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Abstract 

Despite the extraordinary success, the biopharma industry is presently facing multiple 

economic, political and regulatory challenges. As a result, there is a significant drive to boost 

the overall productivity of biotherapeutic manufacturing by utilization of continuous 

processing. However, the actual implementation of continuous manufacturing is highly 

contingent on development of novel continuous processing technologies and their efficient 

integration. In this thesis, we attempt to alleviate a number of challenges associated with 

continuous bioprocessing by following a two-fold approach: (a) development of novel 

continuous manufacturing technologies; (b) utilization of these technologies for development 

of cost effective alternatives to the current batch manufacturing . 

While the technology for continuous upstream processing  has been explored for more than a 

decade (perfusion), options available for continuous downstream processing are limited and 

subject to ongoing development. Such enabling technologies are especially lacking for 

processes which require reaction and mixing like refolding and precipitation. In our attempt 

to solve this problem, we report (chapter 3) on development of a novel coiled flow inversion 

reactor (CFIR). The CFIR has been proposed as a configuration consisting of helical coils 

bent at equidistant right angles to cause flow inversion for improved cross sectional mixing 

in the tube. The configuration can be appropriately utilized to provide a sharper residence 

time distribution along with good cross-sectional mixing and a better emulation of plug flow 

than a simple straight tube or a helix. The novel reactor has been explored for continuous 

protein refolding and continuous precipitation. The performance of the continuous protocol 

has been compared with an optimized batch protocol. It has been demonstrated that operation 

in CFIR allows for refolding at higher protein concentrations (2 folds) along with a decrease 

in the time required to reach equilibrium conversion (1.5 folds). In case of continuous 

precipitation, improved clearance of host cell proteins (HCP) and host cell deoxyribonucleic 

acid (DNA) was obtained compared to batch. In both the case studies, continuous 

configuration offered a 6-16X increase in productivity as non-productive steps like cleaning 

and filling steps were eliminated and buffer consumption was significantly reduced without 

any adverse effect on product quality. Effectively, the configuration can significantly 

contribute towards creation of an integrated continuous bioprocessing platform. 

Actual implementation of continuous manufacturing is highly contingent on integration 

between different unit operations. Recent times has therefore seen an impetus towards 

development of solutions for efficient integration of continuous unit operations. Integrated 
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chromatographic platform processes have the potential to simplify the downstream processing 

train without sacrificing the product quality requirements. Thus, the primary motivation 

(chapter 5) was to develop an integrated chromatographic platform for purification of 

monoclonal antibody (mAb) therapeutics that can deliver the desired separation of both 

charge variants and aggregates, in addition to the process related impurities like HCP and host 

cell DNA. To achieve the same, an integrated two-stage chromatographic process platform 

consisting of cation exchange chromatography and multimodal chromatography has been 

proposed. The versatility of the proposed platform has been successfully demonstrated for 

three different mAbs. It has been shown that in each case charge variant separation was 

achieved with the required clearance of aggregates (< 1%), HCP (< 10 ppm), and DNA (< 

5ppb). Moreover, the proposed platform is conducive to use for development of a continuous 

process and offers 50% reduction in process time, absence of any hold steps, lower buffer 

utilization, lower risk of external contamination and decreased operational costs when 

compared to the conventional purification platforms. 

Based on the success of creation of technology enablers in the form of the CFIR and integrated 

chromatographic platforms, the later part of thesis focusses on utilization of these developed 

enablers for creation of end-to-end continuous platforms. Creation of two platforms was 

targeted- one for proteins expressed in bacterial hosts as inclusion bodies and the other for 

monoclonal antibody therapeutics expressed in mammalian hosts. In chapter 4, we propose an 

end-to-end integrated continuous downstream process (from inclusion bodies to unformulated 

drug substance) for a therapeutic protein expressed in Escherichia coli as inclusion bodies, with 

granulocyte colony stimulating factor (GCSF) as our model molecule. The final process for 

