PROCESS ANALYTICAL TECHNOLOGY IN
CONTINUOUS DOWNSTREAM
MANUFACTURING OF BIOTHERAPEUTICS

GARIMA THAKUR

DEPARTMENT OF CHEMICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
August 2022






© Indian Institute of Technology Delhi (11'TD), New Delhi, 2022






PROCESS ANALYTICAL TECHNOLOGY IN
CONTINUOUS DOWNSTREAM
MANUFACTURING OF BIOTHERAPEUTICS

by

Garima Thakur

Department of Chemical Engineering

Submitted

in fulfilment of the requirements of the degree of Doctor of Philosophy
to the

Indian Institute of Technology Delhi
August 2022












Certificate

This is to certify that the thesis entitled “PROCESS ANALYTICAL TECHNOLOGY IN
CONTINUOUS DOWNSTREAM MANUFACTURING OF BIOTHERAPEUTICS” being
submitted by GARIMA THAKUR to the Indian Institute of Technology Delhi for the award of
the degree of Doctor of Philosophy is a record of the original bonafide research work carried
out by her under my guidance and supervision. The results contained in this thesis have not
been submitted in part or in full to any other University or Institute for the award of any degree

or diploma.

I certify that she has pursued the prescribed course of research.

Prof. Anurag S. Rathore
Department of Chemical Engineering

Indian Institute of Technology Delhi






Acknowledgements

This thesis would not have materialized without immense support from many people who
shared their help, guidance and wisdom in different ways. To them | would like to convey my
heartfelt gratitude and sincere appreciation.

| owe my deepest gratitude to my Professor, Dr. Anurag S. Rathore for his encouragement and
support in each phase of my research endeavor. He is an unrivalled mentor and this thesis would
not have been possible without his guidance and continuous optimism. With his insightful
discussions and constructive feedback, he helped me to channel my research efforts in a clear
and productive direction. He taught me how to plan and execute research projects and inspired
me to pursue ambitious goals. He also guided me in my personal life and helped me to
overcome numerous obstacles, providing moral support and freedom. | owe him my profound
thanks for his positive stimulation and trust in me.

| am very pleased to acknowledge my PhD research committee members, Prof. James Gomes,
Prof. Anupam Shukla and Prof. Manoj Ramteke for their support in formulating the ideas in
this thesis. Their insights helped me move forward.

I also extend sincere thanks to the Tata Consultancy Services Research Scholar Program for
providing me with a research scholarship and excellent mentorship and support throughout the
years of my doctoral studies.

I would like to specially thank my close colleagues in the lab - Anamika Tiwari, Anupa Pahuja,
Jashwant Kumar, Kathiresan, Nikhil Kateja, Nikita Saxena, Nitika, Shantanu Banerjee, Somesh
Mishra, and Vishwanath Hebbi, for their inspiring work ethic and unstinting support, due to
which we were able to carry out many rich collaborations. | would also like to thank all the
other members of the bioprocessing lab for their kind support and co-operation at all times.
Finally, my deepest thanks to my brother Gaurav Thakur and my parents Abhay and Surabhi
Thakur, whose guidance, blessings, and love were of utmost importance for me while pursuing

this degree. Without them, | would not be where | am today.

Garima Thakur



Abstract

Motivated by the rapid growth in the field of biotherapeutics due to the increase in the number
of approved biological therapies in the market, including recombinant proteins and hormones,
monoclonal antibodies (mADbs), cytokines, growth factors, gene therapy products, vaccines, and
cell-based products, there is growing interest among some pharmaceutical companies and
contract manufacturing organizations to shift from batch to continuous processing to improve
productivity, reduce facility and consumables costs, cope with growing demands, and reduce
manufacturing footprints. Development of process control strategies using fundamental and
data driven approaches is critical for ensuring process stability over long continuous campaigns
and consistently meeting quality targets. However, achieving robust continuous operation
requires a high level of monitoring, control and automation to minimize human intervention
and handle a wide range of product and process deviations. Process analytical technology
(PAT) is a key area of interest in the biopharmaceutical industry, involving rapid monitoring
of critical process parameters (CPPs) and critical quality attributes (CQAS) using different types
of sensors and modelling approaches to facilitate real-time process monitoring and control. The
aim of this thesis is to develop PAT solutions for monitoring and control of continuous
downstream unit operations for mAb production using mechanistic, spectroscopic, empirical,
rule-based and data-driven models for improved efficiency, robustness, and automation.

In this thesis, several PAT tools and control strategies were developed for downstream unit
operations, including capture chromatography, viral inactivation, dead-end filtration, and
ultrafiltration. Also, an end-to-end strategy for control of continuous processes using surge
tanks for process stability and risk management was developed. The first operation in the
downstream train is Protein A chromatography. Due to the valuable nature of the Protein A
resin, loading up to the dynamic binding capacity is desired in each cycle to maximize resin
utilization. Also, cycle times need to be fixed as the elution from the Protein A step must be
continuously directed further downstream so that the following unit operations can run
smoothly. A control system was designed to track the amount of mAb loaded onto the Protein
A column using near infrared spectroscopy (NIRS) sensors, optimally utilize resin across
multiple cycles and enable consistent and periodic elutions so that the downstream unit
operations can run smoothly. The next operation in the continuous train is viral inactivation,
where tight control of pH is essential, as pH fluctuations above 3.5 can result in incomplete
viral inactivation, while fluctuations below 3.5 can lead to significant aggregate formation.
Thus, a strategy was developed for in-line pH adjustment post-capture chromatography and



prior to viral inactivation. A model-based controller was developed to accurately predict the
pH profile throughout the elution and automatically deliver the correct amount of acid required
at each time point to maintain the pH consistently at 3.5 + 0.2.

