowego czynnika wzrostu (HER2). Lek ten hamuje proliferacje komorek
nowotworowych, ktére wykazuja nadekspresje receptora HER2 [85,86]. Badania
wykazaty, ze warianty o tadunku kwasowym av wiaza sie stabiej z receptorami HER2,

przez co dziatanie zmniejszajace proliferacje ulega pogorszeniu [87].

Zawarto$¢ poszczegélnych wariantow powinna zaleze¢ od ich zawartosci w biatku
wyjsciowym oraz ich wptywu na zastosowanie kliniczne. W procesach produkcji
i oczyszczania czesto dazy sie do redukcji zawartoSci wariantow kwasowych av
i zasadowych bv, jednak te pierwsze wykazuja najczeSciej zmniejszona aktywnos$¢
biologiczna. Optymalne warunki dla leku biopodobnego uzyskuje sie wdéwczas, gdy

udziat wariantéw av stanowi nie wiecej niz 25% zawartosci wszystkich izoform [12,13].

Zmiany wypadkowego tadunku biatek wykrywa sie analitycznie gtdwnie metodami
chromatograficznymi i elektroforetycznymi. W zaleznos$ci od warto$ci pl izoform stosuje
sie  chromatografie = kationowymienng (CEX) (dla wiekszo$ci przeciwciat
terapeutycznych) lub anionowymienng (AEX). Chromatografia CEX stosowana jest
szeroko w przemys$le i pozwala na efektywne okreSlenie iloSciowego udziatu
poszczegélnych izoform w badanym materiale. W przypadku ogniskowania

izoelektrycznego (IEF) czasteczki rozdzielaja sie na podstawie wypadkowego tadunku
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oraz wartosci pl, a do detekcji wykorzystywana jest absorpcja promieniowania przy
dtugosci fali 280 nm. Ogniskowanie izoelektryczne czesto prowadzi sie w kapilarach co
znaczaco zwieksza wydajnos$¢ procesu [7,88]. Do pozostatych metod analitycznych
wykorzystywanych w celu badania zgodnosci pod wzgledem zawartoSci wariantow
naleza: dichroizm kotowy (CD), spektroskopia w podczerwieni z transformacjg Fouriera

(FT-IR) lub spektrometria mas (MS) [89].

Chromatografie IEX wykorzystuje sie nie tylko do analizy iloSciowego okreSlenia
zawartos$ci wariantéw tadunkowych. Do oddzielenia niekorzystnych izoform stosuje sie
najczesciej jako technike rozdzielania CEX oraz rzadziej AEX [20,90-92]. Wybér
odpowiedniej techniki rozdzielania i warunkéw prowadzenia procesu, tj. wypeinienia
kolumny, pH fazy ruchomej i stezenia soli zalezy od indywidualnych wiasciwos$ci
oczyszczanego przeciwciata [80]. Rozdzielanie opiera sie zwykle na odpowiednim
gradiencie pH lub stezenia soli w fazie ruchomej. Wykorzystanie gradientu soli wymaga
wysokiego jej stezenia w celu elucji biatka z kolumny, a w konsekwencji generuje
dodatkowe procesy odsalania przed kolejnymi etapami oczyszczania czy formulacji.
Alternatywa jest elucja w gradiencie pH pozwalajaca na proste i efektywne rozdzielenie
wariantéw na podstawie wartoSci ich pl, jednak w tym przypadku konieczna jest
optymalizacja stosowanych buforéw, tak aby pojemnos$¢ buforowa byta stata w danym
zakresie pH i aby bufory nie oddziatywaty z faza stacjonarng [93-96]. Dodatkowo w celu
poprawienia wydajnos$ci procesu stosuje sie uktady wielokolumnowe oraz przeptyw
przeciwpradowy [95], jednak tak zaawansowane techniki mimo wysokiej wydajnosci s

trudne do optymalizacji i kontroli warunkéw prowadzenia procesu.
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6. Przestrzenie martwe w ukladach chromatograficznych

Badania w skali laboratoryjnej sg koniecznym elementem projektowania procesu
chromatograficznego. Ze wzgledu na duza ilo$¢ potrzebnych cykli doswiadczalnych,
azarazem wysokie koszty procesu imateriatdbw, wstepny dobdér warunkéw
procesowych odbywa sie w skali laboratoryjnej, gdzie stosowane sg kolumny o bardzo
matych objetosciach (wymiarach) - mini-kolumny. Z takich badan przy matym zuzyciu
materiatu mozna uzyska¢ ogromng liczbe informacji, ktére nastepnie stuza jako dane
wyjéciowe do doboru i budowy modeli dynamiki umozliwiajacych projektowanie

i optymalizacje procesu, a w konsekwencji do powiekszania jego skali [14].

Z drugiej strony zastosowanie mini-kolumn powoduje wzrost udziatu objetosci
przestrzeni pozakolumnowych (ECV) w stosunku do zasadniczej objeto$ci samej
kolumny w chromatograficznym uktadzie aparaturowym. W ECV rozkitad predkosci
przeptywajacej fazy ruchomej jest nieréwnomierny, co powoduje zmiane ksztattu
i rozmycie profili stezenia badanych substancji. Efekty hydrodynamiczne wptywajace na
deformacje profilu sg czesto w uproszczeniu okreslane jako tzw. dyspersja w kierunku
osiowym [97]. Efekt ECV najczes$ciej opisywany jest poprzez wyznaczenie wariancji piku
w catym uktadzie aparaturowym lub w jego czesciach [15,16], co jest metoda szybka,
jednak uproszczong, a co za tym idzie czesto za mato doktadna ze wzgledu ztozonos¢
zjawiska. W przypadku zwigzkéw wielkoczasteczkowych, takich jak biatka, ze wzgledu
na ich niska dyfuzyjno$¢ ruch w kierunku promieniowym w kapilarach 1aczacych
elementy ECV jest utrudniony, a opis hydrodynamiki uktadu wymaga uwzglednienia

rozktadu predkosci radialnej oraz dyfuzji promieniowej [18].

Dtugosc¢ elementéw ECV sktadajacych sie z przewodéw w uktadzie chromatograficznym
jak i udziat objeto$ci martwych w pozostatych elementach uktadu, ktére wypetnia faza
ruchoma (zawory, petle iniekcyjne, tgczenia kapilar, celki detektoréw) powinny by¢
minimalizowane. Niestety, konstrukcja uktadu chromatograficznego ma swoje granice
minimalizacyjne, tak wiec efektéw pochodzacych z ECV nie mozna catkowicie
wyeliminowaé. ECV ma zatem znaczacy wptyw na ksztalt rejestrowanych profili
stezenia w uktadach chromatograficznych. W wyniku efektu ECV impuls iniekcyjny
badanej probki ulega deformacji i rozcieniczeniu przemieszczajac sie w uktadzie, co ma
negatywny wptyw na efektywno$¢ rozdzielania chromatograficznego [97-99].

Zaniedbanie tego efektu moze prowadzi¢ do btednej interpretacji mechanizméw retencji
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czasteczek w kolumnie chromatograficznej, a w konsekwencji do nieefektywnego

i nieekonomicznego przeniesienia skali procesu.

7. Modelowanie procesow separacji w ukltadach

chromatograficznych

Ze wzgledu na ztozono$¢ procesu projektowanie chromatografii jest kosztowne
i czasochtonne, a modelowanie matematyczne jest czesto jedynym rozwigzaniem

umozliwiajgcym przeniesienie skali oraz optymalizacje jej przebiegu [44].

Modelowanie matematyczne chromatografii z powodu towarzyszacych sorpcji
znikomych efektéw cieplnych jest uproszczone, poniewaz w przeciwienstwie do procesu
adsorpcji, w modelu eliminuje sie rownania bilanséw i kinetyki transportu ciepta

[99-102].

Do opisu dynamiki chromatografii biatek stosuje sie modele: heterogeniczne
i pseudohomogeniczne. W modelu heterogenicznym uwzglednia sie bilanse transportu
masy zarowno w fazie ruchomej jak i w porach adsorbentu. W modelach
pseudohomogenicznych bedacych uproszczeniami modeli heterogenicznych, ale
o podobnej doktadno$ci opisu, transport masy w fazie stacjonarnej jest opisywany
zastepczymi wspoétczynnikami Kkinetycznymi [44,100-103]. Niezaleznie od wyboru
modelu, konieczne jest uzupelnienie modelu odpowiednimi réwnaniami izoterm
adsorpcji, a w niektorych przypadkach takze rownaniami kinetyki adsorpcji [44].

Jednym z modeli pseudohomogenicznych jest model Kkinetyczno-dyspersyjny,
wyrazany poprzez rézniczkowy bilans masy w ptynie [44,100]:

d uy 0C g, 02C
_q+ 0_=D e

at Etot ox a Etot axz

(3)

gdzie: C - lokalne stezenie substancji w fazie ruchomej mg mL-, g - lokalne stezenie

ac
E+F

substancji w fazie statej mg mL_.. ., x, t - odpowiednio wspétrzedna osiowa i czas, uo -
Srednia predko$¢ liniowa wosi kapilary m s, Dq - zastgpczy wspotczynnik dyspersji

. . . 1- ¢ , . .
wzdtuznej w kolumnie m? s-1, F = —=% — stosuneKk faz, &ot, & — porowatosci: catkowita
Etot

i zewnetrzna uktadu chromatograficznego.
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Powyzszy model musi by¢ uzupetiony réwnaniami kinetycznymi transportu masy
pomiedzy faza ciekig i statg. Modyfikacje modelu postuzyty do opracowania modelu
przepltywu w przestrzeniach martwych uktadu chromatograficznego oraz opracowania
modelu retencji wariantow tadunku przeciwciat monoklonalnych w kolumnie

chromatograficzne;j.
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Czes¢ doswiadczalna

8. Koncepcja badan

Badania zrealizowane w ramach pracy sktadaty sie z nastepujacych etapéw:

1. Badan stabilnos$ci struktury przeciwciat monoklonalnych zaadsorbowanych na
wybranych ztozach do chromatografii jonowymiennej oraz opracowania
kryteriow szybkiego doboru ztoza do procesu ich oczyszczania. Opracowano
metode szybkiej iwysokoprzesiewowej oceny zywic pod katem zmian

konformacyjnych w obrebie struktury oczyszczanych przeciwciat [17].

2. Opracowania adekwatnego modelu dynamiki procesu opisujacego retencje
przeciwcial w kolumnie chromatograficznej z uwzglednieniem efektu ECV.
Przebadano wptyw przestrzeni pozakolumnowych ECV w ukladzie
chromatograficznym, a do badan wykorzystano zwigzki o réznych masach
czasteczkowych oraz ich mieszaniny. Przeanalizowano réwniez wptyw rodzaju
urzadzenia iniekcyjnego na ksztalt profili stezenia w przestrzeniach

pozakolumnowych [18,19].

3. Opracowania metody rozdzielania wariantéw przeciwciata monoklonalnego IgG:
na ztozach do chromatografii jonowymiennej. W tym celu wykorzystano zjawisko
przeladowania kolumny oraz jednostopniowy gradient pH i otrzymano frakcje
przeptywowa wzbogacona o warianty kwasne w przypadku zastosowania
kationitu oraz warianty zasadowe przy zastosowaniu anionitu. Druga frakcja,
zwigzana na ztozu, a nastepnie zdesorbowana, wzbogacona byta w warianty

o przeciwnym tadunku w stosunku do frakcji przeptywowej [20].
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9. Badanie stabilnosci IgG: na zlozach IEX [17]

Przeprowadzono badania przesiewowe nad wtasno$ciami adsorpcyjnymi na kilku
ztozach IEX. Do szczegétowych badan agregacji i rozwijania biatek wybrano trzy ztoza
wykazujace wysoka pojemnos$¢ adsorpcyjna w stosunku do IgGi, a ich parametry

przedstawiono ponizej [tab.1].

Tab. 1. Parametry zt6z CEX wykorzystanych do badan (na podstawie danych producenta lub
* na podstawie [105]).

Nazwa zlota GigaCap. | CAPROS | TOYOPEARL
650M ImpAct Sulfate-650F

Skroét TP GigaCap S ImpAct TP Sulfate

Grupa funkcyjna Siarczanowa | Sulfonowa Sulfonowa

Ligand propyl pirolidon butyl

Matryca PMMA agaroza PMMA

Rozmiar ziaren [pum] 50-100 50 30-60

. vy . »)
Pojemno$¢ jonowa ztoza [peq mL-1] 185 64+ 530

9.1 Badania adsorpcji IgG1 na ztozach
Na rys.7 przedstawiono zalezno$¢ iloSci zaadsorbowanego biatka dla wybranych z16z

przy dwoéch réznych wartosciach pH, 4.51 5.5.
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*18 mg mL-1
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Rys.7. Stezenie IgG: w fazie zaadsorbowanej (¢ mgp;ata ME5insa)Na Wybranych ztozach
chromatograficznych
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Najsilniejsza adsorpcje zaobserwowac¢ mozna na ztozu TP GigaCap w pH 4,5, ponadto
niezaleznie od stezenia, wraz ze wzrostem wartosci pH ilo$¢ zaadsorbowanego biatka
maleje. Odwrotny efekt zaobserwowano na ztozu TP Sulfate. W przypadku ztoza
S ImpAct ilo$¢ zwigzanego biatka zalezy w wiekszym stopniu od jego poczatkowego
stezenia niz od wartosci pH.

W celu okre$lenia odzysku masy biatka wprowadzonego w strumieniu zasilajacym
przeprowadzono desorpcje buforem o pH 9, a nastepnie wykonano bilans masy
i obliczono straty biatka, ktore nie uleglto desorpcji (rys.8). Prawie we wszystkich
przypadkach (z wyjatkiem S ImpAct w pH 4,5) straty masy zalezaty od stezenia biatka
w roztworze wyjsciowym, tj. im mniej masy biatka zaadsorbowato sie na ztozu tym
odzysk masy biatka byt mniejszy. Efekt ten moze wynika¢ z procesu rozwijania sie
biatek na ztozach. Im mniej biatka zaadsorbowanego na ztozu tym wiecej miejsc
aktywnych, na ktérych mogto sie ono rozwing¢ i zmieni¢ swojg strukture, co opisano
w rozdz. 4. Ponadto w przypadku TP GigaCap i TP Sulfate straty masy s3 wieksze

w przypadku takiego zakresu warunkéw, w ktérych biatko silniej wigzato sie na ztozu.

40

18 mgmL-1

35 1 w1 mgml-1

TP GigaCap pH 4.5 TP GigaCap pH 5.5 S ImpAct pH 4.5 S ImpAct pH 5.5 TP Sulfate pH 4.5 TP Sulfate pH 5.5

Rys.8. Straty masy biatka na ztozach (masa biatka niezdesorbowanego ze zloza w stosunku do
masy wprowadzonej)

Dla zt6z, w ktorych efekt niepeinej desorpcji byt najbardziej widoczny, zbadano
wptyw czasu inkubacji na etapie adsorpcji oraz sposobu desorpcji na ilo$¢ biatka trwale
zwigzanego ze zlozem. Desorpcje wykonano dwustopniowo, tj. buforem fosforanowym
pH 9,0 oraz tym samym buforem z dodatkiem 1M NaCl. Czas inkubacji wynosit od 0,5 do
24 godzin. Wyniki przeprowadzonych eksperymentéw przedstawiono na rys.9.
W przypadku ztoza TP GigaCap metoda desorpcji nie miata wplywu przy czasach
inkubacji nie dtuzszych niz 5 godzin, natomiast przy diuzszym kontakcie biatka ze
ztozem, szczegolnie przy pH 4,5, desorpcja buforem z solg powiekszata odzysk biatka.

Na ztozu TP Sulfate straty masy zwigzane z silng adsorpcja wykryto juz po uptywie
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0,5 godziny i pomimo zastosowania desorpcji z udziatem soli cze$¢ biatka trwale wigzata

sie na ztozu.
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Rys.9. Wplyw czasu inkubacji oraz typu desorbentu na straty masy.
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9.2 Analiza zawartosci agregatow

W celu zbadania zmiany struktury biatek w procesie adsorpcji-desorpcji wykonano
analize SEC roztworow biatek otrzymanych po desorpcji, ktéra pozwolita na wykrycie
obecno$ci agregatow drugiego (dimeréw) i wyzszych rzedéw. Eksperymenty
przeprowadzono dla prébek otrzymanych po réznych czasach inkubacji i stezeniu
wyj$ciowym biatka rownym 18 mg mL! (rys.10). Na ztozach TP GigaCap i S ImpAct ilos¢
agregatow wzrastata wraz ze wzrostem czasu inkubacji, jednak dla drugiej
z wymienionych zywic poziom agregatow byt bardzo niski (ok 1 %). Dla wymienionych
z¥6Zz zawarto$¢ agregatdw nie zmieniata sie znaczaco przy zastosowaniu buforu
desorpcyjnego z dodatkiem soli, co $wiadczy o wystarczajacej sile elucyjnej
zastosowanego buforu bez soli w stosunku do biatka jak i agregatow. Ze ztoza TP Sulfate
agregaty zostaly wymyte juz przy najkrétszym czasie inkubacji. W pH 5,5 zawarto$¢
agregatow nie zalezata od czasu inkubacji, a w pH 4.5 nieznacznie spadta z czasem, co
moze wynikac ze stabej adsorpcji w tych warunkach (rys.7). Wymycie IgG: z TP Sulfate
buforem z dodatkiem soli spowodowato duzy wzrost zawartos$ci agregatéw swiadczacy
o znacznej destabilizacji biatka na tym ztozu. Prawdopodobnie tworzenie sie duzej ilosci
agregatow utrudniato dostep biatka do miejsc aktywnych i spowodowato nieoczekiwang

redukcje sity adsorpcji.
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Rys.10. Procentowa zawarto$¢ agregatow w desorbencie w funkgcji czasu inkubacji.

Jak mozna byto zaobserwowa¢, zjawiska agregacji i rozwijania biatek na ztozach
chromatograficznych sg zalezne od zmiennych operacyjnych procesu (stezenie biatka,
warunki adsorpcji i desorpcji, czas wigzania), dlatego tez jej badanie jest procesem
niezwykle czasochtonnym. Rozwigzaniem tego problemu moze by¢ zastosowanie

metody opartej na pomiarze temperatur przejScia fazowego, czyli tzw. temperatur
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topnienia biatek zaadsorbowanych na ztozu przy uzyciu technik bazujacych na

fluorymetrii DSF, ktérg wykorzystano w niniejszej pracy.

9.3 Badanie temperatury topnienia przeciwciat

Wykonano badania temperatury topnienia przeciwcial zaadsorbowanych na
wybranych zlozach. Zaadsorbowang na odpowiednim zlozu IgGi znakowano
barwnikiem fluoroscencyjnym, a nastepnie podgrzewano w aparacie do RT-PCR.
Z otrzymanej w ten sposéb zaleznosci fluorescencji od temperatury wyznaczono ww.
temperatury topnienia (tt).

Nizsza tt natywnej IgG1 w roztworze, w zaleznoSci od warunkéw, miescita sie miedzy
59 a 620C, natomiast wyzsza miedzy 69 a 739C. Wartosci tt zaadsorbowanego
przeciwciata byly znacznie nizsze od wyZej wymienionych niezaleznie od
zastosowanego zloza (rys.11- 13), w szczegdlnosci dla nizszej wartosci tt, co Swiadczy
o roznicy w stabilno$ci miedzy poszczeg6lnymi domenami IgGa.