GCSF consisted of continuous refolding in a coiled flow inverter reactor directly coupled to a 

three-column periodic counter-current chromatography for capture of the product followed by 

a three-column con-current chromatography for polishing. The continuous bioprocessing train 

was run uninterrupted for 26 h to demonstrate its capability and the resulting output was 

analyzed for the various critical quality attributes, namely product purity (>99%), high 

molecular weight impurities (<0.5%), host cell proteins (<100 ppm), and host cell DNA (<10 

ppb). All attributes were found to be consistent over the period of operation. The developed 

assembly offers smaller facility footprint, higher productivity, fewer hold steps, and 

significantly higher equipment and resin utilization. The complexities of process integration in 

the context of continuous processing have also been highlighted.  

For the case of mAb therapeutics (chapter 6), Protein A capture chromatography, the core of a 

mAb purification platform, is known to account for more than 50% of downstream processing 
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costs along with other limitations including lack of complete stability to alkaline cleaning 

solutions, relatively lower binding capacity, and ligand leaching. Researchers have explored 

alternatives to protein A chromatography, both chromatographic and non-chromatographic, but 

with limited success. In this work, we have proposed a non-protein A purification platform for 

continuous processing of monoclonal antibodies (mAbs). The proposed platform consists of 

precipitation in coiled flow inverter reactor, cation exchange chromatography for capture, 

multimodal chromatography and a salt tolerant anion exchange membrane as polishing steps. 

The versatility of the proposed platform has been successfully demonstrated for three different 

mAbs. In all cases, acceptable process yield was obtained (70 to 80 %) and the product quality 

attributes of the final unformulated drug substance were consistent and well within accepted 

limits (HCP <100 ppm, DNA < 10 ppb, % aggregate content < 1%) along with desired charge 

variant composition. 

We believe that the studies presented here as a part of this thesis will promote development of 

highly efficient, universal, end-to-end, fully continuous platforms for manufacturing of 

biotherapeutics. 
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सार  

 

असाधारण सफलता के बावजूद, बायोफामा4 उ6योग वत4मान म9 कई आ<थ4क, राजनी?तक और ?नयामक 

चुनौ?तयD का सामना कर रहा है। नतीजतन, ?नरंतर IसंJकरण के उपयोग 6वारा जैव-<चLकMसीय 

Nव?नमा4ण कO समP उMपादकता को बढ़ावा देन ेके Rलए एक महMवपूण4 Tाइव है। हालांLक, ?नरंतर ?नमा4ण 

का वाJतNवक काया4Vवयन उपVयास ?नरंतर IसJंकरण Iौ6यो<गLकयD के Nवकास और उनके कुशल 

एकOकरण पर अMय<धक आकिJमक है। इस थीRसस म9, हम एक दोहरY Zि[टकोण का पालन करते हुए 

?नरंतर बायोIोसेRसगं स े जुड़ी कई चुनौ?तयD को दरू करने का Iयास करते ह̂: (ए) उपVयास ?नरंतर 

?नमा4ण Iौ6यो<गLकयD का Nवकास; (बी) वत4मान बैच Nव?नमा4ण के Rलए लागत Iभावी Nवक`पD के 

Nवकास के Rलए इन Iौ6यो<गLकयD का उपयोग। 

जबLक सतत अपJaYम IसंJकरण के Rलए Iौ6यो<गकO को एक दशक से अ<धक (?छड़काव) के Rलए 

खोजा गया है, ?नरंतर बहाव IसJंकरण के Rलए उपलdध Nवक`प सीRमत ह̂ और चल रहे Nवकास के 

अधीन ह̂। ऐसी सfम Iौ6यो<गLकयD म9 Nवशेष hप स ेऐसी ILiयाओं कO कमी होती है िजनके Rलए 

I?तLiया और Rमkण कO आवlयकता होती है जैसे Lक रYफोि`डंग और IेRसपीटशन। इस समJया को 

हल करने के हमारे Iयास म9, हम एक उपVयास कोइलडे oलो इVवट4र pरएqटर (सीएफआईआर) के 

Nवकास पर pरपोट4 (अrयाय 3) करते ह̂। सीएफआईआर को एक NवVयास के hप म9 IJताNवत Lकया गया 