At many points in the continuous process, dead-end filtration is required to for primary and
secondary clarification as well as in-process sterile filtration. Dead end filtration is
conventionally done in batch mode and requires filter pre-sizing using extensive scouting
studies, along with filter over-sizing before deployment to handle potential variability.
However, continuous manufacturing processes require consistent use of dead-end filtration
over weeks or months, with potential unpredictable variations in feed stream attributes. Thus,
a dead-end filtration skid was designed for continuous depth filtration, incorporating multiple
small-sized filters along with turbidity and pressure sensors with immediate switching to a fresh
filter whenever turbidity or pressure breakthrough above a pre-determined cut-off is detected
in real time. Finally, in the final stage of the process, ultrafiltration (UF) is used to concentrate
the mADb up to the desired final concentration for administration to the patient. There are several
challenges that must be overcome before a robust continuous UF operation can be integrated
into a continuous mAb processing train, including flux decline due to concentration
polarization and membrane fouling, and scheduling of UF steps with preceding
chromatography elutions, A strategy was developed that utilizes NIRS sensors, and control
pumps and valves to achieve stable continuous UF-DF operation.

Finally, an end-to-end process integration and control strategy was proposed for the continuous
train using surge tanks. Surge tanks are critical but often overlooked enablers of continuous
bioprocessing. They provide multiple benefits including dampening of concentration gradients
and allowing process resumption efforts in case of equipment failure or unexpected deviations,
which can occur during a continuous campaign of weeks or months. They are also useful in
enabling steady-state operation across a continuous train by facilitating mass balance between
unit operations such as chromatography which have periodic loading and elution cycles.
However, many researches in the field of continuous bioprocessing are of the opinion that surge
tanks should only be introduced when absolutely necessary. There are undeniably downsides
of surge tanks, including capital costs, increased product residence time, decreased productivity
due to added hold time, and operational complexities due to the introduction of level sensors,
weighing balances or cooling jackets. Therefore, an ideal strategy should avoid the placement
of unnecessary tanks but also encourage their placement where they can provide critical
advantages such as dampening of concentration gradients prior to feed-sensitive unit

operations, or flexibility of flow-rate or scheduling for improved CQA control. The present
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work developed a general set of guidelines for surge tank placement and demonstrated surge
tank-based control for a continuous mAb production train with several deviations in process

parameters and feed attributes.



LY

SRITSTATET 37 SRR e o & & qoheiiehl ST & I, Brtefesher hat-at 31 Tgeer fmior ema Searashal # Gw,
gfere 1t S Tl 1 AT i FH F, Tedt HE w1 AT s SR fafmir e e e o S @ et
SEERLOT B TN o T8 8 Fiax demem § stoedi 2rgg fafrerdmett &1 dviter, Scare sht Torem fafacen &t qu & 3t
feort Rearfar 3 eI Srrarvare 3cUTe T IcATed G AT & 2| el it et 4 ik feardr gifia s Sl o
SEAT T AR T HA 6 T Hferes 3R S Henfera gihion 1 SwInT hed ge ishan Fisrr wrifaa @1 fosprar et

21 TTAiteh, ASTe A HTer 1 S0 ot o foTT w1 S6aai 1 7 i TR 3care 7R ioran forarem o1 o foreaa siaen
T BT % 1w = T i e, FrEr ot e Y staaedr Bt 21 Uik fsgwneres senfieht (fiedt)
SRR Se § ¥ w1 U v & 2, e aredfoe s afee frret si i S g % fog semme S
37 AT gfshIoT oA ST SRtk Hecaraut Wisha durter (wiiet) it wecargut worew fomwarett (eferu) o it & frm
e 21 39 <N T LT STeaT qaTdT, ATelT 3R T o foaq Aehffiesh, Sagiean!fus, ves, fem-smaia i
LET-HATA AT o1 TN Feh THUST IcaTed o To1g, Tt S Ife Eeme ot fmet it feiaror & forg ofiedt
FuTe foreRfir T R