Biatko zwigzane na ztozu TP GigaCap w pH 4.5 (Rys.11a) charakteryzuje sie nizszymi
warto$ciami tt w poréwnaniu z wigzaniem przy pH 5.5 (rys.11b). Ponadto przy pH 4.5
zaobserwowac¢ mozna zalezno$¢ wptywu stezenia na stabilno$¢ badanego przeciwciata.
Wartosci tt malejq przy zastosowaniu nizszych wartos$ci stezenia, a przy warto$ciach
stezenia mniejszych od 5 mg mL-1 widoczna jest tylko jedna jej warto$¢ (nizsza znajduje
sie ponizej badanego zakresu tj. 30°C), co wynika z silnej adsorpcji i agregacji biatka
w tych warunkach opisanych w rozdzialach 9.1 i 9.2. Jak wykazano ponizej, przy
wyzszych wartos$ciach stezenia struktura biatka jest stabilniejsza prawdopodobnie ze
wzgledu na silne pokrycie powierzchni adsorbentu, co zapobiega rozwijaniu i agregaciji.
Dla pH 5,5 stezenie IgG1 nie miato znaczgcego wptywu na wartos¢ tt, co moze Swiadczy¢
o tym, ze zjawisko rozwijania w tych warunkach zostato zahamowane.

Na ztozu S ImpAct (rys.12) niezaleznie od warunkéw zaobserwowa¢ mozna dwie
wartosci tt, Swiadczace o wyzszej stabilnosci IgG1 w poréwnaniu do ztoza TP GigaCap.
Przy zastosowaniu pH 5,5, gdzie adsorpcja jest silna dla niskiego zakresu stezenia biatka
(rys.7), a straty masy sa wyzsze niz w pH 4.5 (rys.8) obserwuje sie efekt destabilizacji

biatka, przejawiajacy sie obniZeniem wartosci tt.
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Rys.11. Zalezno$¢ tt dla réznych stezen zaadsorbowanego biatka na ztozu TP GigaCap w pH 4,5
(A) oraz pH 5,5(B); C, - stezenie biatka w roztworze wyj$ciowym, -d(RFU)dT-1 - parametr
charakteryzujacy zmiany we fluorescencji probki.
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Rys.12. Zalezno$¢ tt dla réznych stezen zaadsorbowanego biatka na ztozu S ImpAct w pH 4.5
(A) oraz pH 5,5(B); C, - stezenie biatka w roztworze wyjsciowym, -d(RFU)dT-! - parametr
charakteryzujacy zmiany we fluorescenc;ji probki.
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Rys.13. Zalezno$¢ tt dla réznych stezen zaadsorbowanego biatka na ztozu TP Sulfate w pH 4.5
(A) oraz pH 5.5(B); C, - stezenie biatka w roztworze wyjsciowym, -d(RFU)dT-! - parametr
charakteryzujacy zmiany we fluorescenc;ji probki.
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W przypadku ztoza TP Sulfate (rys.13) wystepuje tylko jedna warto$¢ tt, co Swiadczy
o wysokiej destabilizacji biatka i koreluje z silng adsorpcja oraz wysokimi stratami masy

na zlozu.

9.4 Podsumowanie

Wybér odpowiedniego ztoza, ktére jest integralng czes$cia uktadu
chromatograficznego podczas oczyszczania lekéw biologicznych, jest jednym
z trudniejszych etapoéw procesu. Zaproponowana metoda pozwala na szybkie badania
przesiewowe duzej ilosci zl6z, przy ich matym zuzyciu oraz przy niskim
zapotrzebowaniu na badane biatko, wykorzystana moze by¢ do szybkiej charakteryzacji
nawet kilkudziesieciu prébek biatka zaadsorbowanego na ztozu w czasie jednej godziny.
Ponadto metode mozna wykorzysta¢c do szybkiej analizy kandydatéw na leki
biologiczne, ze wzgledu na mozliwo$¢ oceny ich stabilnos$ci na ztozach do chromatografii
jonowymiennej. Stwierdzono, ze spadek temperatury topnienia przeciwciata ponizej
wartosci krytycznej (ok. 30°C) jest kryterium okresSlajagcym niska stabilno$¢ jego

struktury na wybranej zywicy.
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10. Wplyw obecnosci przestrzeni martwych w ukladach
chromatograficznych na przebieg elucji [18,19]

10.1 Uproszczona geometria ukladu

W celu okreslenia wptywu ECV na elucje w uktadzie chromatograficznym wykonano
szereg doswiadczen dla réznych konfiguracji uktadu zaprezentowanych na rys.14.
W konfiguracjii A i B kolumne =zastgpiono tacznikiem o ,zerowej” dlugosci,
a eksperymenty przeprowadzono przy réznych predkosSciach fazy ruchomej stosujac
dwa uktady dozujace: petle kapilarng o réznych objetosciach oraz petle superloop.
Geometrie uktadu z poditaczong kolumng przedstawiono w konfiguracji C i D. Drogi
przeptywu probki wprowadzanej do uktadu chromatograficznego, gdzie Lcon,in i Lcon,out
oznaczaja odpowiednio dlugos$¢ kapilar przed i za kolumng (Lconin + Leonout = Lcon)
przedstawiono na rys.14. Analizowano retencje biatek: lizozymu z biatka jaja kurzego,
albuminy surowicy bydlecej BSA oraz przeciwciala monoklonalnego IgG:
w przestrzeniach pozakolumnowych i poréwnano ww. profile z profilami: zwigzku

matoczasteczkowego (acetonu) oraz wielkoczasteczkowego (dekstranu).

Vinj
A) L Lcon

B) Linj L.,

——> I
C

) I Lcon, in L Lcon, out
col
D) L
inj Lcon, in Lcon, out
—— I —————— L
col

Rys.14. llustracja drogi przeptywu dla réznych konfiguracji uktadu chromatograficznego.

A) Uktad bez kolumny z prostokagtnym impulsem wlotowym (mata petla kapilarna i superloop);
B) uktad bez kolumny z duza petla kapilarng, ktéra jest poczatkowo wypetniona prébka,
pozostate czesci uktadu sg wolne od substancji rozpuszczonej; C) uktad jak w A), ale z kolumna
D) uktad jak w B), ale z kolumna.
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10.2 Model przeplywu w przestrzeniach martwych
W celu opisu retencji biatek w ECV zastosowano uproszczony model matematyczny,
w ktorym przyjeto rozkitad predkosci odpowiadajacy przeptywowi laminarnemu

w uktadzie kapilarnym [104,106,107]:

ac ac 19 [9C a2¢c
Erum T =Di=(3r)+D0 (4)

u(r) = 2uy [1 - (%)2] (5)
gdzie: C - lokalne stezenie substancji w fazie ruchomej mg mL-1, u, uo - predkos¢ liniowa
i Srednia predkos$¢ liniowa wosi kapilary m s, r, x, t - odpowiednio wspoétrzedna
promieniowa, osiowa iczas, R - promien Kkapilary, D - wspétczynnik dyfuzji
molekularnej substancji rozpuszczonej m? s-1.

PowyZsze ro6wnania poprawnie opisywaty profile stezenia, gdy suma diugosci kapilar

(L) byta mniejsza od tzw. dtugosci krytycznej (Lcrit) wyrazonej zaleznos$cig [108]:

uy r?

Lerie = 4D (6)

Jezeli wartosci dtugosci kapilar byty na tyle duze, Ze przekraczaty warto$¢ krytyczna,
do opisania procesu niezbedne byto uwzglednienie zjawiska dyspersji poprzez
zastosowanie rownania Ficka, w ktérym substancja rozpuszczona w fazie ruchomej jest

transportowana ze $rednig predko$cig przeptywu, uo:

ac ac d%c
E-I_uﬂa_Dappﬁ 7)

gdzie pozorny wspotczynnik dyspersji (Dapp) mozna obliczy¢ w nastepujacy sposéb

[108,109]:

Dopp =D +

ud r?
K

. ®)
W réwnaniu (8) k jest parametrem uwzgledniajacym geometrie kapilary i przeptywu,

a w przypadku przeptywu laminarnego w rurze prostej k wynosi 48 [108,109].

10.3 Deformacje profili stezenia przy matych objetosciach iniekcji

Roztwory pojedynczych zwigzkéw modelowych lub ich mieszanin w fazie ruchomej
wprowadzono do uktadu bez podpietej kolumny, co przedstawiono schematycznie na
rys.14.A. Zaobserwowano silne odksztalcenie i ogonowanie pikéw IgGi, ktére zwieksza
sie wraz ze spadkiem natezenia przeptywu fazy ruchomej (rys.15A). Podobny trend

zaobserwowano w przypadku pozostatych biatek modelowych (rys.15B). W przypadku
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acetonu pik zachowat ksztatt Gaussa, co S$wiadczy o tym, ze dla zwigzku o matej masie
czasteczkowej wystepuje rownomierny rozkiad stezenia w kierunku promieniowym.
Duze roznice w przebiegu elucji wystepuja réwniez w przypadku roztworéow
wielosktadnikowych (rys.15C). Podczas iniekcji mieszaniny IgGi i acetonu
zaobserwowano dwa profile stezenia: jako pierwszy eluowany byt front stezenia IgGa,
natomiast drugi pochodzit od acetonu. Ponadto mozna byto zaobserwowac ogonowanie

charakterystyczne dla piku IgGi. Opisane eksperymenty pozwalajg na stwierdzenie, ze

zwiagzki matoczasteczkowe nie s odpowiednie do badania efektu ECV w chromatografii
biatek.
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Rys.15. llustracja deformacji profili stezenia w ECV. A) Profile IgG; zarejestrowane dla réznych
szybko$ci przeptywu fazy ruchomej; B) poréwnanie profili IgGi, BSA, LYZ i acetonu przy tym
samym natezeniu przeptywu; C) elucja mieszaniny dwusktadnikowe;.

Do matematycznego opisu przebiegu elucji w ECV zaproponowano model
matematyczny (rozdz.10.2), w ktéorym estymowano warto$¢ wspoétczynnika dyfuzji
D m? sl Otrzymana w ten sposob warto$¢ wspdétczynnika dyfuzji dla danego zwigzku
byta zblizona do wartosci literaturowych [4]. Wyniki otrzymanych symulacji
i eksperymentéw poréwnano na rys.16.
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Rys.16. Poréwnanie doswiadczalnych profili stezen i symulacji modelu dla r6znych zwigzkéw.

We wszystkich przypadkach natezenie przeptywu byto rowne 0.1 mL min-! (symbole- wyniki
eksperymentalne, linie-symulacje)
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Na podstawie otrzymanych wynikéw mozna stwierdzi¢, ze deformacja i ogonowanie
piku intensyfikuje sie wraz ze wzrostem masy czasteczkowej chromatografowanego

zwigzku i zmniejszaniem sie warto$ci wspétczynnika dyfuz;ji.

10.4 Deformacje profili stezenia przy duzych objetosciach iniekcji
Iniekcje probek o duzej objetosci wykonano za pomoca petli kapilarnych (rys.14.B)
oraz przy pomocy kolumny typu superloop (rys.14.A). W przypadku modelowania

przeptywu w kapilarach taczacych oraz superloop, gdzie L < Lcrit korzystano z réwnan

(4) i (5), natomiast w przypadku modelowania w petlach kapilarnych o duzej dtugosci,

gdzie L > Leri, Korzystano z réwnania (7) i (8). Poréwnanie danych eksperymentalnych
i symulacji przedstawiono na rys.17. CzeSci wstepujace profili zwigzkéw modelowych
charakteryzowaty sie silng asymetrig (rys.17a) wynikajaca, podobnie jak w przypadku
iniekcji o matych objetos$ciach, z nieréwnomiernego rozktadu predkosci w kierunku
promieniowym i powolnej dyfuzji makroczasteczek. Poréwnujac profile stezenia dla
probki wprowadzonej do uktadu za pomoca petli kapilarnej oraz superloop (rys.17b)
nie wida¢ znaczacych roéznic, poniewaz droga jaka pokonaly probki byta taka sama.
Ze wzgledu na znaczacg dtugosc¢ petli kapilarnych zbocze dyfuzyjne piku charakteryzuje
sie silnym ogonowaniem, powstajacym w wyniku dyspersji préobki w tylnej czesci
wypetnionej kapilary, gdzie czasteczki zawarte w probce przebyly znacznie diuzsza

droge niz w przypadku petli superloop.
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Rys.17. Profile stezen w ECV dla iniekcji o duzej objetosci (2 mL). A) Fronty krzywych wyjscia
dla biatek i acetonu - iniekcje przez petle kapilarna; B) poréwnanie profili IgG: przy iniekcji
przez petle kapilarng i superloop, (symbole- wyniki eksperymentalne, linie-symulacje)

40



Analogiczne eksperymenty (rys.18) wykonano réwniez w obecnosci kolumny

w uktadzie chromatograficznym (rys.14.C,D), ktora byta wypetniona inertnym ztozem

(niewykazujacym adsorpcji badanych zwigzkow).
W celu symulacji przeptywu proébki uktad podzielono na 3 czeSci: objetosci (ECV1)
przed kolumna, sama kolumne oraz objetosci za kolumnag (ECV2) (suma objetosci

pozakolumnowych ECV = ECV1 + ECV2). Zastosowano réwnania (7) i (8), w ktorych

estymowano wspétczynnik dyspersji w kolumnie. Gdy suma dtugosci kapilar (Lcon) nie

przekraczata wartos$ci krytycznej, uzyskane efekty byty addytywne.
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Rys.18. Profile stezen na wylocie kolumny dla iniekcji probki o duzej objetosci (2 mL).
A) Krzywe wyjscia IgG1, BSA i acetonu dla iniekcji przez petle kapilarna; B) poréwnanie
ksztattow profili stezenia IgG; dla iniekcji przez petle kapilarna i superloop, (symbole- wyniki
eksperymentalne, linie-symulacje).

Ksztatty krzywych wyjscia (rys.18A) charakteryzujg sie silng asymetrig, co mogtoby
sugerowa¢, ze na ztozu zachodzi adsorpcja, mimo iz byto ono inertne. Jednak efekt ten
wynikat wytgcznie z wptywu ECV, co zostato potwierdzone symulacjami. Podobnie jak
w przypadku uktadu bez kolumny, ksztatt frontu stezenia nie zalezat od zastosowanej
metody iniekcji (rys.18B). W przypadku zastosowania petli superloop ogonowanie piku

byto znaczaco ograniczone w poréwnaniu do petli kapilarnej, co potwierdza predykcje
numeryczne.

WyzZej przedstawione model wlasciwie opisywal retencje w uktadzie

chromatograficznym dla niskich natezen przeptywu fazy ruchomej, natomiast do
modelowania elucji przy wyzszych wartoSciach natezen przeptywu symulacje odbiegaty

od danych eksperymentalnych, dlatego konieczne bylo wykorzystanie metody

numerycznej mechaniki ptynéw CFD (rozdz.10.5).
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10.5 Modelowanie CFD

W celu uwzglednienia wptywu geometrii ECV na retencje i ksztalt profili stezenia
zwigzkow o réznych masach czasteczkowych zastosowano metode CFD [19]. Oprocz
uwzglednienia zmian w diugosciach i $rednicach kapilar taczacych elementy uktadu,
uwzgledniono krzywizne drogi przeptywu. Dodatkowe zaburzenia trajektorii przeptywu
zaobserwowano w elementach sktadowych wukiadu chromatograficznego (np.
potaczeniach Kkapilar i celce detektora). W przypadku acetonu, skrécenie czasu
przebywania w kapilarze przyczynito sie do poszerzenia piku, a zwiekszenie predkos$ci
przeptywu pogorszyto jego symetrie. W przypadku makromolekut, zaburzenia na
drodze przeptywu przyspieszaty transport masy, co poprawialo symetrie piku,
niezaleznie od wielko$ci wprowadzonej probki. Ponadto zwiekszenie kretosci drogi
przepltywu wptywa na tworzenie sie tzw. wiréw Deana, ktdre tagodza efekty wynikajace

z powolnej dyfuzji. Szczegdétowy opis badan przedstawiono w publikacji [19].

10.6 Podsumowanie

W tej cze$ci pracy eksperymentalnie i teoretycznie przeanalizowano zjawisko zmiany
ksztattu pikéw chromatograficznych w przestrzeniach pozakolumnowych (ECV).
Obserwowany efekt deformacji profili stezenia wynikat z nier6wnomiernego rozktadu
predkosci promieniowej w kapilarach uktadu i powolnej dyfuzji makroczasteczek.
W przypadku zwigzkéw matoczgsteczkowych mechanizm retencji zalezat gtéwnie od

dyspersji osiowej, dlatego tez nie zaobserwowano deformac;ji pikéw.

W przypadku makroczasteczek efekt ECV jest na tyle istotny, iZ moze wptywac na
btedng interpretacje otrzymanych wynikdw przy projektowaniu procesu
chromatografii. Zastosowany model matematyczny efektywnie odwzorowatl ksztatt
profili stezenia w stosunkowo szerokim zakresie parametréow operacyjnych, dzieki
czemu moze on postuzy¢ do okreslania efektu ECV. Uwzglednienie tego efektu moze by¢
niezbedne w procesach projektowania chromatografii bialek i przeniesienia skali

procesu z laboratoryjnej na przemystowa.
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11. Rozdzielanie wariantow ladunku przeciwciat

monoklonalnych [20]

11.1 Koncepcja przebiegu procesu chromatografii

Przeprowadzono przesiewowe badania rozdzielania wariantéw przeciwciat
monoklonalnych, w ktoérych badano rézne gradienty pH i stezenia soli. We wszystkich
przypadkach selektywno$¢ rozdzielania byta bardzo niska, dlatego opracowano
technike, w ktdérej wykorzystano dodatkowo efekty kinetyczne. Technika polegata na
wprowadzeniu duzej, poré6wnywalnej z pojemnosScig chtonng masy biatka. Cze$¢ biatka
eluowata w czasie martwym kolumny jako frakcja przeptywowa, a jej zawarto$¢ byta
wzbogacona w biatko wigzace sie najstabiej. Frakcje zwigzang, zawierajacg biatko
zaadsorbowane za zlozu, eluowano przy uzyciu skokowego gradientu pH, ktéry
w przeciwienstwie do gradientu soli nie generuje dodatkowych etapéw usuwania jej

jonéw z roztworu.

Do badan uzyto dwa silne wymieniacze jonowe wykorzystywane wcze$niej do
badania agregacji: kationit - TP GigaCap (tab.1) i anionit - Poros XQ (tab.2). Catkowite
rozdzielenie wariantow bylo niemozliwe ze wzgledu na zblizone wtasciwosci

retencyjne, udato sie jedynie zebrac¢ frakcje wzbogacone o dang izoforme IgGi.