है, जो नलY म9 बेहतर पार अनभुागीय Rमkण के Rलए Iवाह उलटा पैदा करने के Rलए Nवषुवत समकोण 

पर सहायक कंुडलY से बना है। NवVयास का उपयोग उ<चत iॉस-अनुभागीय Rमkण और एक सरल Jaेट 

tयूब या हेRलqस कO तुलना म9 uलग Iवाह के बेहतर अनुकरण के साथ एक तेज ?नवास समय Nवतरण 

Iदान करने के Rलए Lकया जा सकता है। उपVयास pरएqटर को ?नरंतर IोटYन रYफॉि`डंग और ?नरंतर 

IेRसपीटशन के Rलए खोजा गया है। ?नरंतर Iोटोकॉल के Iदश4न कO तुलना एक अनुकूRलत बैच Iोटोकॉल 

के साथ कO गई है। यह IदRश4त Lकया गया है Lक सीएफआईआर म9 ऑपरेशन उwच IोटYन सांxता (दो 

गुना) के साथ-साथ संतुलन hपांतरण (डेढ़ गुना) तक पहंुचने के Rलए आवlयक समय म9 कमी के Rलए 
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अनुम?त देता है। ?नरंतर IेRसपीटशन के मामल ेम9, मजेबान सले IोटYन (एचसीपी) और मेजबान सेल 

डीऑqसीराइबोVयूिqलक एRसड (डीएनए) कO बेहतर ?नकासी बैच कO तुलना म9 Iाuत कO गई थी। दोनD 

मामल ेके अrययन म9, ?नरंतर कॉिVफ़गरेशन ने उMपादकता म9 6-16X व6ृ<ध कO पेशकश कO qयDLक 

सफाई और भरने वाले कदम जैसे गैर-उMपादक कदम समाuत हो गए और उMपाद कO गुणव{ा पर कोई 

I?तकूल Iभाव डाले |बना बफर खपत को काफO कम कर }दया गया। Iभावी hप स,े कॉिVफ़गरेशन एक 

एकOकृत सतत बायोIोसेRसगं uलेटफॉम4 के ?नमा4ण म9 महMवपूण4 योगदान दे सकता है। 

NवRभVन इकाइयD के संचालन के बीच एकOकरण पर ?नरंतर Nव?नमा4ण का वाJतNवक काया4Vवयन 

अMय<धक आकिJमक है। इसRलए हाल के }दनD म9 ?नरंतर यू?नट संचालन के कुशल एकOकरण के Rलए 

समाधानD के Nवकास कO }दशा म9 ग?त देखी गई है। एकOकृत iोमैटोPाLफक uलटेफ़ॉम4 ILiयाओं म9 

उMपाद कO गुणव{ा कO आवlयकताओं का Mयाग Lकए |बना डाउनJaYम IसंJकरण aेन को सरल बनान े

कO fमता है। इस Iकार, IाथRमक Iेरणा (अrयाय 5) को मोनोqलोनल एटंYबॉडी (मैब) <चLकMसीय कO 

शु6<ध के Rलए एक एकOकृत iोमैटोPाLफक uलेटफ़ॉम4 NवकRसत करना था जो एचसीपी और डीएनए के 

अलावा चाज4 वpेरएंट और एPीगेट दोनD के वां?छत पथृqकरण को Nवतpरत कर सकता है। । उसी को Iाuत 

करने के Rलए, एक एकOकृत दो-चरण iोमैटोPाLफक ILiया मंच िजसम9 क}टयन एqसच9ज iोमैटोPाफO 

और म`टYमॉडल iोमटैोPाफO शाRमल है, IJताNवत Lकया गया है। IJताNवत मंच कO बहुमखुी I?तभा 

को तीन अलग-अलग मैबस के Rलए सफलतापूव4क IदRश4त Lकया गया है। यह }दखाया गया है Lक IMयेक 