TeT T T § e difen % R % faw u fedt wrifa fawfi wer @ e ssiemmd % free % o
SPIRCIITET ¥ehIvT & T &9 § 3 sl = (Shfem, s, wwiw, Feffm oiv shmfemsr) # sfa Sreafer mive
7, e o Testa o1 AT S3[T ST 81 T § 19 i JTc] s hicH, 370, TSl SR dTed| s FLat shifemmdt
OO T e 3R AT foRam e 8, S foR arer ariteeuHslt (T e |iges, JuE), vERT diE oy (S
TS TIEEST, Tfie), arEH! d9 (AT 39, W), R AeHn HEHie Hicde Afeue e (TrEiTEsid)
IR T (TR TSlt, Ragsers)| FRAT S8 T sifemmht & fog ws femor yoreft wenfud e o & wfceef
Tt € W e, M T Tt Y eda™ St o FOT, TfeRiier STershil SHar de S AT Y =5 § Tl ST
1 At i % forg aifed /1 e 2rsg W ieiier sTeenrt amdr st Hecadut fdRdT % e sfeerdr oo gt 8, S

o fesgama SfeRan o R, ATy & Hiew Fame T S e ki 1 de § FA R 81 R 21 O, 9 o 6 b
T O TR & &9 H 0 i T ATaIHAT & Th had ol AR A =ht 3T e foram smam =nfeu anfes fefafaa sehrs

HETEH G &9 § = Hoh| Toh [+RIA0T YOI 1 33 <I5hT H Ut T slea STANT & o Torg, festr foram mam 2, wmorfires &

FHITH HHAAT % Fgd FH TR T HhS-TTH TATST I[& Feh 301G i T4, S AMAR IR AT &I F&T L qllh
T T3 AT GaTe &9 § = Hohl

ST S T-TTg T THRISH Te-hver Shieumht & femor o fog ofit amerer ffshaar & veet v fiedt wrifa
Tl st 81 wfokan o g foig W, diea 1 et b srawerss ©, #ifh 3.4 ¥ ST AT & IAR-Ig1 o THoTeasy
At AR fHfsFaar &1 wedt 8, Sefeh 3.4 W A % IAR-9e1d ¥ HecaqUl @HT TS &1 WehdT 8| =ik SIHeThl SR

Vi



TR H STafeR Bid & TR TAR Seerd! ThIdT, THe a1 dee Afeted o a1 <ifedi o 9 § 31 &, 991 oo 31 ufeded
1 HH F TR A1E & (e ATRIH FRT At & ere Fomor it ST7afa 37 § Sweft e ) grerifer, e e § arna
fafsrarar & wect @t S wfeq whsk Sfeeanstt it SR ST 2 it Tust amft it T 3ot A % forg 3fea arna
el gifea e & o wvn fea et w6t @ 715 & ToRAT Tecut 8] Wt o gST AT gfg % aer-are
TS, ATHT T, THeE, TeaTa 3R Thor-3TT Y SIEAdTatt sl ot U1 hTd 2| 36 1 o1 LT ESl oo sl GeH i IR
- U THTASH TEe-heart ShIEIThT 3 areRet fAfshardT & uget s st E9TEHT T IaT TrTHT 2 areafaes ao §
e frir o forg e wiarefier i wrifa it strevaeRdr gt 81 sae fomr, vl feafa € i dwrem & Sret wfsean amaft
1 A1 SRR st % T strevash s dier gt T et @ A1 diva wed 8 g e foigett i seerd €, e we Ted
1 WA 9 STt 21 37 oA 1 g A o g arret Tt & vea g3-arsd e frbr & g w wfoefier @amem
eI B Hiee Heteh §9 & G {6 § U Sbrge s wiowramoft shar 2, |rer € e & Tar 3.4 & 0.3 W I W
% T s T foig T sTravash uftrs i waTe 3t ot AT et 21 b i i e wfear 3 awd, e, afEres
feorferrt afit wfsran fererer s vk e % fore wr=r i wdvegor R s )

ITAT T SS-UE e ol saet o1 aiiehT forshfird s o, TTefies 3R Aredties TeieRtor & |-y -S89 T5d
freia & fore seamTer foram ST AT U eyt gfe SitieH, e Hie ) ST de fregee e &9 & 99 Are # frar
ST & 7R wTfer aRardRiierdT i SuTer & g ATt & weet fheet sftat-arsfei & aner-are sue WhiSfET stemE
YT ek et S-wmgisi Y STavaehan gt 21 getifer, FRax fmfor wfsramstt & fore awdt an wdet § Se-tg fhegem &
T ST 6T SATereaeheT 2t 8, fa Fre Tfim fawivarstt § Genfad SToenfin seae e 8 78 U sgest 9 8,
forery = & afe freeftr i Fiar o & fomr forelt wtae % A=gerer Twaan o fo aifed foram smar 21 o Se-te i
fere =1 et mews fwdan & forg fesre forar o 2, fom 2fifedt ot Sem & & | &6 B12 TR & fiheet i &,
St ot areafaes g § qd-Feifta se-3iT % SR AT A1 qare S HOherdT 1 AT FedT 8, @ qid T Y e W e
foram STTa 21 . sreTfor e T =Ia g SRISTET STER A1 Whar-319 o foTg SR ot TorT o wrer foret +ft Te-de fede
TftcTeher o foTe e A foRa S weRar 81 78 AR s & foe s swint gurae € st Hie iy, 99 R
gEh! AT o1 TeEd) wrll, A9 90T o T Il AR § dee Hehd! 8, ST fUSel 3TeRR oY TTUET By TTerd ST 2