Tab. 2. Parametry ztoza AEX wykorzystanego w eksperymentach (na podstawie danych

producenta)
Nazwa ztoza POROS™ XQ
Skrot POROS
Typ AEX
Grupa funkcyjna Czwartorzedowa amina
Matryca Usieciowany polistyrenodivinylobenzen
Rozmiar ziaren [um] 50

Do badan skorzystano z materiatdbw zawierajacych IgGi o réznej zawartoSci
wariantéw av (tab.3). Zastosowano materiat o niskiej (L-av), Sredniej (M-av) i wysokiej

(H-av) zawartosci kwasowych wariantow av przeciwciala monoklonalnego IgGa.
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Tab. 3. Zawartos$¢ poszczegblnych izoform w badanych materiatach

Warianty kwasowe Warianty obojetne Warianty zasadowe
Materiat (av) (mv) (bv)
%

L-av 24 52 24

M-av 45 40 15

H-av 61 35 4

11.2 Rownowaga adsorpcyjna
Zaprojektowanie procesu chromatografii wymagato okreSlenia wtasnosci

adsorpcyjnych materiatéw biatkowych. W tym celu wyznaczono izotermy adsorpcji, a do
ich opisu wykorzystano réwnanie kinetyczno-reakcyjne (dla trzech adsorbujacych sie

sktadnikéw) oparte na modelu izotermy stechiometrycznej (rozdz. 7):

9qi _ 2
>0 = Kai [Kapp.i Ci (4° — Oapp,ii 4 — Qi Oapp,ijd;) — i) 9)
gdzie: Ci - stezenie odpowiedniego wariantu w fazie ruchomej mg mL?l, ¢q; -

indywidualna pojemno$¢ chtonna wariantu po adsorpcji mg mL,} .., q° - catkowita
pojemno$¢ chtonna ztoza mg mL, Lk, Oapp,ij = 2znormalizowany wspoétczynnik
ekranowania, k4, - wspoétczynnik przenikania masy, K,;,,; — znormalizowana stata

réwnowagi danego wariantu.

Parametry modelu wyznaczono dla stanu ustalonego w rownaniu kinetyczno -
reakcyjnym (9). W przypadku, gdy warto$ci wszystkich wspoétczynnikéw ekranowania
dla wariantdw wynosza 1, réwnanie (9) w stanie ustalonym przeksztatca sie
w konkurencyjng izoterme Langmuira. Gdy znormalizowany wspo6tczynnik ekranowania
jest wartoscia wieksza od jednoSci, zaobserwowa¢ mozna ujemne odchylenia do
izotermy Langmuira, odpowiadajace za redukcje miejsc wigzania w wyniku konkurencji
poszczegdélnych wariantéw, gdzie warianty o silniejszym powinowactwie wypierajg te,
ktore charakteryzuja sie nizszg zdolno$cia wigzania. W przeciwnym razie (gdy
Oapp,ij <1) wystepuje dodatnie odchylenie od izotermy Langmuira, zwane dodatnig
adsorpcja kooperatywng, ktéra wynika z przyciggania czasteczek biatek iskutkuje

wzmocnieniem adsorpcji [100,110,111].

W przypadku CEX, pomimo roéznic w zawarto$ciach poszczeg6lnych wariantéw
tadunkowych w materiatach wyjsciowych (L-av, M-av i H-av), przebieg izoterm dla
poszczegdlnych wariantéw byl bardzo

zblizony (tj. w granicach btedow

eksperymentalnych). Ze wzgledu na brak wystarczajacej selektywnos$ci w adsorpcji
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wariantéw, wspotczynniki izoterm w rdéwnaniu (9) usSredniono i stosowano dla

wszystkich izoform.

[zotermy adsorpcji dla réznych materiatéw wyjsciowych uzyskane przy uzyciu AEX
dla poszczegolnych wariantow charakteryzowaty sie wiekszymi réznicami (rys.19).
Najsilniejsza adsorpcje zaobserwowano w przypadku materiatu o duzej zawartosci
frakcji kwasowej (H-av) co jest zbiezne z wartoscia punktu izoelektrycznego
i kolejnoscig elucji wariantow na ztozach anionowymiennnych. W tym przypadku
w réwnaniu (9) zastosowano wspoétczynniki izoterm charakterystyczne dla danej

izoformy IgGi.

A B) C)
160 160 160
AEX pH=93 L-av M-av| ) T I H-av
P ) G A ceeeaaen J
=120 1 120 .77 1 = 120477 .
) s av 2 LS. 1 -8 0 H=93
‘o8 B -8 - oF pH=
oo [
%n op 807 té" 80
] %40 w§ 40 !
S o 1 1
| S m ey = R
0 . - - . . : 0 . . . - . - . 0 T — .
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Rys.19. Izotermy adsorpcji poszczeg6lnych materiatow IgGi na AEX, A) L-av, B) M-av, C) H-av.

11.3 Rozdzielanie preparatywne

Po przeanalizowaniu przebiegu izoterm adsorpcji dobrano poziom wyj$ciowy
stezenia biatka i przeprowadzono jego elucje z kolumny, w wyniku czego otrzymano
dwie gtéwne frakcje. Sktad kazdej z frakcji zbadano przy uzyciu analitycznej
chromatografii jonowymiennej i okreSlono zawarto$¢ poszczegdlnych wariantow.
Frakcja pierwsza wzbogacona byla o warianty kwasowe (av) w przypadku CEX,
natomiast w przypadku AEX o warianty zasadowe (bv), z kolei druga frakcja

wzbogacona byta o warianty o przeciwnym tadunku (rys.20).
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CEX M-av

time min time min

Rys.20. Profile stezen frakcji M-av przeciwciata przy przeptywie fazy ruchomej 0.5 mL min-,
objetos¢ iniekcji 5 mL, a) ztoze CEX, stezenie wlotowe biatka 44 mg mL-1, b) ztoze AEX, steZenie
wlotowe biatka 40 mg mL-! (symbole- wyniki eksperymentalne, linie-symulacje)

Do symulacji przebiegu elucji zastosowano model matematyczny uwzgledniajgcy
réwnanie (9), a parametry modelu wyznaczono na podstawie r6wnan przebiegu izoterm

adsorpcji oraz z estymacji eksperymentalnych profili stezenia (tab.4).

Tab. 4. Parametry modelu wyznaczone w warunkach adsorpcji (* - uSrednione wartosci

uzyskane z izoterm, ** - warto$ci wyznaczone na podstawie eksperymentéw na kolumnie)

Zloze qg,), q-,o;zv qg;; Kav Kmv Kby Oapp kav Kmv kbv
x105 x105 x105
CEX
Izoterma 122* | 122* | 122* | 5.1* | b5.1* 5.1*
Estymacjado | 156** | 161** | 170** | 5.1* | 5.1* | 5.1* | 0.30** | 11.1** 10.1** | 8.54**
profili
stezenia
AEX
Izoterma 146* | 90.0* | 57.5*% | 312* | 78.9*% | 34.8* | 0.17*
Estymacjado | 175** | 108** | 46** | 312* | 78.9* | 34.8* | 0.17* | 0.148** | 1.33** | 4.04**
profili
stezenia

Zastosowany model dynamiki zweryfikowano poprzez poréwnanie symulacji
z danymi eksperymentalnymi przy zmiennych warunkach tadowania (zakres stezenia
biatka, natezenie przeptywu fazy ruchomej). Symulacje modelu nie byty idealnie zgodne
z danymi dos$wiadczalnymi, jednak w sposéb zadowalajacy odzwierciedlaty tendencje
w badanym procesie. Sktad otrzymanych frakcji i wydajnos¢ (masa biatka we frakcji

badanej do masy wprowadzonej do uktadu) przedstawiajg tab. 51 6.

W przypadku CEX (tab.5), gdy zastosowano materiat M-av we frakcji pierwszej Fi,

materiat wzbogacit sie nieznacznie o warianty kwasowe, natomiast materiat pochodzacy
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z frakcji F2 zawieralt mniej av przy ponad dwukrotnym zwiekszeniu zawartoSci bv.
Lepszy rozdziat uzyskano w materiale H-av, gdzie zawarto$¢ av w materiale wyjSciowym
byta wieksza. Frakcja F2 otrzymana z materiatu H-av moze zosta¢ zawrocona i poddana

kolejnemu procesowi doczyszczania.

Tab. 5. Sktad poszczeg6lnych frakcji przy zastosowaniu CEX

M-av H-av
av | mv | bv Y [%] av | mv | bv Y [%]
Sktad materiatu 42 46 11 60 37| 3.0
F1 | Eksperyment 49 40 11 58| 69 29| 2.0 51
Symulacja 52 40| 8.0 41| 74| 25| 1.0 45
F2 | Eksperyment 36 40 23 42| 48 46| 5.0 49
Symulacja 36 40 24 59| 47 47 | 6.0 55

Znacznie lepsza selektywno$¢ rozdzielenia uzyskano przy zastosowaniu ztoza do
chromatografii anionowymiennej (tab.6). Po zebraniu frakcji F1 z materiatu M-av
otrzymuje sie zawarto$¢ av mniejsza niz 25 %, co pozwala na uzycie materiatu jako leku
biologicznego. Frakcja F2 oraz frakcje powstate z materiatu o wyzszym zakresie stezenia
av w materiale wyjSciowym moga by¢ zawrdcone zarowno na kolumne CEX jak i AEX

w celu optymalizacji zawartos$ci poszczeg6lnych izoform.

Tab. 6. Sktad poszczeg6lnych frakcji przy zastosowaniu AEX

M-av H-av
av mv bv Y [%] av mv bv | Y[%]
Sktad materiatu 43.44 | 39.56 | 17.00 60.01 | 36.48 | 3.51
F1 | Eksperyment 24 52 23 64 47 48| 5.0 51
Symulacja 24 56 20 56 49 47 | 4.0 50
F2 | Eksperyment 62 30 8.0 36 70 27| 3.0 49
Symulacja 60 30 10 44 70 26| 4.0 50

Ze wzgledu na fakt, iz w kazdym etapie zbierane byty wytacznie dwie frakcje, proces
rozdzielania i zawracania frakcji znacznie sie upraszczat. Zastosowanie wytacznie
gradientu pH fazy ruchomej oraz prostota i szybkos$¢ rozdzielania powoduja, ze
przedstawiona  metoda  posiada  potencjat  wdrozeniowy w  przemysle

biofarmaceutycznym.
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11.4 Podsumowanie

W pracy zaproponowano metode regulacji zawarto$ci poszczegolnych wariantéw
przeciwciat monoklonalnych na ztozach do chromatografii kationo- i anionowymienne;j.
Kolumny chromatograficzne pracowaty w warunkach przetadowania masowego,
a dzieki zastosowaniu gradientu pH otrzymano dwie gtéwne frakcje, ktére réznity sie
znaczgco zawartoscig poszczegblnych izoform. Metoda moze znaleZ¢ zastosowanie przy
regulacji zawarto$ci wariantéw lekéw biologicznych nawet po jednoetapowym rozdziale
(w przypadku AEX), a poprzez zawrdcenie materiatu o niezadowalajagcym sktadzie na
kolumne mozna znaczaco zwiekszy¢ wydajno$¢ procesu nawet do 70-80 %. Badania
eksperymentalne poréwnano z symulacjami wykonanymi przy uzyciu odpowiedniego
modelu matematycznego. Zastosowana metoda szybkiej i wydajnej zmiany sktadu
wariantéw tadunku przeciwcial monoklonalnych moze zosta¢ wykorzystana
w przemys$le biofarmaceutycznym, réwniez do biatlek o innych wtasciwos$ciach

kinetycznych i termodynamicznych.
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Whioski ogdlne z pracy

W ramach pracy zaproponowano metode regulacji zawarto$ci wariantéw przeciwciat

monoklonalnych do wymaganego poziomu. Badania przeprowadzono w Kkilku etapach,

w ramach ktérych opracowano metode przesiewowego badania stabilnosci przeciwciat

na ztozach [EX oraz okreslono wplyw przestrzeni pozakolumnowych na ksztalty pikow

w uktadzie chromatograficznym. Sformutowano nastepujace wnioski:

Stabilnos$¢ przeciwciat monoklonalnych w procesie ich oczyszczania jest zalezna od
zastosowanego ztoza chromatograficznego, a spadek temperatury topnienia
zaadsorbowanego biatka ponizej 30°C Swiadczy o jego niskiej stabilnosci na danym
ztozu. Metoda réznicowej fluorymetrii skaningowej (DSF) zwykorzystaniem
sprzetu do RT-PCR pozwala na szybka i wysokowydajng ocene stabilno$ci
przeciwcial monoklonalnych w trakcie adsorpcji na ztozach chromatograficznych.
Zastosowanie mini-kolumn chromatograficznych generuje deformacje profili
stezenia z powodu duzej objetoSci przestrzeni pozakolumnowych w stosunku do
objetosci samych kolumn. Moze to powodowa¢ btedng interpretacje otrzymanych
wynikéw w postaci zdeformowanych profili stezenia. Powyzszy efekt wynika
z nierownomiernego rozktadu predkosci promieniowej w kapilarach i niskiej
dyfuzyjnoSci makroczasteczek biatka. Opracowano uproszczony model
matematyczny, jednak dla niektérych warunkéw operacyjnych opis hydrodynamiki
wymagat zastosowania CFD.

Metoda regulacji zawartos$ci wariantéw przeciwcial monoklonalnych w warunkach
przeladowania kolumny i przy zastosowaniu jednostopniowego gradientu pH,
pozwala na zwiekszenie wydajnosci i produktywnos$ci rozdzielania w poréwnaniu
z tradycyjna metoda liniowego gradientu pH przy niskim przetadowaniu kolumny.
Metoda umozliwia regulacje zawarto$ci wariantéw kwasowych av w materiatach
zawierajacych przeciwciala monoklonalne, co pozwala na wykorzystanie ich jako

leki.

Opublikowane w ramach rozprawy wyniki w postaci publikacji [17-20] pozwalajg na

optymalizacje i redukcje kosztéw procesu oczyszczania przeciwciat monoklonalnych,

azaproponowane metody moga  znaleZz¢  zastosowanie @~ w  przemysle

biofarmaceutycznym.
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A fast method for assessing the stability of monoclonal antibodies (mAbs) adsorbed on ion exchange
resins has been developed. The method exploited a real time polymerase chain reaction equipment to
determine the temperature of protein phase transition, ie., the so called melting temperature, based on
differential scanning fluorimetry.

Changes to the melting temperature were screened under various adsorption conditions and correlated
with the protein stability upon adsorption.

The method was tested for two different mAbs bound to various types of strong cation exchangers at
different pH and loading concentrations. The mAbs destabilized upon adsorption due to strong binding,
which manifested itself in aggregate formation and recovery reduction. The phenomenon depended on
the resin type and binding conditions. However, regardless of the process conditions and resins used,
drop in the melting temperatures to a critical value of about 30° could serve as an indicator of destruc-
tive changes in the protein structure in the adsorbed phase. The measurements were simultaneously ac-
complished for a number of samples with very small material consumption. Therefore, the method may
be applied for screening resins and operating variables for a given mAb to exclude conditions that induce

structure destabilization and aggregation.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Conformational changes of proteins upon adsorption often re-
sult in unexpected reduction in the separation selectivity and yield
losses in preparative and industrial protein chromatography. Pro-
tein unfolding often induces formation of irreversible aggregates,
whose presence affects adversely biological activity of the prod-
uct. Moreover, it disturbs the retention behavior of proteins, which
manifest itself in incomplete or multi-peak elution.

That phenomenon has been reported to occur mainly in
hydrophobic interaction chromatography (HIC) [1-5]. Since hy-
drophobic residues are typically located in the inner part of the
protein molecule, their interactions with hydrophobic surfaces of
HIC media are often accompanied with conformational changes.
In protein processing by ion exchange chromatography (IEX), un-
folding and aggregation are not usually observed since most of
the protein charged residues, which are responsible for electro-

* Corresponding author.
E-mail address: dorota.antos@prz.edu.pl (D. Antos).

https://doi.org/10.1016/j.chroma.2020.461688
0021-9673/© 2020 Elsevier B.V. All rights reserved.

static interactions with the charged adsorbent surface, are located
on the outer protein surface [6]. This prevents proteins from con-
formational change or unfolding upon binding [7]. However, it has
been shown by several research groups that adsorption on IEX sur-
faces can also induce unfolding and aggregation of proteins [8-16].
Multi-peak elution of proteins on IEX media was observed by e.g.:
Voitl et al., Gilespie et al. and Luo et al. [8,10-12], who attributed
that phenomena to conformational changes of proteins on the ad-
sorbent surface. Gospodarek et al. [9] provided evidences of protein
unfolding on both ion exchange and mixed mode chromatographic
media. Carta and co-workers also demonstrated evidences for un-
folding and aggregation of monoclonal antibodies (mAbs) on ion
exchange columns [13-16].

To detect changes in the structure of proteins upon adsorp-
tion, various spectroscopic methods have been used, including:
circular dichroism [17], fluorescence [18,19], infrared spectroscopy
[20] and isothermal titration calorimetry [21,22]. Moreover, hydro-
gen exchange has proven to be a useful tool for evidencing changes
in protein conformation at solid interfaces (e.g. [5,15,23-26]). All
those methods provided some insight into the mechanism of struc-
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tural changes of proteins upon adsorption. Nevertheless, they are
too sophisticated to be applied for fast identification of that phe-
nomenon. As the tendency to destabilization is specific for the pro-
tein, its interaction with the resin surface, and the solvent environ-
ment, the elimination of undesirable process conditions requires
tedious experimental efforts, i.e., conducting dozens of adsorption-
desorption runs and subsequent chromatographic analysis of the
effluents.

In our previous study, we used nano-Differential Scanning Flu-
orimetry (nanoDSF) measurements to identify the stability of pro-
teins adsorbed on hydrophobic surface of a HIC medium [27]. The
nanoDSF technology uses temperature gradient to monitor protein
conformational changes over time. The thermal stability of protein
is determined by the so called melting temperature, correspond-
ing to the midpoint of the transition from folded to unfolded form
of the protein or its specific domains. In order to determine the
unfolding transition points, the shifts of intrinsic tryptophan fluo-
rescence at the emission wavelengths of 330 nm and 350 nm are
recorded [28]. That approach allows fast and simultaneous detec-
tion of melting temperatures for a large number of small samples
and does not require a dye for protein staining. However, to record
the shift in wavelength, a very sophisticated equipment is needed.

Hence, the goal of our study was to develop a high-throughput
method that enables fast assessment of the stability of the protein
in the adsorbed phase by using a standard laboratory equipment,
and to establish a destabilization criterion.

We employed a conventional DSF method, in which a standard
real time polymerase chain reaction thermocycler (RT-PCR) could
be applied to determine the melting temperature of proteins. This
method has the advantages of nanoDSF regarding a high speed of
the measurements and small protein consumption, but it exploits
a much simpler and readily available RT-PCR setup.

This technique requires using a dye, i.e., typically SYPRO Orange,
which becomes strongly fluorescent when bound to hydropho-
bic protein residues. In the presence of dye, the thermal unfold-
ing transition can easily be monitored spectrophotometrically. The
method is widely used for screening applications in drug discovery
and formulation development [29-32].

We extended the applicability of that technique for assessment
of the protein stability in the adsorbed phase. The analysis was
focused on IEX resins that are characterized by much weaker hy-
drophobicity compared to HIC media, hence they are less prone for
undesirable interactions with dye.

The model proteins were two different monoclonal antibodies
(mAbs), whose stability and propensity to aggregation was ana-
lyzed on IEX resins that differed in the density of the active group
on the adsorbent surface and the hydrophobicity of the matrix. The
aggregation of mAbs is a potential safety concern in their process-
ing and formulation in pharmaceutical industry [33,34]. Thus, de-
tection of that phenomena and elimination of its causes is of major
importance.