मामल ेम9 चाज4 वेpरएंट पथृqकरण समुwचय (<1%), एचसीपी (<10 पीपीएम), और डीएनए (<5 पीपीबी) 

कO आवlयक मंजूरY के साथ हाRसल Lकया गया था। इसके अलावा, IJताNवत मंच एक सतत ILiया के 

Nवकास के Rलए उपयोग करने के Rलए अनुकूल है और पारंपpरक शु6<ध uलेटफाम~ कO तुलना म9 ILiया 

समय म9 50% कO कमी, Lकसी भी हो`ड Jटेuस कO अनुपिJथ?त, कम बफर उपयोग, बाहरY सदंषूण के 

कम जो�खम और पpरचालन लागत म9 कमी कO पेशकश करता है।  

सीएफआईआर और एकOकृत iोमैटोPाLफक uलेटफॉम4 के hप म9 Iौ6यो<गकO एनबलस4 के ?नमा4ण कO 

सफलता के आधार पर, एंड-टू-एंड ?नरंतर uलेटफाम~ के ?नमा4ण के Rलए इन NवकRसत एVबलस4 के 
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उपयोग पर थीRसस का बाद का }हJसा फोकJसड है। दो uलटेफाम~ के ?नमा4ण को ल�fत Lकया गया 

था - एक बैqटYpरया होJट म9 शाRमल Lकए गए IोटYन के Rलए और दसूरा माममाRलयन होJट म9 

मोनोqलोनल एटंYबॉडी <चLकMसा Nव�ान के Rलए �यqत Lकया गया। अrयाय 4 म9, हम अपन ेमॉडल 

अणु के hप म9 Pेनुलोसाइट कॉलोनी िJटमुल}ेटंग फैqटर (जी सी एस ऍफ़) के साथ एJचेरY<चअ कोलY 

म9 शाRमल <चLकMसीय IोटYन के Rलए एक एंड-टू-एंड एकOकृत ?नरंतर बहाव ILiया (असंर<चत दवा 

पदाथ4 स)े का IJताव करते ह̂। जीसीएसएफ के Rलए अं?तम ILiया म9 एक कंुडRलत Iवाह 

पलटनेवाला pरएqटर म9 ?नरंतर रYफॉि`डंग शाRमल थी जो सीधे उMपाद के कैuचर और पॉRलRशगं 

के Rलए एक आव<धक काउंटर- करंट iोमैटोPाफO के Rलए युि�मत था। ?नरंतर बायोIोसेRसगं aेन 

को 26 घंटD के Rलए अपनी fमता का Iदश4न करने के Rलए ?नबा4ध hप स ेचलाया गया था और पpरणामी 

आउटपुट का Nवlलेषण NवRभVन महMवपूण4 गुणव{ा Nवशेषताओं, अथा4त ्उMपाद शु6धता (> 99%), उwच 

आणNवक भार अशु6<धयD (<0.5%), मेजबान सेल IोटYन (<100 पीपीएम), और मेजबान सेल डीएनए 

(<10 पीपीबी) के Rलए Lकया गया था। सभी Nवशेषताओं को ऑपरेशन कO अव<ध के अनुhप पाया गया। 

NवकRसत अस9बलY छोटY सुNवधा के पद<च�न, उwच उMपादकता, कम हो`ड Jटेuस और काफO उwच 

उपकरण और रेRसन उपयोग Iदान करती है। ?नरंतर IसंJकरण के सदंभ4 म9 ILiया एकOकरण कO 

ज}टलताओं को भी उजागर Lकया गया है। 

मैब थैरेuयू}टqस (अrयाय 6) के मामले म9, IोटYन ए कैuचर iोमैटोPाफO, मैब शु6<ध uलेटफॉम4 का मु�य 

भाग, 50% से अ<धक डाउनJaYम IोसRेसगं लागत के साथ-साथ अVय सीमाओं के साथ खाते म9 जाना 

जाता है, िजसम9 सफाई समाधानD के Rलए पूण4 िJथरता कO कमी, अपfेाकृत कम बाrयकारY fमता, 