&g 2.4~ % HTSIST GUal Fh i THTH Fish Hecd Ul ARTd srad s Wt STgafd aar 81 o 31 die o fafmior S o
fpeet aftfeem @ Teet et ST 2

STTAT T TTHNE TUFLRIT o UTE -TAT3 BT SUANT hieh TAMIUHUE ¥ {dde Ushmrar o f=mr & foe ua diudt it
ferehfire T B1 T W THUST SRR 3 § ok Aot AT JUH-SIUE ST i Thikd H 8 Tedt e SEtfaai § e
X foram ST =Tfe) T et YUk fereedt o WIeH | YaTe §Ha o Ary Sicerd! Sfshenetl Sl ushirdr geftenr S g S

T % T3 % HIY-AT SN e g0 % FROT FA N ST 2] §W YR, FTHT FATE H FHT % HROT GHT 6 A1
Sfcrarell amr o forer <61 AiEar o9 Bt ST 81 ged ST 7 e o # 1 e Hee o | wer  TEu sy sRor

vii



6T WTSHAT ETerE e B 3aTewr o forg, Wi shEemThT 31T i o uHust ST wiewiE § qun-2us ¥ e e
SR BT 21 3afer, 7 RfEm e & o o wedidiurus digger e Fet 9ot @ 3R wdidiusus Hie i § 18
Hizar Afede 7 ¥, aw giifea w & g v nemedt ast 3 % e § wadidusus Hiege & forg st are @ e
F % fore SreaferT smawares 21 et ST gl O AT qe forT ¥ TTa SR S Y S St & e
B | AT forarer 1 STer o g aefea adier 8 =feq) U WHTd aeberargesh foepfi ot g off St feem iR
JUF-SITF HATTH I AT FA o (7T TTHAT THET, I~ T TR ST Tohishd (=107 THTTqaT 3 SR ! &l

3 o, TSt el o1 ITANT ek T 3 o foTe Uk Ug-2-Ue Sfsham Tehieor 31 fiaror Torffer ot sretar foram raim om &t 36
TEEU & Ao AT SRR % STt Sae! i STt 81 3 93 T e hid & e Tehmar TTSued &1 7 T 3R
YR e AT AR forerer % Her § Uik R & S T o SR ot STEfa A St ®, S el O weE
& FRax i & SR 8wkt 31 3 I HeTer S ST % ff 93 AU W e F gl s U dad
o ¥ feer-tre HTe 1 wem i § off SrEh e €, e stafie afé ofi i =5 S 8 araifn, TR s
& & 1 3 T oY T 2 R TS 3 e et 31 fopu e =Ty S foegpa straveres @ dSfa v, Seae e v
7 gfg, AR Bies TW o HOT IcATEHAT H AT, IR TR GO, I S AT HICHT SIohe 3 TESATT o FHROT TR
Sfecrarelt afed IuTe 3 * ffdare ®7 & SeTeTEey 8| FHT, T TG WHITT i STTEREE 3o i it & F==T a1,
AT I et 1 +ff TieaTfed T Moy STt 3 Heeaqul ST aH R Hehd © St foh re-Haesiier 39S Heer ¥ Tee
THTIAT Tl %l H AT, AT GATE-aL hl AT AT sigaqt Wiy FRior o fTe Srgafoll ada & 3 &St & wiaie &
forg feemden 1 ook wmT S faefia o oi wfsram amadel oiR fie fomivaretl # &% foaem & @1y T ¥ad wHust
I & o ToTT TSt Sh-3ATeniea foreisror oht srawier fofam)

viii






Contents

(O] g T0r: 1 (S SR USRI i
ACKNOWIEAGEMIENTS. ..ot e et e s reebeeneesreeneennes ii
N ] 1 - Uo! APPSO UPR PSRRI ii
(7o) 01 =] | £ TSRO TR PP i
I TS o) T 10 USSR SSSSSN vi
LEST OF TaDIES. ..ottt b et X
1 CHAPTER 1 INTRODUCTION ...ccoiiiiiitseeeeieiesie et 1

1.1. T T (0 (010 o SRR 1

1.2. Problem definition, scope and objectives of reSearch...........ccocevvvieiiee e, 4

1.2.1. Process analytical technology for control of loading in continuous capture chromatography .4
1.2.2. Process analytical technology for control of pH between continuous capture chromatography
AN VIFAl INACTIVALION ......cveeieece et e bt e s re e st e besaesreenaestesteeneeeenrens 5

1.2.3. Automated dead-end filtration as an enabler for continuous processing of biotherapeutics ....5

1.2.4. Process analytical technology for control of single-pass tangential flow ultrafiltration........... 6
1.2.5.  Process integration and control of end-to-end continuous train using surge tanks................... 7