The analysis was performed under different conditions in terms
of pH, the concentration of the mAbs and the incubation time of
the protein solution with the resins. The melting temperature of
the bound proteins was correlated with their stability in the ad-
sorbed phase. The lowest critical melting temperature (LCMT) of
the adsorbed mAbs was determined, which could be used as an
indicator of detrimental effects accompanying protein adsorption.

2. Experimental
2.1. Instruments
RT-PCR Detection Systems CFX96 (Bio Rad) equipped with a

hard-shell 96-well plate was used for the measurements of the
protein melting temperature. Multi-Well Plates (96 well), volume 1
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and 2 mL with 0.45 um cellulose membrane (Pall Corporation, Ann
Arbor, USA) were used for binding (adsorption), incubation, and re-
lease (desorption) of the protein. An AKTA Avant with a UV detec-
tor and a data station (Cytiva Life Sciences, Uppsala, Sweden) and
a SoloVPE UV-VIS spectrophotometer (C Technologies Inc., Bridge-
water, USA) were used for the concentration analysis. An ACQUITY
UPLC System (Waters Corporation, Milford, USA) was used for the
SEC analysis.

2.2. Materials

The monoclonal immunoglobulins mAb2  (isoelectric
point = 88, MW = 148 kDa (purity > 96%) and mAb3 (iso-
electric point = 7.9, MW = 149 kDa (purity > 96%) were provided
by Polpharma Biologics (Gdainsk, Poland). The adsorption tests
were performed on strong IEX resins: Eshmuno CPX (Merc Milli-
pore), Fractogel EMD COO~ 650 (M)(Merc Millipore), TOYOPEARL
(TP) GigaCap S-650M (Tosh Bioscience), Capto S ImpAct (Cytiva),
POROS™ XS (Life Technologies), TOYOPEARL Sulfate-650 (Tosh
Bioscience).

For protein binding 0.04M sodium acetate buffers with pH 4.5
or 5.5 (adsorption buffers) were used, whereas for the protein
release two different solutions were used (desorption buffers): a
0.05M sodium phosphate buffer with pH 9.0 (PB) or a 1 M NaCl
solution in PB (PBS).

SYPRO™ Orange Protein Gel Stain (5000x Concentrate in
DMSO) (Thermo Fisher Scientific) was used for staining the proten
before the DSF analysys.

An analytical column Waters BEH200 (Waters Corporation, Mil-
ford, USA) with LD. 0.46 cm and length 15 cm, packed with a resin
of particle size 1.7 um was used for the SEC analysis.

2.3. Procedures

2.3.1. Preparation of chromatographic resins

Prior to the adsorption-desorption tests, all resins were washed
several times and conditioned with the adsorption buffers of pH
4.5 or pH 5.5 in Eppendorf tubes, and then centrifuged. Next, the
resins were filtered out on a paper filter and left in air for 1 hour
to remove the excess of moisture.

2.3.2. Adsorption and desorption experiments

Batches of 10 mg of the prepared resins were weighed out and
transferred into Eppendorf tubes. Next, solutions of various con-
centrations of the mAbs within the range of 0.2 - 18 mg mL ™! at
pH 4.5 or 5.5 were prepared and added into the tubes. To deter-
mine the adsorbed phase concentration at equilibrium, the batches
were shaken in a rocking shaker for 24 h. Next, samples of super-
natants were acquired and subjected to the concentration analysis
using the SoloVPE spectrophotometer and the UV detector of the
AKTA system. The calibration factor of the UV detector signal was
determined for standard solutions of the mAbs.

To detect the formation of the protein aggregates and mass
losses due to strong adsorption, several batches were incubated for
different time intervals within 0.5 - 24 h, and then transferred into
a 96-well plate connected to a vacuum pump. The unbound mAb
was collected in a receiving plate. Then, the resins were flushed
using the adsorption buffer. Afterwards, the desorption buffer PB
or PBS was added to the resin samples. The slurry obtained was
incubated for approx. 30 min. on the orbital shaker. Next, liquid
was sucked out and collected using the vacuum pump. The con-
centration of each collected effluent was determined using the UV
detector, as described above. All experiments were performed at
room temperature (av. 22°C). The measurements were performed
in triplicate.
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2.3.3. Measurement of melting temperature

The proteins were stained using SYPRO Orange of 20x concen-
tration. For that purpose, 996 pL of appropriate adsorption buffer
and 4 pL of 5000x SYPRO Orange were mixed.

27 pL samples of the resins obtained (Section 2.3.2), were trans-
ferred into the RT-PCR plate, and 3 pL of 20x SYPRO Orange was
added into each of wells. A protective foil was placed onto the up-
per 96-well plate and aluminum foil on the entire plate. The whole
was mixed on the orbital shaker for 1 minute and then centrifuged
for a minute with a 1000 x G. The plate was placed into the detec-
tion system and the temperature program was started (1°C every 1
minute, from 25 to 95°C). Additionally, the procedure was repeated
for blank samples of each resins, i.e., without contacting them with
the protein solution.

All the measurements were performed in triplicate,

TOYOPEARL Sulfate-650F
methacrylic polymer

30-60

TP Sulfate
530

Sulfonate
butyl

2.34. Size exclusion chromatography

In the SEC experiments, the mobile phase was a 200 mM
sodium chloride solution in a 100 mM phosphate buffer with pH
6.8. The flowrate of 0.3 mL min~! was used. The analyzed frac-
tions were injected into the SEC column that was previously equi-
librated with the mobile phase. A blank pulse was also injected
to determine the difference in the UV signals between the mobile
phase and the sample-solvent. The UV signal of the protein was
then corrected by subtraction of the blank pulse from the peak of
the protein sample.

styrene divinylbenzene

POROS™ XS
Poros XS
50

Sulfonate
propyl

81

Capto S ImpAct

S ImpAct
pyrrolidone
agarose

Sulfonate

50
64

3. Results and discussion
3.1. Binding of 20x SYPRO Orange into IEX resins

To reduce binding of the dye to protein residues participat-
ing in the interactions with the adsorbent surface, SYPRO Orange
was added after mAb was adsorbed on the resins (Section 2.3.3).
The adsorption properties of both mAbs were found to be not
affected by the presence of dye, which was verified by several
adsorption-desorption trials for the stained and unstained proteins.
The molecules of the protein stained in adsorbed phase interacted
to a higher degree with the dye than those stained in the liquid so-
lution, which manifested itself in their enhanced fluorescence in-
tensity. This improved sensitivity of the protein fluorescence de-
tection in the presence of the resin. On the other hand, hydropho-
bic groups on the resin matrix were also stained along with the
adsorbed mAb. This caused the resins themselves to be florescent
dependently on the number of hydrophobic group present on their
surfaces. Therefore, prior to the adsorption tests, the fluorescence
intensity of blank samples of the resins stained with 20x SYPRO
Orange was measured. The results of the measurements performed
in the environment of adsorption buffers of pH 4.5 and 5.5, at
which the protein binding occurred are presented in Fig. 1. The
lowest florescence intensity is exhibited by S ImpAct based on
the hydrophilic agarose matrix, whereas the highest intensity is
showed by Poros XS, which was composed of the most hydropho-
bic styrene-divinylbenzene matrix with the highest binding affin-
ity to SYPRO Orange (Table 1). Only in the latter case, the fluo-
rescence signal from the resin matrix interfered with that of the
mAbDs, which made the result of the DSF measurements difficult to
interpret. For all remaining resins, the melting temperature of the
adsorbed protein could be detected without disturbing interference
of the background signal. In all cases, the results of measurements
did not distinctly depend on pH of the adsorption (pH 4.5 and 5,5)
and desorption buffers (pH 9).

We selected three resins for further analysis, i.e., TP GigaCap, TP
Sulfate, and S ImpAct (Table 1). The first two resins are based on
the same matrix, with however different ligand densities. S ImpAct

TOYOPEARL GigaCap S-650M

methacrylic polymer
50 - 100

TP GigaCap
185"

Sulfonate
propyl

Fractogel COO~ 650
methacrylic polymer

Fractogel
Carboxy

ethyl
80
95 - 145

polyvinylether polymer

Eshmuno
50
0

Sulfonate

Eshmuno CPX
isobutyl

Resin name

Functional group
Spacer

Resin mean size [um]
lonic density (ueq/mL)

Matrix

Characteristics of the resins used in the tests, the ligand density were given by the manufacture or taken from literature* [35].

Table 1
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Fig. 1. Fluorescence intensity of the resins stained by SYPRO Orange at 25°C. The error bars indicate the accuracy of the measurements.

Table 2

Protein-loading capacities for mAb2 adsorbed on different resins.
resin TP GigaCap S ImpAct TP Sulfate
pH 45 55 4.5 5.5 45 5.5
loading capacity mgupuy,; Mgy, 0.431 0197 0233 0231 0.0211 0.247

#18 mg mL-1
&1 mgmL-1

TP GigaCap pH 4.5

TP GigaCap pH 5.5

S ImpAct pH 4.5

S ImpAct pH 5.5 TP Sulfate pH 4.5 TP Sulfate pH 5.5

Fig. 2. Adsorption behavior of mAb2 on the selected resins for two different loading concentrations: 18 mg mL™" and 1 mg mL™" (resin loadings 1.8 and 0.1 mgman mgr’e;in).

The incubation time 24 h.

contains agarose matrix in contrast to all remaining resins com-
posed of synthetic-polymer backbone.

3.2. Adsorption behavior of mAb2 on different IEX resins

The adsorption behavior of mAb2 was determined by contact-
ing the selected resins with the protein solutions of pH 4.5 and
5.5 and different loading concentrations. The sets of the equilib-
rium data, i.e., the concentrations in the supernatant and in the
adsorbed phase expressed in mg of the adsorbed protein per mg
of the prepared resin were used to determine the isotherm courses
and to estimate the protein-loading capacities. The results obtained
are summarized in Table 2. Typical comparison of the adsorption
properties of mAb2 recorded for different resins is shown in Fig. 2,
where the amount of the protein bound to the resin at the adsorp-
tion equilibrium, g, is depicted for two different loading concentra-
tions.

It can be observed that the highest protein adsorption was ob-
tained for TP GigaCap at pH 4.5, regardless of the loading con-
centrations, however it weakened significantly with increase in pH
to 5.5, ie., towards the isoelectric point of mAb2. The opposite
trend was observed for TP Sulfate, for which mAb2 was adsorbed
much weaker at pH 4.5 than at pH 5.5. In case of S ImpAct, the
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changes in the adsorption strength versus pH depended on the
protein concentration: for higher loading concentrations typical ad-
sorption pattern was observed, i.e., the amount adsorbed decreased
with increasing pH, whereas for low loading conditions a reversed
pattern was observed (Fig. 2). As discussed in Section 3.3, those
effects may be explained by differences in the protein structural
stability.

The protein binding was followed by its desorption at elevated
pH (pH 9) with PB or PBS (Section 2.3.2). The former was used
to mimic the desorption step in pH gradient applied in the down-
stream separation of the mAb2 charge variants by CEX, whereas
the latter was intended to mimic the resin stripping step.

To determine the protein recovery from the resins, the efflu-
ent collected during the desorption step was subjected to the con-
centration analysis. The mass deficiency of mAb2 recorded during
desorption with PB are presented in Fig. 3 as the ratio of the mass
retained on the resin to the total mass of the protein introduced
into each of the systems. The mass losses depended on the load-
ing conditions, i.e., for all resins apart from S ImpAct equilibrated
at pH 4.5, the effect of incomplete desorption was enhanced for
the lower loading concentration, i.e, 1 mg mL~! (the resin load-
ing by the protein: 0.1 mgmAbzmgr’elsm)‘ The influence of pH on the
recovery reduction correlated with the adsorption behavior, i.e., for
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% [mass retained/mass injected]
S > P
[=]

TP GigaCap pH 4.5

TP GigaCap pH 5.5 S ImpActpH 4.5

=18 mgml-1

1 mgmL-1

S ImpAct pH 5.5 TP Sulfate pH 4.5 TP Sulfate pH 5.5

Fig. 3. lllustration of the mass losses of mAb2 loaded onto the resins at pH 4.5 and 5.5 expressed as the ratio of the mass of the protein retained on the resin to the mass

loaded for two different loading concentrations (as in Fig. 2). The incubation time 24 h.

TP GigaCap that effect was stronger at pH 4.5, at which the protein
was stronger bound compared to pH 5.5, whereas for TP Sulfate
and S ImpAct, the effect was more pronounced at pH 5.5, which
corresponded to the changes in the adsorption strength versus pH
reported for the same loading concentration in Fig. 2.

Fig. 4A and B show the dependence of the mass losses on
the composition of the desorption buffer and the resin incubation
time during the adsorption step for the TP GigaCap and TP Sulfate
resins, for which the effect of incomplete desorption was the most
pronounced. In case of TP GigaCap, the amount desorbed with PB
and PBS was practically the same up to 5h of incubation at pH 4.5,
and up to 8h at pH 5.5. In case of TP Sulfate, a greater part of the
protein could be recovered using PBS. Nevertheless, in all cases the
protein mass desorbed was in deficiency with respect to that intro-
duced into the system, which indicated that certain amount of the
protein was too strongly bound to the resins. It was attributed to
spreading of the unfolded mAb2 in the adsorbed phase. A part of
the unfolded protein that spread on the surface interacted strongly
with adsorption sites, therefore it could not be desorbed neither
with PB nor with PBS. As it can also be seen, the mass losses due
to strong adsorption were detected already after 0.5 h of the incu-
bation time.

To analyze the homogeneity of the mAb in the desorption ef-
fluent, the SEC analysis was used. The analysis revealed the pres-
ence of dimeric aggregates, which start partially decomposing to
monomers just after desorption, however the equilibrium of the
decomposition process was reached after 2-3 days. This was an
additional proof of the protein destabilization upon adsorption. In
case of TP GigaCap, the amount of the dimeric aggregates increased
with increasing the incubation time in the adsorption step (Fig. 5).
The smallest amount of those aggregates appeared after desorption
from S ImpAct. It increased slightly with the increasing incubation
time. However, the amount of the dimeric aggregates detected in
the effluent from TP GigaCap and S ImpAct did not distinctly de-
pend on the desorption buffer used, i.e., for both PB and PBS the
difference in the aggregate content was within the experimental
error. This reveals that the elution strength of PB was sufficient to
desorb both monomer and aggregate from those resins.

The results obtained also indicated that the protein destabi-
lized the fastest on TP Sulfate, for which the dimeric aggregates
appeared in the desorption effluent after a short incubation time
and their content did not clearly changed over time. Also, the ef-
fluent of desorption with PBS contained a large amount of aggre-
gates, which were strongly bound to that resin and could not be
desorbed with PB possessing a weaker elution strength. The ad-
sorption capacity for mAb2 on TP Sulphate at pH 4.5 was low, but

67

accompanied with significant destabilization of the protein struc-
ture, which resulted in formation of a large amount of aggregates.
A small reduction in the amount of aggregates at pH 4.5 with in-
creasing the incubation time may be explained by a slow progress
in the aggregate adsorption.

The protein destabilization observed is specific for the protein
and resins studied, therefore very difficult to predict. Hence, to re-
duce experimental efforts, we developed the DSF-based method for
fast assessing the protein stability under different process condi-
tions.

3.3, Measurement of melting temperature of mAb2

The melting temperatures were measured according to the pro-
cedure reported in Section 2.3.3. The fluorescence curves obtained
were differentiated, as illustrated in Fig. 6A, in which a phase tran-
sition for the native mAb2 in the adsorption buffer of pH 4.5 was
shown. The differential curve exhibits peaks, whose minimum is
assigned to the melting temperature. Two melting temperatures,
i.e, 60 and 69°C, correspond to the phase transition of different
domains of the mAb structure.

Since mAb can be described as a multi-domain protein, the
presence of different transition peaks indicates unfolding events of
the different domains of the molecule. Usually, 2-3 different tran-
sition peaks are observed for different antibodies, these peaks may
however overlap to various degrees [36-38]. A typical fluorescence
intensity curve for the mAb2 adsorbed on TP GigaCap at pH 4.5
resin along with its first derivative is shown in Fig. 6B. The flores-
cence intensity signal of the blank sample of the resin is also de-
picted in the same figure. The melting temperatures obtained for
different conditions are summarized in Tables 3 and 4, and illus-
trated in Figs. 7-9.

The melting events of the native mAb2 dissolved in the ad-
sorption buffers depended in some extent on pH and the protein
concentration in the solutions (Table 3). The melting temperatures
were higher for higher pH and for lower protein concentrations
in the solution. This indicated slightly higher stability of the pro-
tein at milder solution pH and lower concentrations, at which the
protein was less prone to intermolecular interactions (e.g. aggre-
gation). The desorbed protein exhibited the same pattern of the
melting event as the native one (Table 4). The melting tempera-
tures measured for the native protein (free protein in the initial
solution) and the protein desorbed from the resin with PB were
the same, whereas for that desorbed with PBS was slightly lower
(Table 3).
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Fig. 4. Influence of the incubation time in the adsorption step on the efficiency of mAb2 desorption (i.e., on the mass losses) at pH = 4.5 and pH = 5.5. A) TP GigaCap, B)

TP Sulphate.

The protein activity in the effluent of desorption with PB was
measured by an ELISA test according to the internal procedure of
Polpharma Biologics. The measurement indicated that the activity
of the desorbed protein was preserved.

The melting temperatures of the protein adsorbed on the resins
were markedly lower than in liquid solutions for all resin tested.
This applies in particular to the lower-melting temperature, which
reveals a difference in the stability between lower- and higher-
melting temperature domains of mAb2.

The shift in the melting temperature depended significantly
on the resin type and adsorption conditions. In case of TP Gi-
gaCap, the meting temperature of mAb2 adsorbed on the resin
at pH 4.5 changed significantly with the loading concentrations
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(Table 3, Fig. 7A). At higher loadings, i.e.: 0.5 - 1.8 mgqap» mg;ﬁlm‘
which exceed markedly the loading capacity of the resins (Table 2),
two peaks corresponding to two melting temperatures are dis-
tinctly visible, however with decrease in the resin loading the low-
temperature peak shifted towards lower temperatures. Further de-
crease in the loadings from 0.1 to 0.02 mggay; mg;g‘sin‘ which are
below the protein-loading capacity, causes the low-temperature
peak to shift below 30°C and “disappear” from the plot, and the
high-temperature peak to shift below 60°C. That effect can be cor-
related with the adsorption behavior of the protein described in
Section 3.2. The mAb was strongly adsorbed on TP GigaCap at
pH 4.5, which was accompanied with aggregation and strong ad-
sorption. It enhanced for low resin loadings, in accordance to the
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Fig. 6. Fluorescence intensity curves for mAb2. A) native mAb2 in liquid solution (in adsorption buffer pH 4.5, the protein concentration 18 mg mL-'), B) the protein
adsorbed on TP GigaCap from the same solution. Solid line - fluorescence curve, dash-dotted line - differential curve, dotted line - fluorescence curve for a blank sample of
the resin stained with SYPRO Orange.