2 CHAPTER 2 LITERATURE SURVEY ..ot 7
2.1. Introduction to PAT in biopharmaceutical manufacturing ...........c.coeveveiniiiinnenesee, 8
2.2.  Spectroscopy as a PAT tool in downstream DIOProCESSING .......ccererverveeeieniniiisie e 9
2.2.1. Advantages of spectroscopy in CONtINUOUS PrOCESSING........vevrrrrerieererieriereeeseeseesieeseeseesieneas 9
2.2.2. Near infrared spectroscopy for measuring CQAS.......cveiviieriiere e 11
2.3. PAT control approaches in continuous downstream unit Operations............ccocevvrververenne 12
2.3.1. PAT for control of continuous capture chromatography ...........cccceevvvreneisinnieneneese e 12
2.3.2. PAT for control of continuous dead-end filtration ............c.ccocoieviininincii e 13
2.3.3.  PAT for control of continuous single-pass tangential flow ultrafiltration (SPTFF)............... 14
2.4. Control and integration of end-to-end coONtiNUOUS traiN.........cccccvevivevievie s 15
2.5. SUMMArY OF [IEEIatUIE SUIVEY ......c.eiiiiieiee ettt et ens 16

3 CHAPTER 3 AN NIR BASED PAT TOOL FOR REAL TIME CONTROL OF
LOADING IN PROTEIN A CHROMATOGRAPHY ..ot 5

3.1. INEEOTUCTION ...ttt et e e e e ettt e e e e e e e ettt e e e e e sae ettt eeeeseeseeteereeneens 18



3.2, MALEIIAIS ANG IMEINOUS. ...ttt ettt e e e e e e ettt e e e s e se e eeeeesereneaneees 20

3.2.1.  Materials and fEEUSIOCK ........couiiiiiiiie et 20
3.2.2.  Experiment Setup and ProtOCOL ..........ccueiiiiiiiieiie e 21
3.2.3.  NIR instrumentation and Method ...........ccooiiiiiiiii e 21
3.2.4. Protein A chromatography Method..........cccoiiiieiiiiiece e 24
3.2.5.  NIR- BioSMB communication and CONLrOL..........ccociiiiiiniiiiieieese e 28
3.2.6. Real time testing with variable harvest 10ad............c.ccocoviiiriiini i 30
3.3. RESUIS ANG DISCUSSION ......eveeiieiieeiieie sttt siestee et esaeste e e steeseesbesneenneseeaneeneeenes 31
3.3.1. Case 1: Step changes in product concentration in 10ad .............cccccvvvieviiieieeic s 33
3.3.2.  Case 2: Linear variation in product concentration in [0ad.............ccocovverivivninnieninn e 35

3.3.3. Case 3: Handling extreme deviations outside the normal operating range, and nonlinear

TEVIALIONS ...ttt b bbbt bbbt e b b bRt eb e e bt b st bt e b b e bt bbb 35
3.3.4. Testing elution reproducibility and quality attribUteS..........cccceverierierierc e 37
3.4. COoNCIUAING REMAIKS.......ccuiiiitiiiiieieee bbb 38

4 CHAPTER 4 MODEL BASED REAL TIME CONTROL OF pH IN VIRAL
INACTIVATION FOR CONTINUOUS MANUFACTURING OF MONOCLONAL

AN T IBODIES ... ettt e e e e e et e ettt e e e e e e e ee e e e e e e eneeeeennnns 39
4.1, LA 0o 10w 1o ] PO 40
4.2, Materials AN METNOAS. ... ..oeeiiiiiiee et e s e st e e e s st r e e s sbbe e e s sbbeeesans 43

N R V- (=] AT | TR 43
4.2.2.  Protein A chromatography.........ccoiiiiiiiii e 44
A.2.3. VTl INACTIVALION ... ..eeeiieeee ettt et et e e ettt e e ettt e s ettt e e s e et e s st eesareeeesarreeesserees 44
4.2.4. Modelling Of PH tranSitioNS. ......c.ccviiiieieie e nre s 44
4,25, REAIFIME CONTIOL ... ..ottt ettt r et e e ettt e s et e e e e et e s et e e nareeeesarreeesrerees 48
43. RESUILS ANT DISCUSSION ...ttt ettt et et et e e et e e e et e e ee e e e nanaeeeneeeeeenaeneeas 48
4.4. ConClUdiNG REMATKS........oiiiiiiice ettt st sre et s be e sreens 55

5 CHAPTERS5 AUTOMATED DEAD-END FILTRATION: AN ENABLER FOR

CONTINUOUS PROCESSING OF BIOTHERAPEUTICS ... 42
5.1. INEEOTUCTION ...t ettt e et e ettt e e e e e e e ettt eeeeesae ettt eeesenseeeereeneens 57
5.2. MALEFIAIS ANG MEINOUS. ...ttt e e e e e et et e e e e e et e e e e e e e e anaees 59

L R |V, 1 =Y 4 -1 ST URRR TR 59
L ==V T I g (= T TR 59
5.2.3.  Method for pressure and turbidity eXCursion StUdIES..........ccoveririiiiriiennenreesee e 60

5.2.4. Set-up and demonstration of the continUOUS SKid...........ccccoviveiiiiini i 62



5.3. RESUIES AN DISCUSSION ...ttt ettt e e e e et e ettt eeesssse st eteeesssassesreeteeesssaesnreeeeeeessnaans 65

5.3.1.  Turbidity and pressure eXCUrSion STUGIES .........cccirereriiriniere e 65
5.3.2.  Implementation of sKid iN CONTINUOUS PIOCESS ........cccveeerierierieereeriesieseesee e seeeseeseeseesseeneeseenes 67
5.3.3.  Economics of batch versus continuous dead-end filtration ............cccccocereiiiininniniieiens 68
5.4. CONCIUSTONS ...ttt bbbttt e bt bbbt 70