Table 3

Melting temperatures of mAb2 in the initial liquid solutions (free protein) and adsorbed on resins, T1T2 (°C + 1).
load mgma2 mg,’e'si" 18 10 0.5 02 0.05 0.02
mADb2 pH T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 T1 T2
free 45 59 69 60 69 61 70 62 70 61 73 62 73
free 5.5 64 71 65 72 68" 68" 70* 70
TP GigaCap 45 48 63 47 63 44 62 <30 56 <30 55 <30 55
TP GigaCap a5 57, 66 58 65 58 66 56 67 67" 68"
S ImpAct 4.5 43 62 43 61 43 60 44 61 45 62 44 63
S ImpAct 55 44 63 44 63 43 63 39 63 40 64 41 65
TP Sulfate 4.5 <30 50 <30 50 <30 49 <30 49 <30 49 <30 48
TP Sulfate 4.5 + 0.5 NaCl 54 65 54 65 54 65 55 69 55 69 NaN**
TP Sulfate 55 <30 56 <30 56 <30 56 <30 57 <30 58 <30 59

* T1 and T2 peaks overlapped
** signal too low due to weak adsorption

reduction in the melting temperature. We have already observed
Table 4 ) . . similar pattern for proteins adsorbed on a HIC resin in the previ-
Comparison of meting temperatures in the ini- ous study [27]. The phenomenon can be explained by the so called
tial solutions (free protein) and in the desorp- di i h high f; h
tion effluent. The concentration in the initial so- crowding effect that occurs at a high surface coverage, when com-
lution about 1 mg mL~", T1T2 (°C = 1). pact layer of the adsorbed molecules prevents the protein from un-

folding and spreading. The existence of that effect was indicated

pH T 2 e.g. by Fogle et al. [39], who evidenced stabilization of the protein
:ree ;-5 g; ;3 with increasing surface coverage.
ree - .
desorbed 0 o8 7 The protein adsorbed on TP GigaCap at pH 5.5 showed two

desorbed 9 + NaCl 68 75 melting temperature peaks, whose localization was independent of
the loading concentration (Table 3, Fig. 7B). This indicated much
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Fig. 8. Changes in the melting temperature of mAb2 adsorbed on S for different loading concentrations, as in Fig. 7. A) Protein adsorbed at pH 4.5, B) protein adsorbed at
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Fig. 9. Changes in the melting temperature of mAb2 adsorbed on TP Sulfate for different loading concentrations, as in Fig. 7. A) Protein adsorbed at pH 4.5, B) protein

adsorbed at pH 5.5.

higher stability of the adsorbed protein, which was less prone to

aggregation at pH 5.5 than at pH 4.5. This is in agreement with
the data presented in Figs. 2-5, i.e,, decrease in adsorption at pH
5.5 resulted in lower amount of aggregates and lower mass losses

in the desorption effluent.

The melting temperature data of the protein adsorbed on S Im-
pAct presented in Table 3 and Fig. 8 confirm the correlation be-
tween the reduction in the melting temperature and the protein
destabilization. For mAb2 adsorbed at pH 4.5, the values of the

melting temperature determined by the localization of both peaks,
indicate relatively good stability of the protein. The position of
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Fig. 10. Adsorption behavior of mAb3. A) Amount adsorbed on TP Sulfate for two different loading concentrations 10 mg mL™' and 1 mg mL™" (resin loadings 1.0 and 0.1
MEmppz ME ;). B) mass losses on TP Sulfate for adsorption at pH 5.5, C) aggregate content in the effluent after desorption with PBS. The incubation time 24 h.

Table 5

Melting temperatures of mAb3 in the initial solutions (native) and adsorbed on the resin T1,12,T3 (°C £+ 1).
load mgay; mgr! 1 0.5 0.1 0.05
mADb3 pH T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3
native 55 - 66 81 - 66 81 - 68 82 - 68 82
TP GigaCap 55 - 67 78 60 68 78 60 81 60 81
TP Sulfate 5.5 37 67.5 77 36 68 77 35 50 76 35 50 76

* T1 and T2 peaks overlapped

peaks does not change with the loading concentration. However,
at pH 5.5, the low-temperature peak shifts towards lower temper-
atures with decrease in the loading concentration. This suggest the
possibility of destabilization of the protein upon adsorption, which
is again in correlation with the enhancement of the adsorption
strength and the mass losses demonstrated in Figs 2 and 3.

The protein was found to be the least stable when adsorbed on
TP Sulfate, which is illustrated in Fig. 9A, B and Table 3. At pH 4.5
a significant destabilization of the protein occurred regardless of
the loading conditions. The low-temperature peak shifted towards
very low values, i.e., below 30°C, therefore it was not visible in the
thermogram. This was accompanied with very low adsorption ca-
pacity, which was apparently against to the suggested relationship
between the adsorption strength and the tendency of protein for
unfolding. However, there is still a close relationship between the
reduction in the melting temperature to very low values (i.e., about
30°C and lower) and the enhancement of mass losses. We hypoth-
esize that the spreading of unfolded protein on the adsorbent sur-
face induced steric hindrances, which limited the access to active
sites. At pH 5.5, the low-temperature peak is partly visible on the
thermogram, however it is still located at very low temperature,
which indicates instability of the adsorbed protein similarly as it
was illustrated in Fig. 7A, in which the meting events of the mAb2
adsorbed on TP GigaCap at 4.5 were shown. This coincides with
the pattern of the mass losses on both resins under the mentioned
conditions.

Obviously, it is possible to screen the melting temperatures
to find adsorption conditions under which unfavorable effects are
avoided. For instance, an addition of NaCl to the adsorption buffer
reduced adsorption strength of the protein, which improved its sta-
bility (Table 3).

The data presented in Figs. 6-9 were acquired after 24 h of the
protein incubation in the adsorption step. To verify whether the
melting temperature of mAb2 is time dependent, a series of mea-
surements were performed using different incubation times (0.5 -
8h). The results obtained were practically the same. This indicated
that the protein destabilized immediately when contacted with the
resin. The progress in spreading of the unfolded protein, which we
suggested as a reason of its strong adsorption, did not influenced
on the melting temperature.
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3.4. Adsorption behavior and melting events of mAb3

Finally, we analyzed the adsorption behavior of mAb3 so as
to verify whether similar correlation between the protein stability
and the melting temperature could be observed for other mAbs.
The mAb3 protein was more stable than mAb2 on the resins used,
and an evidence of destabilization, i.e., a distinct increase in the
amount of aggregates, mass losses, and appearance of the melt-
ing temperature of about 30°C, was observed only for TP Sulfate.
A brief report from the acquired data is shown in Fig. 10A-C and
Table 5. Adsorption capacity for mAb3 on TP Sulfate at pH 4.5 was
very low (Fig. 10 A), almost negligible, probably for the same rea-
son as reported for mAb2, Therefore, the melting temperatures are
reported only for pH 5.5. For the comparison, Table 5 also presents
the meting temperature data of mAb3 adsorbed on TP GigaCap, for
which despite strong adsorption mass losses were not observed.

Free mAb3 dissolved in the adsorption buffer, exhibited two
melting temperatures (about 60°C and 80°C) which weakly in-
creased with reduction in the protein loading, similarly as ob-
served for mAb2. The protein adsorbed on TP Sulfate exhibited
three melting temperatures, with the lowest within the range of
30 - 40°C. The appearance of that additional temperature was
attributed to partial destabilization of some of protein domains,
which enhanced with reduction in the protein loading (Table 5).

The changes in the recovery reduction of mAb3 adsorbed on
TP Sulfate followed similar pattern of the concentration depen-
dence to that observed for mAb2, ie. it enhanced at low loadings
(Fig. 10B). The effluent obtained after protein desorption contained
dimeric aggregates (Fig. 10C).

Again, the reduction in the lowest melting temperature to about
30°C indicated destabilization of the protein, which was confirmed
by the presence of aggregates and mass losses.

4. Conclusions

We developed a high-throughput procedure for detecting desta-
bilization of mAbs upon adsorption on ion exchange resins. The
procedure was based on the measurements of melting tempera-
tures of the adsorbed protein using differential scanning fluorime-
try in RT-PCR equipment. For the tests, two different mAbs were
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used, whose adsorption properties and stability on different strong
cation exchange resins were analyzed. The fluorescence intensity
signal coming from the resins tested did not interfered with that
of the proteins. The exception was the resin based on the most hy-
drophobic styrene-divinylbenzene matrix, to which SYPRO Orange
was strongly bound.

We detected structure destabilization of the model mAb2
upon adsorption on all three resins selected for the adsorption-
desorption tests: TOYOPEARL GigaCap S-650M (TP GigaCap), Capto
S ImpAct (S ImpAct), TOYOPEARL Sulfate-650 (TP Sulfate), which
manifested itself in formation of aggregates and in the recovery
reduction. The phenomenon enhanced with increase in adsorption
strength and decrease in the loading concentration. The latter was
explained by the crowding effect of the protein on the adsorbent
surface at its high coverage, which prevented the protein from un-
folding, and in consequence - from aggregation and recovery re-
duction. The destabilization effect was specific for the resin type,
the matrix and the ligand density. The protein was the most sta-
ble while adsorbed on ImpAct having the lowest ligand density
and the least hydrophobic matrix. Similar trends were detected for
mAb3, which however was much more stable compared to mAb2
and destabilized only on TP-Sulfate.

Those observations cannot be generalized to any extent, since
the resin which induces destabilization of certain protein can be
suitable for another one. The correlation between the protein sta-
bility and the resin type is complex and difficult for prediction,
therefore its quantification requires a number of chromatographic
measurements. However, the relationship between the melting
temperature and the protein stability on the resin can be deter-
mined much faster and with very small material consumption.

The performed study reveals that there is the lowest critical
melting temperature (LCMT), which may serve as an indicator of
structure destabilization of the adsorbed protein. In case of both
mAb2 and mADb3, the shift in the melting temperature of the least
stable protein domain towards 30°C signalized detrimental changes
in the protein structure. Nevertheless, LCMT has to be identified for
a given protein. Then, the DSF thermograms of the adsorbed pro-
tein can be screened to exclude conditions, for which the melting
temperature drops to LCMT. The realization of the DSF measure-
ments in the RT-PCR equipment allows fast determination of LCMT
for a high number of resins samples. Hence, the method can po-
tentially be used in the development stage of the mAb process-
ing by ion exchange chromatography for screening the resins and
binding conditions to eliminate those for which undesirable phe-
nomena occur. Moreover, the method may be used for screening
of drug product candidates to select more stable molecules, which
are not prone to aggregate on CEX resins, hence, to increase down-
stream process productivity and robustness.
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Experimental and theoretical analysis of deformation of band profiles in extra-column volumes (ECV)
was performed, and its influence on the retention pattern of proteins in a small chromatographic column
was quantified. Several macromolecule and small-molecule compounds, and their mixtures were eluted
from a chromatographic system in the absence and presence of the column. The peak deformation in
ECV was attributed to non-uniform velocity distribution in the radial direction in connecting capillaries.
The phenomenon enhanced with increasing molecular weight of the model compound, when radial dif-
fusion dominated the mechanism of band spreading. The band shape was also affected by the geometry
of the injection system used, i.e., an injection loop capillary or a superloop. The phenomenon vanished
for a small molecule compound, for which plug flow conditions could be established. The difference in
flow behaviour of the macromolecule and small-molecule compounds caused them to migrate with dif-
ferent velocities in ECV, which resulted in partial separation of their bands. The ECV effect influenced
the retention behaviour of macromolecules in a small column; it caused tailing of peaks and asymme-
try of breakthrough curves. To describe the elution profiles in ECV and in the column, a mathematical
model was used which accounted for non-ideality of the flow pattern. The model reproduced accurately
band profiles of macromolecules within a range of relatively low velocities, typical however for protein

chromatography.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Columns with very small volumes, ie., maximum 1mL, are
often used in the development stage of protein chromatography
to estimate operating parameters for large stale operations at min-
imal material consumption. Small columns are exploited in high
throughput experiments to acquire a huge number of chromato-
graphic elution data that are subjected to statistical analysis to
determine the bounds for the process operating window [1-3]. The
elution profiles obtained can also be used as an input for mech-
anistic models to characterize the process dynamics and provide
optimum of operating conditions with respect to the process per-
formance [4-10]. However, reduction in the column size causes
an increase in the ratio of the extra-column volume (ECV) in the
workstation (i.e., connecting capillaries, injection valves, sample
loops, detector flow cells, and connectors) to the column volume.
Therefore, band broadening in ECV can significantly affect the sep-
aration efficiency. The phenomenon of band broadening in ECV
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has already been reported in literature for many years [11-14],
however, it became critical after small highly efficient column sys-
tems were launched [15-24]. These additional ECV effects were
reported to depend on different process variables and physico-
chemical parameters, such as: the mobile phase linear velocity,
injection volume, diffusion coefficient of the solute, as well as the
geometry of experimental set-up [ 14-19]. Moreover, adsorption on
the internal surfaces in ECV was also indicated as a possible cause
of band deformation and drop in efficiency of chromatographic
systems [25].

In most of approaches reported in literature, the ECV effect is
quantified by the determination of peak variances in the total sys-
tem or in its individual parts [11,13,20,22,26]. In the latter case,
peak variances in each of parts are calculated using a Gaussian
function or an exponential decay function, and added to quan-
tify the total band broadening effect. In that approach, the effect
of the location of each part on the band broadening is also dis-
tinguished [16]. Band broadening in ECV can be quantified based
on several methods, such as: theoretical analysis, using zero dead
volume connectors or zero-length columns, extrapolation from
columns of different lengths or different retention times of solutes
[15-17,22,26].
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In the articles referred, small-molecule compounds were used
to determine the contribution of ECV effect to the total system
efficiency. However, the elution pattern of macromolecules in ECV
can be different than that observed for small-molecule compounds.
This stems from very low values of the diffusion coefficient of pro-
teins attributed to their large molecular weights. Slow diffusivity
accompanied with non-uniform velocity distribution in connecting
capillaries of the chromatographic system may cause deformation
of band profiles of proteins in ECV. The phenomenon of deforma-
tion of protein peaks in ECV has already been reported in a previous
work [10], where we determined peak variances to account for
band broadening.

That approach is simple and efficient in fast characterization of
the ECV effects; however, it is accurate only for laminar flow at
the Taylor-Aris regime, for which the residence time in ECV is suf-
ficient for lateral equilibration, i.e., to enable the solute to diffuse
over the tube cross-section. In a pre-asymptotic flow regime, for
which that condition is not met, the heterogeneity of the velocity
profile in the radial direction causes the solute to segregate into
the faster-moving region near the capillary center and the slow-
moving region at the column wall [27-33]. The phenomenon is
expected to be enhanced for macromolecules, whose movement
in the radial direction is hindered by low diffusivity, which can
adversely affect the performance of the whole chromatographic
system. Therefore, neglecting that issue can result in misinter-
pretation of the retention data for proteins, particularly for small
columns, in which band broadening in ECV dominates the elution
pattern. To describe accurately the ECV effects, radial distribution
of velocity in laminar flow in a tube as well as diffusion in the
radial direction have to be accounted, as indicated in several studies
[27-33].

However, chromatographic literature lacks in providing a sys-
tematic analysis of the ECV effect for proteins and its influence on
the retention behavior in a small chromatographic column. There-
fore, in this study we examined band broadening in ECV with a focus
on the specificity of the protein flow behavior in comparison to a
small-molecule compound. For that purpose, band profiles of dif-
ferent macro and small-molecule compounds, and their mixtures
were recorded in ECV by replacing the column with a zero-length
connector, as well as in the whole system including a small chro-
matographic column. The experiments were performed at different
mobile phase velocity in an Akta workstation using two differ-
ent injection systems: injection loop capillary of different volumes
and a superloop. The former is a thin loop with diameter usually
smaller than 0.1 cm, whereas the latter is a glass tube in a few cm
in the diameter. A strong deformation of protein profiles in ECV
was observed, which enhanced with increasing molecular weight
of the eluted compound. To reproduce the shape of band profiles, a
mathematical model was formulated, which accommodated non-
ideality of flow distribution in ECV as well as in the column. The
accuracy of the model predictions was verified based on exper-
imental data acquired for different mobile phase velocities. The
velocity range for the model applicability has also been determined.

2. Theory
2.1. Formulation of the model
To determine the flow behavior of proteins in ECV, a mathe-

matical model was used which accounted for laminar flow velocity
profile in the capillary system [27-31]:
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where Cis the local concentration of the solute in the mobile phase;
u, ug are the linear velocity and the mean linear velocity over the
capillary radius; r, x and t are the radial, axial coordinates and time,
respectively; R is the capillary radius; D is the solute diffusivity.

If the capillary length, L, exceeds certain critical value, L.,
defined as [34]:
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then the process can be described by a Fickian mechanism, where
the solute is moved with the mean flow velocity, ug:
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The apparent dispersion coefficient can be calculated as follows

[34.35]:
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In Eq. (5) k accounts for the geometry of the capillary and flow.

In case of laminar flow in a straight tube x =48 [34,35].

The protein elution inside the column was described by the
Transport Dispersive model as follows [36]:

Dapp =D + (5)
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where ¢ is the local concentration in the solid phase; g* is the equi-
librium concentration in the solid phase that is correlated with the
mobile phase concentration, C, by the isotherm equation; k,, is the
overall mass transport coefficient; Dg,7p is the apparent dispersion
coefficient in the column; F= (1 — & )/Esor is the phase ratio; &y
and ¢, are the total and external bed porosities.

2.2. Boundary and initial conditions

The model presented in Section 2.1 has to be supplemented with
adequate initial and boundary conditions. In case of sample pulses
injected through a small loop capillary or a superloop (Fig. 1A), the
system was assumed to be free of the solute prior to the injection,
i.e., for the initial conditions it holt:

C(x,t=0)=0 (8)

Moreover, a rectangular injection profile was assumed for the
inlet boundary condition:

Cinfor t < tin;
Cx=0,t)= 9)
0fort > tip;

where Cj;; and t,; denote the injection concentration of the solute
and the injection time, respectively.

The outlet boundary condition was expressed as follows:
M —0 (10)
dx

In case of injections through a large-volume loop capillary
(Fig. 1B), the initial condition was expressed as follows:

Cinjfor x < Lin;
C(x,t=0)= (11)
0forx > Lin;



156 K. Baran et al. /. Chromatogr. A 1598 (2019) 154-162

inj con

con, in ] con, out
i Lcdi; e
D) I
inj Lcon, in L con, out
— > "o e
col

Fig. 1. Illustration of the flow path for the sample injections. A) System without the column with a rectangular pulse injection (small loop capillary and superloop); the
system initially free of the solute; B) system without the column with a large loop capillary, which is initially filled with the sample, whereas remaining parts of the system
are free of the solute; C)system as in A) but with the column; D) system as in B) but with the column. Loy in, Leon oue denote the length of the pre- and post-column connection

capillaries (Lcop,in + Leon,out = Leon ), Tespectively.

where Liy; is the length of the injection loop capillary. The inlet
boundary condition for the injection loop capillary and the con-
nection capillary was assumed as follows (Fig. 1B):

T Bm { Oforx=0 } (12)

Cave forx = Linj

where Cave is the area-average concentration of the solute at the
outlet of the injection loop capillary. The outlet boundary condition
was the same as described by Eq. (10), at x = Ly;; + Leon.