6 CHAPTERG6 IMPLEMENTING PAT FOR CONTINUOUS

ULTRAFILTRATION OF MONOCLONAL ANTIBODIES.........cccooiieeeeeee e 72
6.1. 10 1 4T o PSS 72
6.2. Material and MENOAS .........cveiiiiee ettt st eneenreas 75

B.2.1.  IMALEIIAIS ....cveeeeie et bbbt b ne b b nneneas 75
6.2.2.  Ultrafiltration material preparation...........ccccveoveiiiiieeie s 76
6.2.3.  Ultrafiltration equipment and MetNOGS............coeiiiiiiiieise e 76
6.2.4. Near Infrared SpectroSCOPY (NIRS) ....cviiiiiiiec e 78
6.2.5.  SPTFF control Strategy and SELUP........ccueiurirerieirese ettt 80
6.3. RESUILS @N0 DISCUSSTON ....vvviiierieiieiesicsie sttt sttt sbe bt sne st neeneas 81
6.3.1. Scouting the design space for the SPTFF Module ...........ccocvvveviieiiisie e 81
6.3.2.  Modelling the design space for the SPTFF module............ccocoiiiiiiiiiies e 87
6.3.3. Development of SPTFF CONLrOl StrategY ......ecoververiereeieriereseeie e ste e sre e sre e neas 91
6.3.4. Implementation of PAT CONLrOl Srategy ........eoveererieriiieiie et 96
6.4. CONCLUSIONS ... ottt ettt ettt sttt et sbe e st e besneesbesbeeneeseeenes 99

7 CHAPTER 7 CONTROL OF SURGE TANKS FOR IMPROVED CONTINUQOUS

MANUFACTURING OF MONOCLONAL ANTIBODIES..........cccceiiieiiie e 101
7.1. 100 1 4T o SR 101
7.2. Material and METhOUS ..o e 104

A S IV - (- - 1SR 104
7.2.2.  Methods fOr Unit OPEratioNS..........cccveieiiieieeie et sraeee e 104
7.2.3. Setup OF SUMGE TANKS.......ciiiiiitice bbb e 106
7.2.4.  Development of the CONLIOIIEr........cocveiiii e 108
7.3. RESUILS aNd DISCUSSION .....vveuviiiieieiteiiesie st sie sttt te e ste st eaesreeneesbesreeneenne e 111
7.3.1.  Surge tank placement and SIZING ........ccceovrveirieenieie s 111
7.3.2.  Surge tank levels in normal operation, start-up and shut-down..............cccceeveviiiiv i 114
7.3.3.  Leveraging surge tanks for handling process deviations..............ccccoeeernenneinsiensencsenens 117
7.3.4. Leveraging surge tanks for handling product variability using PAT........cccccevviiiviieiennnns 128

7.4. LO070] g 11 LT 1] [0 4 LT 131



8 CHAPTER 8 CONCLUSIONS AND SCOPE OF FUTURE WORK ...................

8.1. (7o) a1 LT 1] [0 4 LT TR

8.2, SCOPE OF FULUIE WOIK....c.eiiiiie ettt s re e nre e

9. REFERENCES ... ..o s

10. BIODATA

11. PUBLICATIONS ..o



List of Figures

Figure 1.1 Batch vs. continuous processing in terms of setup (A, C) and scheduling (B, D)....2
Figure 3.1 Schematic of protein A chromatography control system for (a) Setup A with a single
NIR flow cell at the inlet to the Protein A loading column; (b) Setup B with two NIR flow cells,
one at the inlet to the Protein A loading column and one at the outlet ............c.ccceeveeiiennen, 22
Figure 3.2 (a) NIR spectra of concentrated mAb pool and flow through (containing HCP but
not mADb); insets show sample spectra collected during real time runs. .........ccccccoecvveervennnne. 23
Figure 3.3 Overview of PCC method and dynamic time adjustment............c.ccooveevevinivnnnenne. 24
Figure 3.4 Dynamic binding capacity studies at 70% breakthrough of mAb harvest on
MabSelectSureTM resin. The area shaded in red shows the normal operating range of the
PropOSEd CONIOI SYSTEM. ...ttt bbbttt 26
Figure 3.5 (a) Schematic of hardware elements controlled on the BioSMB; and (b) Image of
experimental SEtUP FOr SELUP A....oe ettt ste e re e 29

Figure 3.6 Control system response to induced variations in harvest concentration in Setup A

(@) case 1, (D) CaSe 2 AN (C) CASE 3....c..eiuiiirieeiieiieieiie ettt sttt sb ettt 32
Figure 3.7 Control system response to induced variations in harvest concentration in Setup B
(@) case 1, (D) CasSe 2 AN (C) CASE B....icueeirieieceesie ettt be e e e ens 34

Figure 4.1 Typical process flow diagram for continuous downstream purification train for
mADbs. The red box highlights the focus area of the present Work...........cccccovevivevviieivennnne. 41
Figure 4.2 (A) Scheduling of chromatography sub-steps in each of three columns in periodic
counter current (PCC) mode of operation; (B) Example of pH transition profile between wash
and elution steps; (C) Conversion of conductivity profile from NaOH cleaning step............. 42
Figure 4.3 (A) Schematic of the experimental setup; (B) Illustration of pH and HCI addition
profiles at key points (Points 1, 2, 3 from (A)) in the setup; (C) Flowchart of model-based pH
(o0 L (] ISy £ =L =T |V SO SRTSSI 47
Figure 4.4 (A-C) Experimental and model-predicted pH curves for three runs with different
concentrations of Tris in the wash buffer; (D) Overlaid conductivity profiles showing almost
complete overlap; (E-F) Overlaid experimental and model-predicted profiles ....................... 50
Figure 4.5 Experimental and model-predicted pH curves for three runs with different buffer
pairs (phosphate, tris, acetate) and elution flow rates (residence time of 2 minutes and 4
ITHIIUTES) .ttt ettt bbbt bbb bbb et e et e bt b e e b e e bt bt et e ene e e e e 51

Figure 4.6 Effect of mAb on the pH transition profiles ............ccoviieiiinnee, 52



Figure 4.7 (A) Example of alternative type of pH control using stepwise adjustment of HCI
addition rate from 0.3 mL/min to 0.1 mL/min; (B) Example of controlled addition of HCI based
on model-predicted pH profile showing pH maintained at 3.5. The insert shows the flow rate
profiles of HCI and water from the two control pUMPS. .........cccoiiiieieicie e 53
Figure 4.8 Demonstration of model-based pH control in 10 cycles of 3-column PCC capture
chromatography. Different column packing and process parameter deviations are highlighted
in blue text, and the effect of air and channelling on the conductivity profile used as the input
to the pH model is Shown on the Fight. ..., 54
Figure 5.1 (A) Schematic and (B) Image of the experimental set up showing the key elements
including pump, solenoid valve, depth filters, in-line pressure sensor, programmable logic
controller (PLC) for real time monitoring and CONtrol.............ccoovivriiieieieie e, 61
Figure 5.3 Depth filtration pressure and turbidity profiles for different cases: (A) B1HC centrate
of mAb cell culture broth, (B) 90ZA Output of harvest filtered through 30S
(harvest->30S->90ZA), (C) DOHC CHO cell culture harvest, (D) Acrodisc GCSF drug
product, (E) HP PDD1 GCSF quenched refolding output, (F) HP PDH4 Pichia pastoris HSA
broth with 5% solids, and (G) XOHC cell culture harvest centrate. The respective cut-offs are
shown in dotted red lines and arrows. Pressure cut-off of 1.5 bar is used for secondary depth
and sterile filters, while turbidity cut-off of 1000 NTU is used for primary depth filters turbidity
sensors, and trigger the solenoid valve to switch the flow to a fresh filter when the current value
exceeded the programmed CUL-OTT. ..........cooriiiiiii e 64
Figure 5.4 Applications of dead end filtration skid in continuous mAb production train showing
potential locations for implementation, including depth filtration of clarified harvest prior to
capture chromatography, post-viral inactivation pH adjustment, and in final sterile filtration of
the formulated drug PrOQUCT...........ooiiiii e 66
Figure 5.5 Profiles of continuous operation with (A) turbidity-based switching for HP PDH4
(Sample: HSA Pichia pastoris broth with 5% solids on wet weight basis), and (B) pressure-

based switching for XOHC (Sample: mAb CHO cell culture centrate) ..........ccccovevvvcvervenenne. 67
Figure 5.6 Process flow chart for implementation of continuous dead end filtration using the
EVEIOPEA SKIU......eiiiiceie et e et e e e e e e reesreeabeenree s 68

Figure 5.7 Example of filter area savings and cost analysis for selection of number of filters in
the PrOPOSEA SKI. ... .cuiieiiiiieieiee et bbbt 69
Figure 6.1 (A) Example of NIRS spectra for different concentrations of mAb; (B) PLS model

calibration results showing actual vs. calculated mAb concentrations from NIRS spectra.....77



Figure 6.2 Schematic of SPTFF setup with sensors and control elements (solid/dashed lines
show fluid flow; dotted lines show information flOW) ..........cccccceviiiiiic s, 79
Figure 6.3 Example of scouting runs for 28 g/L feed concentration. It is seen that VCF 8x is
unachievable for feed flowrate 30 mL/min, and this is the limit of the design space for this
(010010 14 ] o FO USSP PR PRSP 82
Figure 6.4 Design space of SPTFF module: (A) Maximum feed flow rate, VCF and absolute
retentate concentration achievable within pressure limits; (B) Maximum VCF possible for
different feed flow rates and CONCENTIALIONS ..........ovveiiieieiierese e 84
Figure 6.5 Pressure data for (A) Feed pressure, (B) Delta P and (C) TMP in the design space
scouting runs for different combinations of feed concentration, feed flowrate, and VCF....... 86
Figure 6.6 Pre- and post-cleaning fouling data for 10 runs of ~6 hours each: (A) Normalized
water permeability measured at 100 mL/min water with unrestricted flow; (B) TMP at different
feed flowrates under flux control with permeate pumMpP ..........ccoooeiieieeie e 88
Figure 6.7 (A) Logarithmic best-fit curves y = A In(x) + B for VCF-Max vs. feed flowrate at
different feed concentrations; (B) Logarithmic best-fit curves for parameters A and B vs. feed
concentration; (C) Examples of model-generated design spaces for some feed concentrations