In the presence of the column, the boundary concentration at
the column inlet was calculated as the area-average concentration
of the solute at the outlet of the pre-column connection capillary,
whereas the concentration of the solute at the outlet of the column
was used as the boundary condition for the post-column connec-
tion capillary (Fig. 1C and D). The conditions for injections through
the loop capillary or the superloop were included in the initial and
boundary conditions in the same way as described by Eqs (8)-(12).

The models given by Eqs. (1) and (2) or Egs. (4) and (5), which
describe the elution in capillaries, and by Eqs. (6) and (7), which
describe the column dynamics, were coupled with adequate ini-
tial and boundary conditions and solved numerically using a finite
difference method (details of the method are described elsewhere
(e.g.[37]).

3. Experimental
3.1. Instruments

Akta purifier with a UV detector and a data station (GE Health-
care Life Sciences, Uppsala, Sweden) was used for chromatographic
experiments. The injector was an injection valve with loop capil-
laries: 0.01 mL volume with L.D. 0.5mm, 1 and 2 mL volume with
1.D. 0.75 mm, and a superloop with maximum volume of 10 mL, L.D.
30 mm.

The volume of the connecting capillaries was of 0.25 mL, which
corresponded to the length 127.0 cm, including: Ly jn = 64.5cm
for the pre-column capillary (or before the zero-length connector),
and Leon,out = 62.5 cm for the post-column capillary (Fig. 1C and D).
In case of the superloop, the total length of additional connecting
capillaries was 43 cm.

76

The column elution experiments were performed using a
Tricorncolumn,1.D.5 mm (GE Healthcare) equipped with two stop-
plugs and two connectors, the length of bed packed into the column
was 1.4 cm, the bulk bed volume (Vjeq) was 0.27 mL.

3.2. Materials and process conditions

A few model proteins were used for the elution experi-
ments: lysozyme from chicken egg white, LYZ (MW =14.4kDa,
purity =90%), bovine serum albumin, BSA (MW =66.5kDa
purity > 96%), which were purchased from Sigma-Aldrich
(Sigma-Aldrich, Poznan, Poland), monoclonal immunoglobulin
1gG4 (MW =145.4 kDa purity > 99%) was provided by Polpharma
Biologics (Gdaiisk, Poland). A few band profiles of fibroblast growth
factor 2 FGF (MW =18 kDa) acquired in a previous study [10] were
also used as a reference for the model simulations (Section 4.1.1).
Additionally, blue dextran was used (MW =2000kDa), as a repre-
sentative of large macromolecules, and acetone (MW =58.8 Da), as
a representative of small-molecule compounds. All experiments
were performed at room temperature (av. 22 °C). The column was
packed with a cation exchange resin UNOsphere S (Bio-Rad Labo-
ratories, Hercules, CA, USA, particle diameter 80 wm). The mobile
phase was phosphate buffer (PB) with pH =7 free of salt or with 1 M
NaCl in the solution.

3.3. Procedures

3.3.1. Determination of void volumes

The void volume of chromatographic system consists of the
internal column volume that includes: the void volume of the col-
umn hardware (column fittings, stop-plugs) and the void volume of
the packed bed, as well as ECV that includes: connection capillaries,
connectors, valves, and a detector cell.

The void value of the column hardware was determined by a
pycnometric method, i.e., the empty column of a defined volume
and the same column filled with water and closed with stop-plugs
were weighed. The difference in the weights was used to calculate
the void volume of the column hardware. The value of 0.047 mL was
obtained, which was lumped with the bulk bed volume by extend-
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ing its length. The lumped bed length was used for the simulations
of the solute elution in the column (Section 4.2).

To determine ECV, a pulse of acetone was injected into the
system, in which the column was replaced with a zero-length con-
nector. A flow restrictor was mounted into the system to mimic the
presence of the column. The first absolute moment of the recorded
“connector” peak was used to calculate the total ECV, which was
equal to 0.29 mL. The difference between the total value of ECV and
the volume of the connecting capillaries (0.25 mL) determined the
contribution of the connectors, valves and the detector cell. That
value was lumped with the length of the connecting capillaries,
which made the apparent capillary length 23 cm longer, i.e. 150 cm
in total.

To determine the void volume of the packed bed, thus the bed
porosity, a pulse of acetone was injected into the system equipped
with the column packed with the resin, eluted with the mobile
phase at a defined flowrate (Q), and recorded as a “column” peak.
The first absolute moment of the connector peak was subtracted
from that calculated for the column peak to determine the retention
time in the column (¢). The value obtained was used to determine
the apparent bed porosity &qr = Q tr [Vpeq, Which was equal to 0.95.
That value included the contribution of the column hardware.

Additionally, the protein pulses were eluted and recorded under
non-binding conditions, i.e., in PB pH="7 with 1 M NaCl for IgG, LYZ,
or PB free of salt for the remaining solutes that were unretained
by the stationary phase. The connector and column peaks obtained
were used for estimating the apparent bed porosity available for
each of macromolecules (Section 4.2).

3.3.2. Pulse experiments

The solutions of proteins, blue dextran or acetone were injected
into the system, in which the zero-length connector or the column
were interchangeably assembled. The injections were performed
using the injection loop capillaries or the superloop (Section 3.1). In
case of the loop capillaries, the injection volume was 0.01 mL, 1, or
2mlL, whereas in case of the superloop - 1 or 2 mL. The sample con-
centrations for all solutes were: 1 mg mL~! for 0.01 mL-injections,
and 0.1 mgmL~" for 1 and 2 mL-injections. The solutes were eluted
at different mobile phase flow rates changed over the range 0.05-
1mL min~!, which corresponded to the linear velocity 15 x 102 -
300 x 102 cmh ! in the capillaries withI.D 0.5 mm, and 15 - 300 cm
h~1in the column with LD. 5 mm.

The peaks were recorded at 280 nm wavelength and converted
into the concentration units using a calibration factor, Standard
solutions of macromolecules and acetone were used to correlate the
detector signal with the protein concentration. The experiments
were performed in duplicate or triplicate. The results were found
to be reproducible, which confirmed the flow rate stability in ECV
and in the whole system.
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4. Results and discussion
4.1. Band broadening in ECV

4.1.1. Small-volume injections

To analyze band broadening in ECV, several pulse experiments
were performed, ie., solutions of different macro and small-
molecule compounds were injected into the chromatographic
system, in which the column was replaced with the zero-length
connector (Section 3.3.2). Typical band profiles of IgG correspond-
ing to small-volume injections (0.01 mL) recorded using the UV
detector at different flow rates are illustrated in Fig. 2A.

A strong band deformation can be observed, which is pro-
nounced at low values of the mobile phase velocity. The same trend
is valid for all model macromolecules, though their profiles differ
from each other, which is illustrated in Fig. 2B. The band profile of
acetone, which is superimposed in the same figure, follows a Gaus-
sian shape. This indicates that for small-molecule compounds the
capillary length was sufficient to reach radial equilibrium, i.e., uni-
form distribution of the solute concentration in the radial direction,
whereas proteins eluted at pre-asymptotic flow regime. Therefore,
small-molecule compounds should not be used for analyzing and
quantifying the ECV effect for macromolecules. That effect has to be
individually determined for each type of macromolecule. The dif-
ference in diffusivity of species in multicomponent solutions can
cause mixture components to migrate through capillaries with dif-
ferent velocities, which can result in unexpected band splitting.
An illustration of that effect is presented in Fig. 2C, where the
ECV profiles of single elution of IgG and acetone and their mixture
is superimposed. A pre-separation of the mixture occurs in ECV,
where a part of IgG elutes first, then the mixture of both compo-
nents appears, and finally the tail of the protein, which is free of
acetone, is eluted.

To reproduce the band profiles of macromolecules and elucidate
the observed phenomena, the mathematical model expressed by
Egs.(1)and (2)was used. The diffusion coefficient was an adjustable
model parameter, whose value was estimated by fitting the model
prediction to the experimental band profiles. The experimental
data, model predictions and the estimated values of the diffusion
coefficients are reported in Fig. 3A-F. For all cases, the value of
the diffusion coefficient obtained was very close to that conveyed
by literature, particularly for IgG [38]. It can also be observed that
peak tailing and peak deformation enhance with increasing molec-
ular weight and decreasing the diffusion coefficient. The strongest
peak tailing occurred for blue dextran with the highest molecular
weight, for which more than 1 mL of the mobile phase had to be
used to elute a small 0.01 mL-sample.

In case of all macromolecules, the length of the capillaries did
not exceed the critical value L (Eq. (3)) regardless of the flow rate
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Fig. 4. Evolution of the band profile for A) IgG and B) acetone in a long capillary at different distances from the inlet.

used. The critical length for the smallest protein LYZ was minimum
about L =160c¢m (at flow rate of 0.1 mL min~1), for the largest
molecule of blue dextran it was minimum L;; = 1330 ¢cm, whereas
the total length of the connection capillaries was 150 cm (Section
3.3.1). Therefore, the flow behavior of all the macromolecules was
dominated by non-uniform velocity distribution and slow diffusion
in the radial direction. The results of simulations also revealed that
the contribution of diffusion in axial direction (the last term in Eq.
(1)) was of minor importance.

In case of acetone, whose molecules are characterized by very
fast diffusivity with the diffusion coefficient D=1.1 x 10-9m? s’!
(according to the GSC chemical database), the critical length was
only Lgir=0.12cm (at 0.1 mL min™'). Therefore, radial relaxation
could be reached at a very short residence time in ECV.

To explain the differences between the flow behavior of a
protein and a small-molecule compound, a visualization of the evo-
lution of band profiles in a long capillary is presented in Fig. 4A and
B. The bands evolved from a rectangular injection pulse via band
deformation at pre-asymptotic flow regime towards formation a
Gaussian profile. The simulations were performed for the same crit-
ical length for both solutes. The changes in band shapes presented
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in Fig. 4A and B are identical, but correspond to significantly differ-
ent time scales. The Gaussian profile for acetone is formed about
40 times faster compared to the protein.

Therefore, to reproduce experimental band profiles of acetone
Eq. (6) was used, in which the second term including the adsorbed
phase concentration was canceled. The axial dispersion coefficient
was calculated from Eq. (4) with k = 48, as it is recommended
for laminar flow in a straight tube [34,35], and used in simula-
tions without any further adjustments. The quality of predictions
is illustrated in Fig. 3A.

The accuracy of the model predictions was verified versus the
experimental band profiles recorded at different mobile phase
velocities, i.e., at different residence times in ECV. In case of ace-
tone the model predictions reproduced experimental profiles over
the whole range of the mobile flow rates investigated. In case of
the macromolecules, the model accuracy was very good or good
for the flow rates Q < 0.5mL min~!, i.e., u < 150 x 102 cm h~! in
the capillaries with I.D. 0.05 cm, which corresponded to u < 150 cm
h~! in the column with L.D. 0.5cm. Above that value the model
failed in the predictions, despite the criterion for the critical length
Leonn < Leyir was met. For all the model macromolecules the pro-
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file shape became more symmetrical with increasing the mobile
phase velocity, which was against to the trends reported for small
molecules [20,31], and to the model predictions. The discrepancy
between the simulations and experimental bands depended on the
protein type. The problem is illustrated in Fig. 5, where a compari-
son between band profiles of IgG and FGF2 calculated and recorded
experimentally at Q=1 mL min~! is shown.

In case of the FGF2 profiles (recorded in the previous study [10]),
the discrepancy between the model predictions and experimen-
tal data was particularly pronounced. It is evident that the elution
pattern of proteins and its dependency on flow turbulence is dif-
ferent than that for small-molecule compounds. Because of very
low protein concentration in chromatographic pulses, viscosity
effects could be excluded as a possible reason for the reported phe-
nomenon. Probably, an explanation of that phenomenon requires a
more advanced approach, which may account for the space orien-
tation of the macromolecules and possibility of their interactions.
Anyway, the range of mobile phase velocity in the column w <
150cm h~! corresponds to that typically used for small columns
in protein chromatography.

4.1.2. Large-volume injections

The large-volume injections, i.e., with samples of 1 or2 mL, were
performed using the injection loop capillaries or the superloop
(Section 3.3.2.,Fig.1B). For all the model macromolecules the length
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of the loop capillary exceeded the critical value, whereas the length
of the connecting capillary was below that value at any flowrates
used. In such acase, the distance, L, that had to be made by the front
of the sample plug to reach the outlet of the connecting capillary
was smaller than L., whereas the distance to be covered by the
rear part in the injection loop capillary was above the critical value.
Therefore, two different model equations were used to simulate
the band migration in both parts, i.e,, for a part of the sample plug,
for which L < L, the set of Eqs (1) and (2) was used, whereas for
a part for which L > L.;; Eq. (4) was employed with the dispersion
coefficient given by Eq. (5). The boundary conditions were adjusted
accordingly, as described in Section 2.2. The value x was adjusted
by fitting the model simulations to the experimental profiles, it
and was equal to k¥ = 470 for all macromolecules. That empirical
parameter lumps hydrodynamic conditions for macromolecules in
the injection capillary coil.

Foracetone, the conditionL > L.; was always met, therefore, Eqs
(4) and (5) were used for the prediction of band profiles at k = 48,
in the same way as in case of small-volume injections, without fur-
ther adjustments. This again indicates differences in flow behavior
of small- and macromolecule compounds (k = 48 versus « = 470),
which cannot be explained by the model used.

In case of the injections through the superloop, the length of
the loop occupied by the sample solution was very small (max Ly
= 0.28 cm), therefore, the effect arising from the flow behavior of
the solutes in the superloop was negligible, and the rectangular
injection profile was assumed at the inlet of the connection capil-
lary. This corresponded to the flow path shown in Fig. 1A and the
boundary conditions given by Eq. (9).

Typical experimental data and the model simulations of band
profiles obtained for both injection systems are depicted in Fig. 6A
and B. The protein band profiles are characterized by strong asym-
metry of their fronts; i.e., a fast rise in the concentration in the lower
part of the breakthrough curve and a slow concentration transition
in its upper part.

The asymmetry is pronounced with increasing molecular
weight of the solute and decreasing the value of the diffu-
sion coefficient. This stems from the same effect, which caused
peak deformations for the small-volume injections, ie., from
non-uniform velocity distribution and slow diffusivity of macro-
molecules. In case of both, the injection loop capillary and the
superloop, the front of the breakthrough curves migrates through
(almost) the same distance to reach the end of the connection cap-
illary; therefore, the asymmetry of the front did not depend on
the injection method. However, the band profiles of the samples
injected through the large loop capillaries are characterized by
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long tailing (Fig. 6B) that arose from dispersion of the rear part
of the sample plug, which had to pass much longer distance com-
pared to that injected though the superloop. The model simulations
reproduced correctly the reported trends regardless of the sample
volume injected.

4.2. Band broadening in the presence of the column

The pulse experiments were repeated in the presence of the
column. The deformation of peaks in ECV contributed to band
broadening of the column peaks. In case of small injections, the flow
path of the solutes was divided into three parts: the pre-column
connection capillary (before the column), the column, and the post-
column connecting capillary (after the column), which is illustrated
in Fig. 1C and D. To simulate the band profiles in the capillaries, the
same algorithm was used as that described for the elution in ECV.
The band migration in the column was simulated using Egs. (4) and
(5), in which an adjustable parameter was the apparent dispersion
coefficient in the column. It can be expected that in a short column
the velocity distribution in radial direction is heterogonous; how-
ever, because of the presence of stationary phase that effect is much
less pronounced than in an empty capillary. This was confirmed by
the model predictions, which revealed that the contribution of dis-
persioninthe column to band broadening was of minor importance.
The simulations were performed for non-adsorbing conditions, for
which the adsorbed phase concentration in Eq. (4) was set equal to
zero, and Eq. (5) was dropped, or for adsorbing conditions in a linear
range of the isotherm. The column length was equal to the length
of the bed (1.4cm) extended with the length of the column hard-
ware, i.e, 0.24cm in the inert part of the column length (without
adsorption). For the simulation of the acetone peaks, the apparent
bed porosity &tr =0.95 was used (Section 3.3.1). The apparent bed
porosity with respect to the protein was found by adjusting the
peak retention simulated to the experimental one. In case of IgG,
the apparent bed porosity was &q =0.78, for BSA 0.75, and for LYZ,
which could easier accommodate in large pores (ca 130 nm [38]) of
the resin particles, it was 0.95. Moreover, since neither the lengths
of both connection capillaries Loy, j and Leon,our NOT the total length
(Ltot = Leon,in + Leon,out ) did not exceed the critical value (L), the
band broadening in the pre- and post-column capillaries was addi-
tive. This means that the same band shapes could be obtained when
two connecting capillaries were replaced either with a single capil-
lary with the length Lt at the column inlet or at the column outlet
since the total residence time in the capillary system in both cases
was the same. This is valid for non-adsorbing conditions or adsorp-
tion within the linear range of the isotherm. In case of non-linearity
in the process thermodynamics or hydrodynamics, which were not

accounted for in this study, the band broadening effect may be not
additive.

Typical chromatograms obtained for the macromolecules and
acetone under non-adsorbing conditions and corresponding sim-
ulations are shown in Fig. 7A. As mentioned above, the peak
asymmetry was determined by flow behavior in ECV, whereas the
contribution of dispersion in the column to the band broadening
‘was of minor importance,

To illustrate the effect of heterogeneity of the radial concentra-
tion profiles in ECV on the band shape, the model was additionally
solved using the apparent dispersion coefficient determined from
the peak variances for both ECV and the column. Exemplary solu-
tions of the model in which the radial concentration heterogeneity
was accounted for, or lumped into the apparent dispersion coeffi-
cient are compared in Fig. 7B. A typical comparison of the results
is presented for both non-adsorbing and adsorbing conditions.
The extent of discrepancy between the results of the simulations
depends on the length of the column, its efficiency, mass transfer
kinetics and the adsorption strength. The shorter residence time of
the protein in the column, the more important the ECV effect is.
Furthermore, the ECV effect enhances with increasing column effi-
ciency. Peak variance and its skewness could be used as a criterion
for quantification of the ECV effect and correlating its value with
the residence time and the mass transport kinetics, which how-
ever would require an additional detailed analysis. In general, in
case of small columns with volume of 1 mL and less, the ECV effect
has to be always taken into account while determining parameters
of the process.

The model was also used to predict the band profiles obtained
from the column for the large-volume injections. All model
coefficients were set the same as those determined for the small-
injections. Typical experimental data and the results of simulations
are depicted in Fig.8.

The band shapes for the proteins are characterized by asym-
metrical front with the dispersed upper part, which may suggest
that the solutes are adsorbed on the resin, though their elution
was performed under non-adsorbing conditions. The calculation of
the adsorbed phase concentration from the breakthrough curves
by use of the so-called frontal analysis method (see e.g. [34]) pro-
vides nonzero values. However, that stems only from the ECV
effect, which was confirmed by the model predictions. The shape of
the breakthrough front does not depend on the injection method,
whereas the courses of the concentration decay in the desorption
parts of the band profiles obtained by injection using the loop cap-
illary and the superloop differ markedly. In case of the superloop
injection, peak tailing is markedly reduced compared to that for the
loop capillary. This reflects the elution pattern in ECV presented
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Fig. 8. Typical band profiles at the column outlet for the large-volume (2 mL) injections. A) Fronts of IgG bands for the injections through the loop capillary; B) comparison

of the IgG band shapes for the injections through the loop capillary and the superloop.

above. Therefore, misleading conclusion concerning the adsorp-
tion behavior of proteins may be drawn, if the presence of the ECV
effectis not taken into account. The contribution of thateffect to the
chromatographic system efficiency depends on the column perfor-
mance and its length, as well as the adsorption strength, similarly
as reported above for the small-injection case.

5. Conclusions

The band deformation and broadening of macromolecules in
extra-column volume (ECV)was analyzed experimentally and the-
oretically. The effect stemmed from the radial velocity distribution
in connecting capillaries and slow diffusivity of macromolecules,
which caused non-uniform distribution of the concentration pro-
files in the radial direction. In case of a small molecule compound
(acetone), the length of the connecting capillaries was sufficient so
that axial dispersion governed the retention mechanism; therefore,
the peak deformation was not observed. The difference in the flow
behavior between the macro and small molecules caused them to
migrate through the connection capillaries with different veloc-
ities. Therefore, they were partly separated at the outlet of the
system. The ECV effect depended on the geometry of the injec-
tion system used, i.e., an injection loop capillary or a superloop.
In the former case, a strong tailing of band profiles was indicted
that stemmed from hydrodynamic conditions inlong injection loop
capillaries.

To quantify the band deformation of macromolecules, a mathe-
matical model was used which accounted for the radial velocity
distribution and slow diffusivity of macromolecules. The model
reproduced well the band profiles for the mobile velocity less
than 150 x 102 cm h~! in the capillary (that is 150cm h~! in the
small column). The diffusion coefficients estimated were in close
agreement to those reported in literature, therefore, the elution of
protein through the capillary system could potentially be exploited
to evaluate their diffusivity in different solutions.

The ECV effect contributed strongly to the elution behavior of
macromolecules in the small column. Peak tailing was observed
for small-volume injections and asymmetry of breakthrough curve
fronts for large-volume injections. Neglecting the EVC effect may
result in a wrong interpretation of the protein retention mecha-
nism.
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A procedure for adjusting the content of charge variants of monoclonal antibody by ion exchange chro-
matography has been developed. The band splitting phenomenon was utilized to split the protein load
into two parts, i.e., the flowthrough and bound fractions, which were either enriched or depleted with
some of variants. The phenomenon was triggered by thermodynamic effects resulting from oversatura-
tion of the resin binding sites at high column loadings as well as from kinetic effects arising from lim-
ited rates of mass transport. Cation exchange chromatography (CEX) and anion exchange chromatography
(AEX) separations were examined, with the reverse order of the variant elution: acidic, main, basic in
CEX, and basic, main, acidic in AEX, and the corresponding reverse enrichment tendency in the collected
fractions. The separations were performed by pH gradient, whose course was simplified to two stages:
isocratic loading and washing at mild pH to load and partly elute the protein, followed by a rapid pH
change towards non-binding conditions to desorb the remains of the protein load. To improve yield of the
operation, possibility of recycling of waste fractions was considered. To predict the process performance,

a dynamic model was developed, which accounted for both adsorption kinetics and thermodynamics.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Monoclonal antibodies (mAbs) are a fast growing class of ther-
apeutic proteins that have a potential to cure a number of previ-
ously “incurable” diseases, contributing to improvements in health
care [1-4]. mAbs are often characterized by high specificity and
efficacy and limited side effects [5,6]. Large size and complexity
of the structure of intact mAb makes its molecules prone to mod-
ifications that may occur during expression or due to enzymatic
and chemical reactions. Therefore, the formulation of therapeutic
mAbs often results in different types of microheterogeneity. For-
mation of charge variants is one of the most important sources
of microheterogeneity. It mainly arises from sialylation of the gly-
can, oxidation of methionine residues, N-terminal lysine process-
ing, and isomerization of aspartic acid [7-10]. Charge variants can
be divided into low-pl, mid-pl, and high-pl isoforms, which are
termed as “acidic”, “main” and “basic” variants. Several researches
reported decreased therapeutic potency of acidic variant and in-
creased potency of basic variants compared to the main species
[11-16]. Hence, reduction in the content of the acidic charge vari-
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ants in the downstream pools is often prioritized over reduction
in basic charge variants. Furthermore, the content of the acidic
species often falls to category of product quality attributes and has
to meet a manufacturer defined acceptance criterion [17,18]. Nev-
ertheless, it has been indicated that the effect of the presence of
acidic variants on the properties of the overall mAb pool is often
insignificant at reported literature values of ~25 + 5% acidic vari-
ant level [17,18].

Though modification of upstream processing can be used to al-
ter charge variant content, downstream processing is typically used
for that purpose. Since most of mAbs have a basic property with
a relatively high isoelectric point (pl > 7), cation exchange chro-
matography (CEX) is regarded as standard technique for separation
of mAD charge variants [19-24]. For the separation of the more ba-
sic oxidized variants of intact mAbs, anion-exchange chromatogra-
phy (AEX) can also be applied [25].

The separation is typically performed with salt or pH gradients.
In several separation cases, dual pH-salt gradients were also found
to be efficient [21,26]. However, use of salt or dual gradients for
the protein elution, requires optimization of the pH and the NaCl
concentration in the loading and elution buffers for each individ-
ual mAb [27]. Separations using pH gradients is simpler in that re-
spect. That technique was successfully used in several studies for
separation of the mAb charge variants [28-32]. pH gradient may
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be generated on strong ion exchangers by mixing two buffer solu-
tions with predefined pH values at the column inlet (external gra-
dient), or on either strong ion exchangers using adsorbing buffer
components or weak ion exchangers using non-adsorbing buffers
(internal gradients) [29,33-39].

Nevertheless, pH gradients for separations of mAb variants are
typically realized within a wide pH range that covers binding and
elution conditions. Capacity limits of buffers used ion exchange
chromatography result in non-linearity of pH gradients; devia-
tion from pH gradient linearity is a cause of lowered resolution
[31]. Therefore, complex multicomponent buffering mixtures are
required [31,40], which can be acceptable for analytical purposes
but problematic in preparative protein separations.

In general, regardless of the gradient mode, the similarity of
surface charge properties between mAb charge variants makes
their separations by IEX very difficult. Low separation selectivity
causes profiles of variants to overlap. Displacement chromatogra-
phy has shown some potential to improve the separation effective-
ness, since it provides better resolution than other elution modes
[41,42]. However, the separation mechanism is based on use of
strongly adsorbing displacer that is difficult for removing, which
hinders implementation of that technique.

To improve the separation performance and mitigate the over-
lapping of variants profiles, multicolumn chromatography was ex-
ploited based on countercurrent solvent gradient [43], multicol-
umn recycling method [44], or multicolumn self-displacement [45],
which allowed the enrichment of the desired variants to a high
yield. However, the realization of multicolumn processes requires
special equipment systems, whose performance is difficult to opti-
mize and control.

Furthermore, large-scale chromatography is realized at high
throughput. Therefore, mAbs are loaded into IEX columns at pH far
different from their pl, at which they are highly charged, thus their
binding capacity is high. Yet, strong binding to the resin may be a
cause of destabilization of mAb structure on the adsorbent surface,
its unfolding and aggregation, which reduces yield and recovery of
the protein [46-48].

In this study, an alternative approach is developed based on uti-
lization of an IEX batch column, in which the separation is per-
formed by pH changes within a relatively narrow range; at mild
pH below and above pl of the mAb variants, under conditions of
oversaturation of adsorption sites by the protein load. In the proce-
dure developed, pH gradient is reduced to two steps, i.e., isocratic
loading and washing, in which the feed containing the mixture of
the mADb variants is loaded and partly eluted in the flowthrough
fraction, and desorption, in which the bound fraction is pooled.
The flowthrough fraction is enriched with the least retained variant
and depleted with the most retained one, whereas in the bound
fraction the enrichment tendency is reversed. To describe the pro-
cess quantitatively, a model of the process dynamics is formulated
and used for predicting the separation course of the mAb stock
materials differing in the variant content.

Summarizing, the goal of the study is to develop a procedure
for fast adjustment of the content of mAb variants, i.e., to reduce or
enrich the mAb pool with certain variants at required level, along
with a simple mathematical tool for the process design. The op-
eration can be performed at mild pH, at which the protein struc-
ture stability is preserved. Also, it does not require neither special
equipment nor sophisticated gradient shape.

2. Theory - dynamic model

To simulate the band profiles of variants in a chromatographic
column, a kinetic-dispersive model was employed [49-51]:
aG; G 392G

aq;
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where C; is concentration of i-th variant in the mobile phase in
mg mL-!, g; is the adsorbed concentration of i-th variant in mg
mL;]lamx (matrix denotes the solid backbone of the resin), u is the
superficial velocity in m s~ ¢ is time in s, x is the axial coordinate
in m, D;,q is the effective axial dispersion coefficient, which lumps
dispersion and diffusional mass transfer effects, in m? s, Erp is
the bed porosity accessible by the protein molecules, which was
set the same for all variants, & is the total bed porosity.
The adsorption kinetics was quantified as follows:

aq; 2

8—[' =k | KappiGi| 07° — Oappiti — ) Tapp.ijdj | — G 2
J#

where kg; is the lumped mass transfer coefficient, g° is the in-

dividual binding capacity of i-th variant, which can be obtained

by normalization of the total resin binding capacity, q*, with re-

spect to the individual exclusion factor oy, ie., ¢ = 95, Oapp.ij
is the normalized apparent exclusion factor, ogpp jji = gi, which
i
accounts for the contributions of steric hindrances and molecular
interactions in the adsorbed phase, for j = i: ogppj; = 1. Since the

variants are similar in their structures, oy,,;; was assumed to be
the same for all of them, ogp, ;i = Oapp- The coefficient Kgpp; is
the apparent equilibrium constant.

When all exclusion factors are equal to 1, oy ij = Ogppii = 1,
Eq (2) at steady state (i.e, at the adsorption equilibrium) converts
to the competitive Langmuir isotherm. The values ogpp;; > 1 in-
dicate negative deviations from the Langmuir isotherm, ie., neg-
ative cooperative adsorption that is attributed to the occurrence
of repulsive interactions or steric exclusion of adsorbed molecules
of different species, which reduces their concentration in the ad-
sorbed phase. The values o, ;; < 1 indicate contribution of pos-
itive deviation from the Langmuir isotherm, i.e. positive coopera-
tive adsorption, termed also as synergistic adsorption, which stems
from attractive interactions of protein molecules in the adsorbed
phase and results in enhancement of adsorption [52-55].

Initial and boundary conditions were specified according to refs.
[46-48]. In case of large protein loads, the extra-column volume
profile of the protein was used to formulate the boundary condi-
tion at the column outlet. A numerical solution of the combined
Eqs. (1) and (2) was obtained using a finite difference method (de-
tails of that method are given in e.g., [56]).

3. Experimental
3.1. Instruments

Akta purifier with UV, pH and conductometric detectors with
a data station (Cytyvia, Uppsala, Sweden) was used for the semi-
preparative IEX separations. The sample injector was an injection
valve with a loop capillary of 5 mL volume. The semi-preparative
separations were performed using Tricorn columns, L.D. 0.5 cm (Cy-
tyvia) equipped with stop-plugs and connectors.

A Dionex UltiMate 3000 System (Thermo Scientific, Waltham,
USA) was used for the CEX HPLC analysis of the variant content., An
Infinite 200 PRO multimode microplate reader (Tecan Group Ltd,
Mannedorf, Switzerland) was used to determine the overall protein
concentration.

Amicon® Ultra Centrifugal Filter Units, with volume of 4 and 15
mL and molecular weight cut-off of 10 kDa (Merc Millipore, Darm-
stadt, Germany) were used for buffer exchange and concentration
of protein solutions.

3.2. Materials

The monoclonal antibody mAb2 (IgG1l, MW = 148 kDa, purity
> 96%), was provided by Polpharma Biologics (Gdansk, Poland).
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Table 1
Average content of the stock materials.
av mv bv
Stock %
L-av 24 52 24
M-av 45 40 15
H-av 61 35 4.0

Table 2
Properties of the resins used for the semi-preparative separation of mAb2 variants.

TOYOPEARL GigaCap

Resin name S-650M POROS™ XQ
Acronym TP GigaCap POROS

Resin type CEX AEX

Functional group Sulfonate Quaternary amine
Matrix Methacrylic polymer Crosslinked poly

(styrene-divinylbenzene)

Resin mean size pm 50-100 50

Table 3
Compositions of buffers used in the analytical CEX HPLC separation of the variants.
25 mM
Buffer % v/v 25 mM NaH;PO, NapHPO4 125 mM Nacl
A 35.6 44.4 20
B 8.8 71.2 20
C 5.0 5.0 90

The mean isoelectric points of variants were: acidic variant (av)
pl = 8.7, main variant (mv) pl = 8.9, basic variant (bv) pl = 9.1. The
stocks of the mAb2 post-processing material were provided with
different variant content: a medium acidic variant content (M-av)
and a high acidic variant content (H-av). Stock materials with a low
acidic variant content (L-av) were composed of fractions of IEX ef-
fluents obtained in the semi-preparative separations. The average
variant content of different batches obtained from the same pro-
cessing procedures (both by Polpharma Biologics and acquired in
the semi-preparative separations) are given in Table 1.

Two IEX resins were used for the semi-preparative separations:
a strong CEX resin - TOYOPEARL GigaCap S-650M (Tosoh Bio-
science), and a strong AEX resin - POROS™ XQ (Thermo Fisher Sci-
entific). The properties of the resins are presented in Table 2.

The binding and washing of the protein on the CEX resin was
performed using 0.025 M disodium phosphate buffer (PB) pH 6.5,
whereas for desorption PB with pH 9.0 was used. For binding and
washing of the protein in the AEX column, a 0.05M TRIS-HCI buffer
PH 9.3 was used, and for desorption a 0.04M sodium acetate buffer
with pH 5.5 was used. The columns were regenerated with a 1 M
NaCl solution in adequate desorption buffer.

The individual variant content in the mAb2 samples was de-
termined using an analytical CEX HPLC column ProPac™ WCX-
10 (Thermo Fisher Scientific, Waltham, USA) with 1.D. 0.4 cm and
length 25 cm, packed with a resin of particle size 10 pm. The com-
position of buffers used for the analyses is presented in Table 3.

3.3. Procedures

3.3.1. Preparation of mAb2 samples for semi-preparative
chromatography and for the isotherm measurements

The Amicon filters were used for buffer exchange and the sam-
ple concentration.
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A 5 mL of the mAb2 solution was added to the Amicon filter,
covered with a portion of 10 mL of the binding buffer, and cen-
trifuged for 30 min. The operation was repeated with a fresh por-
tion of the binding buffer several times until the desired pH was
obtained and the sample conductivity complied with the buffer
conductivity.

3.3.2. Measurements of isotherms

The adsorption isotherms were determined at different pH us-
ing appropriate buffers; for the CEX resin - 0.05 M acetate buffer
with pH 5.5, or 0.025 M PB with pH: 6.0, 6.5, 7.0, 7.5, and for AEX
resin - 0.05 M TRIS-HCI buffer with pH: 9.3, 9.2, 9.15, 9.0, 8.8.

A portion of the resin suspension was transferred to a spin-
x Eppendorf with a cellulose membrane and washed three times
with the binding buffer and centrifuged after each step. The last
centrifugation was carried out for 30 minutes to remove liquid ad-
hered to the resin surface,

Next, samples of about 10 mg of the resin were taken and
placed into Eppendorf tubes. A 0.7 mL sample of the protein so-
lution in the adequate buffer with the concentration ranging from
0.1 to 8 mg mL~! was added and incubated on a circular rotator
at 15 rpm until no noticeable change in the supernatant concen-
tration was observed, i.e. for 2h. The supernatants were separated
from the resin using 0.2 pm PES syringe filters and subjected to
the concentration analysis. The overall concentration of the pro-
tein (i.e, the whole content of mAb2) was performed using the
microplate reader, the content of variants was determined using
CEX HPLC (section 3.3.6).

The overall equilibrium concentration of all variants, ¢},, and
the individual equilibrium concentration of each variant, g7, in the
adsorbed phase was calculated from the following equations:

V Coov — Cow
= o = C) @
VG -G
=

*

g (4)
where V is the solution volume, myg is the mass of the resin, Cg o,
Cp; are the initial overall concentration and the initial individual
concentration of each variant in the stock materials (i = av, mv,
bv), respectively, Cyy, C; are the corresponding overall and individ-
ual equilibrium concentrations in the liquid phase (supernatant).

3.3.3. Column packing

A 50% slurry of the appropriate resin was transferred into the
Tricorn column. The resin was left for sedimentation, rinsed several
times to prevent drying out. After that, the bed was consolidated
by pumping a 1 M NaCl solution in phosphate buffer through the
column under controlled maximum flow rate. The position of the
flow adapter was adjusted according to the bed height until there
was no further bed compression. The bed height after compression
was about 5 cm for both CEX and AEX resins.

3.3.4. Measurements of packed bed porosity

To determine the packed bed porosity, the elution times were
measured for dilute pulses of NaCl using PB in the CEX column
or TRIS-HCI in the AEX column as the mobile phase. The specific
packed bed porosity for mAb2 was determined from the retention
time of a pulse of mAb2 solution eluted under non-binding con-
ditions, i.e., at 1 M NaCl in the mobile phase. The elution times
measured were corrected by subtracting the contribution of the
extra column volumes. For the CEX column the total porosity was
& = 0.73, the specific porosity for mAb2 was &;, = 041, for the
AEX column those values were 0.69 and 0.44, respectively.
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Table 4
Conditions for semi-preparative chromatography experiments.
Run no Resin Feed comp. pH load Vinj mL Cinj mg mL~! Column load mg mL™! Q mL min~! pH gradient
1 CEX M-av 6.5 5 44 220 0.5 6.5-9.0
CEX M-av 6.5 5 44 220 0.2 6.5-9.0
2 CEX H-av 6.5 5 385 192.5 0.5 6.5-9.0
3 CEX M-av 6.5 5 18.3 91.5 0.5 5.5-9.0
4 CEX M-av 6.5 5 5 25 0.5 5.5-9 (linear, 5 CV)
5" AEX M-av 93 5 40 200 0.5 9.3-55
6 AEX M-av 93 5 40 200 0.2 9.3-5.5
7 AEX H-av 93 5 40 200 0.5 9.3-5.5

* ) reference runs used for the model calibration

3.3.5. Semi-preparative chromatography experiments

The column packed with the CEX or AEX resins was equili-
brated with the appropriate binding buffer (section 3.2). The pro-
tein dissolved in the binding buffer was injected into the column
and partially eluted using the same buffer at the flowrate of 0.5
or 0.2 mL min—!, Next, the binding buffer was exchanged with the
desorption buffer in a step gradient (0 —100% v/v) or in a 5CV lin-
ear gradient. During the whole process, including loading, washing
and desorption, the column effluent was collected in 1 mL frac-
tions. To calibrate and verify the model, several chromatographic
runs were performed, in which the mAb2 load and the mobile
phase flowrate was changed (Table 4).

To quantify the band broadening in extra-column volumes, each
mAb2 sample was injected into the Akta system bypassing the col-
umn. The recorded profile was used to define the inlet boundary
condition for the dynamic model.