Figure 6.8 Complete PAT approach for monitoring and control of SPTFF for ultrafiltration in
the formulation step of a continuous mAb processing train to achieve target CQA of drug
product concentration, regardless of process discontinuity or deviation ............ccccccoeevveeenne. 97
Figure 6.9 Implementation of end-to-end PAT approach in continuous train conditions with
VCF control, process scheduling, and periodic monitoring of NBP during buffer flush for (A)
Run A and (B) RUN B from Table 6.3 ..o 98
Figure 7.1 Setup of the continuous mAb processing train, with surge tanks and their
corresponding inflow and outflow pumps highlighted in red. The solenoid valves are shown as
dark BIUE dIAMONGS. ....c.eoeiieiice e bbb 105
Figure 7.2 Scheduling chart for steady-state operation of the continuous train shown for 4 hours
of operation, with input and output step flow rates (“u”, mL/min) and times (“t”, min) included
in red for each unit operation and surge tank. ............cccoooviiie i 107
Figure 7.3 (A) Schematic of the four-layer Python-based controller of the surge tanks and unit

operations; (B) illustration of start-up and shut-down procedures (dark red = OFF, light red =

Figure 7.4 Volumetric level of the three surge tanks over 36 hours of continuous operation

using the automated control strategy, including start-up and shut-down. Key points of controller



action are marked with dotted red diamonds and explained in Table 7.3. The data shown here
is from 12 hours of operation with mAb fed-batch harvest material followed by 24 hours of
OPEIALION WITH WALET. ...t 115
Figure 7.5 Process-level data for steady state and deviated operation, showing (A)
concentrations in the three surge tanks, (B-C) quality attributes of the final drug product
including charge variant concnetrations, % high molecule weight species, pH, conductivity and
concentration, (D) process chromatograms from the BioSMB. Deviation 4 is not shown as it
WaS Carried OUL WItN WALET. ......ooeiiieiecie e et enes 116
Figure 7.6 Volumetric level of the three surge tanks for handling deviations using case-specific
automated control strategies for (A) breakdown in AWS, (B) reduction in binding capacity of
Protein A resin, (C) Protein A column failure, (D) CEX column failure, (E) change in CEX
elution pool volume, (F) pressure-build up in ILC-ILD triggering an extended cleaning cycle,
and (F) breakdown in ILC-ILD. Key points of controller action are marked with dotted red
diamonds and explained in the fIQUIe INSEIS. ..........ccccvveiiiieiieece s 122
Figure 7.7 (A) Operating spaces within which the critical process parameters (CPP) of the major
unit operations can changed, and their associated critical quality attributes (CQA) to be
maintained; VVolumetric level of the three surge tanks for handling variability in product quality
attributes using different PAT control strategies: (B) handling upstream titer variations by
controlling loading in Protein A chromatography monitored by in-line NIR flow cells, and (C)
handling variations in charge variant or aggregate profile by controlling pooling in CEX
chromatography monitored by at-line HPLC. Key points of controller action are marked with
dotted red diamonds and explained in the figure iNSErSs. ........cccccveveiievie e 125

Figure 7.8 Flow chart summarizing the approach and key considerations for surge tank strategy



List of Tables

Table 2.1 Summary of spectroscopy-based downstream PAT applications in the recent
010 0] 1= £ OSSOSO 10
Table 3.1 Specifications of the BioSMB PCC method operated by the control system........... 25
Table 3.2 Elution comparison for 24 cycles in terms of yield and critical quality attributes ..36
Table 5.1 Properties of different feed streams used in this StUdY .........cccccevieieiiieii e i, 60
Table 5.2 Pressure or turbidity breakthroughs for different filters using different feeds......... 62
Table 6.1 Parameters of log best-fit curves y = A In(x) + B for VCF-Max curves in Figure 6.7A

.................................................................................................................................................. 90
Table 6.2 Determining the operable space for different feed conditions, with results illustrated
N FIGUIE B.7(C) 1.ttt sttt ettt e e st et e s e s be et e aseesteeteeneesbaeteennenneas 91

Table 6.3 Implementation of PAT monitoring and control strategy for SPTFF under continuous
train conditions for two runs with different feed volume and concentrations ..............cccc....... 95

Table 7.1 Considerations for deciding surge tank placement before or after each unit operation

Table 7.2 Details and timings of key controller actions during normal operation of the
continuous train at the keypoints in Figure 7.4. A more detailed version of the Table is given
iN Thakur et al 2021[101]....cceeieiie it sre e e raenna e 117

Table 7.3 Failure modes and effects analyses for the process equipment and unit operations