3.3.6. Determination of the variant content by CEX HPLC

The samples acquired from the supernatants obtained in the
isotherm measurements and in the IEX separations were analyzed
by CEX HPLC. Prior to the analysis, the samples were subjected to
buffer exchange with the binding buffer (buffer A, Table 3). Then,
the samples were injected into the CEX HPLC column equilibrated
with buffer A and washed for 5 min with the same buffer. Next,
buffer A was exchanged with 100% v/v of buffer B in a 55-min lin-
ear gradient. After elution, the column was regenerated using 100%
v/v buffer C. The mobile phase flowrate was 0.5 mL min~!. The UV
signal of the protein was corrected by subtraction of the blank run
of the same gradient program but without the protein. To normal-
ize the results of all analyses, the total mass of the protein injected
to the column was kept the same, i.e,, 0.05 mg of the protein, For
that purpose, the Amicon-filtration of the samples was combined
with the concentration analysis using the microplate reader, and
then the injection volume was adjusted to load the defined mass
of the protein. A typical band profiles recorded are illustrated in
Fig. 1. The fraction F; was assigned to the acidic variant, F, to the
main variant, and F;3 to the basic variant, according to the proce-
dure used by Polpharma Biologics. The area under the profiles cor-
responding to each of fractions was determined and used to calcu-
late the individual variant content.

4. Results and discussion
4.1. Separation concept

As mentioned above, the goal of the separation technique de-
veloped was to accelerate the whole process and to simplify the
course of pH gradient to two stages:

e isocratic loading and washing at mild pH, for the resin over-
saturated by a high protein load, which was accompanied by
partial elution of the protein in the flowthrough fraction,

« fast change in pH towards non-binding conditions to desorb the
bound fraction of the protein.
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The realization of the process was preceded by:

screening of CEX and AEX resins for the possibility of variant
separation at a high binding capacity,

measurements of adsorption isotherm of the protein,
determination of the retention behavior of the variants in CEX
and AEX columns,

formulation of the dynamic model to predict the separation ef-
ficiency,

assessment of the possibility of fraction recycling to improve
the operation yield.

4.2. Screening of the separation conditions

4.2.1. Selection of the resins for CEX and AEX

The CEX and AEX experiments were preceded by screening dif-
ferent strong cation and anion exchange resins packed in small 1
mL columns to find the best candidates in terms of the capability
of separating the mAb2 variants by pH or salt gradients or their
combination. In general, the mAb2 variants exhibited very similar
retention properties, and therefore they were very difficult to sep-
arate. Addition of salt was found to be destructive for the separa-
tion selectivity, regardless of the resin used. Therefore, pH gradient
was eventually used for the separation. Preliminary separation ex-
periments were performed under low loading conditions with pH
linear gradients within pH range 5.5-9.0 for the CEX resins, and
9.3-5.5 for the AEX resins. Finally, the pair of TP GigaCap (CEX) and
POROS (AEX) was selected, for which the separation of the variants
was feasible though still difficult. In CEX the acidic variant eluted
slightly ahead of the main one, however strong overlap was ob-
served between their profiles regardless of the gradient slope and
flowrate used. In AEX the elution order was reversed; the over-
lap was observed for the bands of the basic and main variants,
whereas the acidic variant was the strongest retained.

4.2.2. Selection of pH for loading and washing - assessment of the
overall binding capacity

To assess the overall binding capacity of mAb2 and its pH de-
pendency, the overall adsorption equilibrium was measured for the
stock mixture with a medium content of the acid variant (M-av
stock, Table 1). The measurements were performed at different pH
of the mAb2 solutions, within the range of pH 5.5-7.5 for the CEX
resin, and pH 9.3-8.8 for the AEX resin, according to the procedures
reported in sections 3.3.1 and 3.3.2. The results shown in Fig. 2A
and 2B represent pseudo-single isotherms of the protein that in-
clude the overall contribution of all variants. The overall binding
capacity in the M-av stock was estimated based on the isotherm
course; it varied from 210 to 63 mg gr};n for the CEX resin (i.e., per
g of the centrifugated resin), and from 290 to 23 mg g;e;m for the
AEX resin. The estimated parameters of the overall (pseudo-single)
isotherms (Eq. (2) at ogpp = 0) of the M-av stock are reported in
Table S1 and S2 in Supplementary materials.
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Fig. 1. Typical band profiles in CEX HPLC, F;, F», F5 are the fractions assigned to the variants: av, my, bv.
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Fig. 2. Overall isotherm courses of mAb2 for the M-av stock at different pH of the solutions. A) CEX column, B) AEX column. Symbols - experimental data, lines - simulations.

4.2.3. Preliminary chromatographic experiments

A few chromatographic experiments in the IEX columns were
performed, in which the mAb2 solution was loaded under binding
conditions, i.e. at pH for which the binding capacity was higher
than 100 mg gr’eim, The column loading was about 200 mg mLC’u}um"
(mg mAb2 per mL of the column volume), which corresponded to
oversaturation of the resin by the protein. The protein peak split
into two parts, which occurred due to a combination of thermo-
dynamic effects arising from the oversaturation of the adsorption
sites on the adsorbent surface as well as kinetic effects triggered
by slow rates of mass transport. In the CEX separations, the first
fraction of the protein load was eluted in flowthrough during the
loading and washing period at pH 5.5, 6.0 or 6.5, whereas the sec-
ond one was recovered without mass losses by pH changes in the
step gradient or in the 5CV linear gradient towards pH 9.0. In AEX,
the protein was loaded and partially eluted at pH 9.3 or 9.2 and
desorbed by a pH drop to 5.5. The effluent was fractionated and
subjected to the concentration analysis in the microplate reader
and to the CEX HPLC analysis to determine the variant content.
The collected data were converted into the individual concentra-
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tion profiles of the variants. Next, the loading pH was selected for
further experiments i.e., pH 6.5 for CEX and 9.3 for AEX., which en-
sured mild binding conditions for the protein and allowed avoiding
the problems with structural instability of mAb2 reported in pre-
vious studies [57,58]. The protein load was selected in such a way
that the protein band was split approximately in half. Each frac-
tion, which was acquired with about 50% yield, was enriched, or
depleted with some of the variants. For both CEX and AEX resins,
pH conditions were mild for the protein; no aggregation of the
protein, irreversible adsorption, or other symptoms of structural
changes upon adsorption were observed. Typical chromatograms
are illustrated in Fig. 3A for CEX, and in Fig. 3B for AEX.

4.3. Determination of the individual isotherm coefficients

The overall adsorption equilibrium was measured for all three
stock materials at the reference pH selected for the column load-
ing and washing (pH 6.5 for the CEX resin, and pH 9.3 for the
AEX resin, section 4.2.3), according to the procedure described in
section 3.3.1. The results of the measurements for CEX and AEX are
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Fig. 3. Individual band profiles of the mAb2 variants for the M-av stock recorded at the mobile phase flowrate @ = 0.5 mL min', V;;; = 5 mL (Table 4).
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A) CEX, run 1

(G = 44 mg mL~"), Fy - fraction enriched with ay, F, - fraction depleted with av, B) AEX, run 5 (C;;; = 40 mg mL~!), F, - fraction depleted with av, F, - fraction enriched
with av. Symbols - experimental data, lines - model simulations (section 4.5).
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Fig. 4. Overall isotherms of mAb2 for three stock materials: H-av, M-Av, L-av. A) CEX and B) AEX.

Table 5

Model parameters determined under binding conditions (pH 6.5 in CEX, pH 9.3 in AEX), ¢* in mg g}, in the isotherm measurements (batch), ¢ in mg 1) o

dynamic measurements, K and &, — dimensionless, k in s, Dy .

in the

Resin i qz, g Gy Koy O kqy x10° Koy x10° ky, x10° Dy, x10°

CEX

Batch dynamic  122* 122+ 122* 170*  5.1* 5.1 5.1*5.1 51" 5.1 0.30 11.1 10.1 8.54 6.79
156* 161+

AEX

Batch dynamic 146 90.0 57.5 46" 312 312 789 789 34.8 34.8 0.17 0.17 0.148 133 4.04 6.01
175* 108+*

*) mean values for the pseudo-single isotherms (g3 ), **) adjusted based on the column experiments

presented in Figs 4A and 4B in the form of the overall equilibrium
concentration of the protein in the adsorbed phase vs its overall
equilibrium concentration in the liquid phase, g%, = f(Cq).

As it can be observed in Fig. 4A, despite the differences in the
variant content, the courses of the overall isotherms measured for
all three stock materials on the CEX resin are very similar, ie.,
within the margin of experimental errors. This indicates that the
adsorption selectivity of the variants was very low, which rendered
the determination of the individual isotherm coefficients for each
variant impossible, Therefore, in this case only the overall isotherm
coefficients were determined and averaged for all stock materials
(Table 5).

In case of AEX, the difference in the overall isotherm courses
obtained for different stock materials was more distinct, therefore
the individual isotherms of variants could be assessed. The corre-
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sponding data are shown in Fig. 5A-5C. In that case, the strongest
adsorption was observed for the H-av stock, with the agreement to
pl of the variants, and to the elution order in the AEX column.
The individual adsorption data acquired on the AEX resin were
used to determine the isotherm coefficients in terms of the in-
dividual equilibrium constant, K;, the individual binding capacity,
g, and the apparent exclusion factor, & 4pp. For that purpose, the
kinetic model consisting of Eq. (2) was solved for all three vari-
ants in their ternary mixtures, and the obtained steady state solu-
tions were fitted to all isotherm data, i.e., obtained for all three
stock materials, using an optimization procedure. The values of
the individual isotherm coefficients are presented in Table 5. The
simulated and experimental isotherms are not perfectly matched
(Fig. 5), which can be attributed to both experimental errors aris-
ing from inaccuracies of the CEX HPLC analysis of the variant
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Fig. 6. Individual band profiles of the mAb2 variants eluted from the CEX column under different loading conditions, the mobile phase flowrate Q = 0.5 mL min~?, Vinj =5
mL (Table 4). A) run 4 (M-av stock, Cipj = 5 mg mL™"), B) run 3 (M-av stock, Gipj = 18.3 mg mL~", C) run 2 (H-av stock, Cij = 38.5 mg mL~").

content as well as the model simplifications. Nevertheless, the
isotherm data obtained revealed distinct trend of a very week
competition between the variants for adsorption sites. This was re-
flected by the value of the apparent exclusion factor, which was
markedly lower than 1 (ogpp = 0.17, Table 5). This implies that
the adsorption mechanism was a combination of positive and neg-
ative cooperative adsorption, in which adsorption of one variant
induced enhancement of adsorption of another one rather than its
reduction. The negative cooperative adsorption causes reduction of
available adsorption sites for molecules of each variant due to the
competition with other variants, and induces the effect termed as
self-displacement, in which more retained molecules displace less
retained ones. Positive cooperative adsorption can occur as a result
of attractive intermolecular interactions that lead to the formation
of molecular clusters on the adsorbent surface [50-53].

4.5. Formulation of dynamic model

To simulate the band profiles, the dynamic model expressed
by Egs. (1) and (2) was solved. The model parameters were ther-
modynamic coefficients: K;, q;°, oqpp, and the kinetic coefficients:
lumped desorption rate coefficient, ky, and the effective axial dis-
persion coefficient Dp,q.

In case of CEX, K; was set equal to the average overall equi-
librium constant, K; = K, determined from the averaged overall
isotherm course, while gi*, o qpp and kq; were estimated to repro-
duce the individual flowthrough profiles (i.e., in the loading and
washing step) of the variants recorded under high overloaded con-
ditions. For that purpose, the reverse method (peak fitting) was
employed. The model parameters obtained for the loading and
washing steps are reported in Table 5. The differences in the load-
ing capacities obtained from the isotherm data and peak fitting can
be attributed to the differences in bulk densities of the packed bed
and the centrifugated resin, as well as to model and experimen-
tal inaccuracies. To simulate the course of the protein desorption
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with the pH gradient, i.e., pH 6.5-9.0, the empirical exponential or
polynomial dependencies of K and ¢;* versus pH were formulated
based on the data reported in Table S1 (Supplementary materials)
and adjusted to the ratios between individual ¢;° of the variants.
The coefficient ky; in the kinetic equation (Eq. 2) lumps the ef-
fect of mass transfer resistances, therefore it was correlated with
the retention factor, thus with the Henry constant H; = K;g}® (see
e.g. [47,48]). To account for the pH dependence, ky; was set to vary
along with the Henry constant in relation to the loading and wash-
ing pH 6.5:

kis@H) _ Hi(pH 6.5) )
kq;(PHG.5) Hi(pH)

Obviously, that approach oversimplified the real desorption
mechanism, however it reproduced the desorption course with a
reasonable accuracy.

The value of Dj,q was determined by fitting the model sim-
ulations to the protein profiles recorded under non-binding con-
ditions, at which k;; = 0 [47,48]. It was found that both values
of D;,q and kg; did not noticeably depend on the mobile phase
flowrate used, i.e, 0.5 mL min~! or 0.2 mL min~!. This probably
stems from the influence of flow behavior in the external void
volumes on band broadening in short columns, which for each
flowrate was independently accounted for in the boundary condi-
tions of the dynamic model (section 2).

In case of AEX, to reproduce the flowthrough band profile, the
individual isotherm coefficient, K;, and the apparent exclusion fac-
tor, o qpp, determined based on the isotherm courses (Fig. 5) were
adopted in the dynamic model, whereas the loading capacities, g,
and the kinetic coefficients, k,;, were adjusted by fitting the model
simulations to the experiential bands. All parameters obtained are
collected in Table 5. To evaluate the model parameters for the des-
orption step, similar approach was taken as that reported for CEX.

The model simulations confirmed the trend observed in the
isotherm data, i.e., weak competitive adsorption, which manifested
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Table 6
Variant compositions in the flowthrough and bound fractions in CEX.
M-cv H-cv
av mv by Y [%] av mv  bv Y [%]
Stock material 42 46 11 60 37 3.0
Fy Experiment 49 40 11 58 69 29 2.0 51
Simulation 52 40 8.0 41 74 25 1.0 45
F Experiment 36 40 23 42 48 46 50 49
Simulation 36 40 24 59 47 47 6.0 55
Table 7
Variant compositions in the flowthrough and bound fractions in AEX.
M-cv H-cv
av mv  bv Y [%] av mv  bv Y [%]
Stock material 43 40 17 60 36 40
Fy Experiment 24 52 23 64 47 48 5.0 51
Simulation 24 56 20 56 49 47 4.0 50
F Experiment 62 30 8.0 36 70 27 30 49
Simulation 60 30 10 44 70 26 4.0 50

itself by a weak displacement effect, regardless of the variant con-
tent in the stock material used as the feed solution. The model
reproduced band splitting that occurred, as mentioned above, due
to a combination of thermodynamic and kinetic effects., Both ef-
fects caused formation of the flowthrough concentration front in
the column oversaturated by high protein load. When the amount
of the protein present in the column decreased, a slow front was
formed, in which the protein was stronger bound and therefore re-
tained longer. Simultaneously, the extension of the residence time
enhanced the protein binding due to the kinetic effects, hence the
protein desorption was inhibited until the pH gradient was initi-
ated.

The model was verified by comparing the simulated and exper-
imental band profiles recorded at different protein loads, variant
content in the feed solutions and the mobile phase flowrate. Typ-
ical band profiles recorded in CEX are shown in Fig 3A and Figs
6A-C, and in AEX in Fig. 3B and Figs 7A, 7B. The compositions of
fraction and the fraction yields are reported in Tables 6 and 7. The
fraction yield was calculated as the mass of mAb2 in the fraction
collected to the mass loaded into the column. Again, the model
simulations did not perfectly match the experimental data but fol-
lowed well the observed trends.

It can be observed that reduction in the protein load caused
band splitting to diminish, which was well reproduced by the
model (compare Fig. 5A and Figs 7A-C). The fraction F; obtained in
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the flowthrough of the M-av stock in the CEX column was slightly
enriched with the acidic variant (av), whereas F, was depleted
with that variant (M-av, Table 6). The change in the content of
the bv variant was more pronounced; its concentration in the frac-
tion F; was much higher than in the feed solutions. If isolation
or enrichment of bv were the goal of the process, the waste frac-
tion Fy that was av-enriched might be recycled to CEX to recover
the remaining part of the target bv variant. Recycling of the waste
av-enriched fraction F; from the M-av stock was mimicked by pro-
cessing of the H-av stock. The av content in the fractions collected
from the H-av stock was again only slightly different (F;, F, in H-
av, Table 6). Therefore, if reducing the av content in the M-av stock
were the goal of the process, the AEX separation would be much
more effective, as it provides the flowthrough fraction with less
than 25% av (F; in M-av, Table 7). As mentioned above, the pres-
ence of acidic variants has often negligible effect on the properties
of the overall mAb pool at level about 25%. Therefore, the whole
flowthrough fraction may meet the product composition criterion.

To increase the process yield, the waste av-enriched fraction F,
eluted from AEX might be recycled, which would allow restoring
the initial M-av composition (F; in H-av, Table 7). The obtained
flowthrough fraction can be processed once again to provide the
desired product with the overall yield of about 70-80%. Since only
two fractions are collected, whose variant content does not need to
be analyzed in intermediate steps, the recycling procedure is fast
and simple.

It was found that decrease in flowrate from 0.5 to 0.2 mL min—!
did not change noticeably the selectivity of the separation in both
AEX and CEX, therefore the obtained data were not reported in
Tables 6 and 7.

5. Conclusions

A procedure for adjusting the variant content of a mAb have
been developed, which was based on batch IEX separations. The
retention order of the variants was changed from acidic, main, and
basic on CEX column to basic, main acidic in AEX column. Both
columns operated under highly overloaded conditions, with the
maximum of the protein load about 200 mg mL;ﬂ}“mn. The vari-
ants were eluted with pH gradient, which was simplified to two
main steps: loading and partial elution under binding conditions
at mild pH, and desorption of the protein remains by pH gradient.
This provided two fractions of the effluents: the flowthrough and
bound fractions, either enriched or depleted with some of variants.
The CEX process provided enrichment of the basic variant in the
bound fraction, at very poor selectivity of the separation of the
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acidic and main variants. AEX allowed reduction in the content of
the acidic variant in flowthrough fractions, at a low selectivity of
the separation of the main and basic variants. When complete sep-
aration of variants is not necessary, which is often the case, the
composition of the mAb pools obtained may meet regulatory de-
mands. For instance, AEX may be particularly effective when the
maximum content of acidic variant is restricted. Then, after proper
selection of the process conditions, the product with required com-
position can be acquired from the whole flowthrough fraction. The
yield of the separations may be improved by recycling the waste
fractions.

To design the process, a mathematical tool was provided; the
model of the column dynamics was formulated and calibrated
based on the equilibrium isotherm data and shapes of band pro-
files. The variant adsorption was suggested to be governed by pos-
itive cooperative adsorption, with a weak effect of the competi-
tion for adsorption sites. Therefore, the displacement between the
eluting band profiles was almost not active on both CEX and AEX
resins. This indicated that the intermolecular interactions of vari-
ants in the adsorbed phase did not depend on the type of the
resin; they were characteristic for the mAb molecule.

Though the kinetic and thermodynamic properties were specific
for the mAb used for the case study, the idea of exploiting the
band splitting phenomena for fast enrichment or depletion efflu-
ents in certain component may apply to other proteins and chro-
matographic modes.
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