और Rलग9ड लY<चगं शाRमल है। शोधकता4ओं ने IोटYन ए iोमैटोPाफO, iोमैटोPाLफक और गैर-

iोमैटोPाLफक दोनD के Nवक`पD का पता लगाया है, लLेकन सीRमत सफलता के साथ। इस काम म9, हमन े

मोनोqलोनल एंटYबॉडी (मैबस) के ?नरंतर IसंJकरण के Rलए एक गैर-IोटYन ए शु6<ध मंच का IJताव 

}दया है। IJताNवत मंच म9 कंुडRलत Iवाह इVवट4र pरएqटर म9 IेRसपीटशन, कैuचpरगं के Rलए क}टयन 

एqसच9ज iोमैटोPाफO, पॉRलRशगं चरणD के hप म9 म`टYमॉडल iोमटैोPाफO और एक नमक स}ह[णु 
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आयनD Nव?नमय �झ`लY है। IJताNवत मंच कO बहुमखुी I?तभा को तीन अलग-अलग मैबस के Rलए 

सफलतापूव4क IदRश4त Lकया गया है। सभी मामलD म9, Jवीकाय4 ILiया उपज (70 स े80%) Iाuत कO 

गई थी और अं?तम असंबं<धत दवा पदाथ4 कO उMपाद गुणव{ा Nवशेषताएँ सुसंगत और अwछ� तरह से 

Jवीकाय4 सीमा के भीतर थीं (एचसीपी <100 पीपीएम, डीएनए <10 पीपीबी,% एPीगटे <1%) वां?छत 

चाज4 संJकरण रचना के साथ। 

हमारा मानना है Lक इस थीRसस के एक }हJसे के hप म9 यहां IJतुत अrययन जैव-तं� के ?नमा4ण के 

Rलए अMय<धक कुशल, साव4भौRमक, एंड-टू-एंड, पूरY तरह से ?नरंतर uलेटफाम~ के Nवकास को बढ़ावा 

देगा। 

 

  



xi 
 

 Contents 
Certificate ............................................................................................................................. i 

Acknowledgements .............................................................................................................. ii 

Abstract .............................................................................................................................. iv 

List of Figures ................................................................................................................... xiv 

List of Tables ................................................................................................................... xvii 

1 Introduction ................................................................................................................. 1 

1.1 Background ....................................................................................................................... 2 

1.2 Problem definition, scope and objectives of research ......................................................... 3 
1.2.1 Development of technology enablers to facilitate continuous processing ................................ 3 
1.2.2 Integrated continuous downstream processing of proteins expressed as inclusion bodies ....... 4 
1.2.3 Integrated chromatographic platform development for purification of monoclonal antibody 

therapeutic products ............................................................................................................................... 4 
1.2.4 Non-protein A purification platform for continuous processing of monoclonal antibody 

therapeutics ............................................................................................................................................ 5 

2 Literature Survey ........................................................................................................ 6 

2.1 Continuous processing for manufacturing of biotherapeutics.............................................. 7 

2.2 Continuous manufacturing technologies for processing of biotherapeutics ......................... 9 

2.3 Process integration in continuous processing ................................................................... 12 
2.3.1 Modular Approach ................................................................................................................. 13 
2.3.2 Adaptation Approach ............................................................................................................. 16 
2.3.3 Merger Approach ................................................................................................................... 18 

2.4 Continuous downstream process development ................................................................. 19 

2.5 Integrated continuous biomanufacturing platform ............................................................ 22 

3 Development of technology enablers to facilitate continuous processing ................ 25 

3.1 Introduction ..................................................................................................................... 26 
3.1.1 Coiled flow inversion reactor (CFIR) ..................................................................................... 26 

3.2 Continuous refolding of a recombinant protein in a coiled flow inversion reactor (CFIR) . 28 
3.2.1 Background ............................................................................................................................ 28 
3.2.2 Materials and methods ............................................................................................................ 29 
3.2.3 Results and discussion ............................................................................................................ 33 



xii 
 

3.2.4 Summary on use of CFIR for refolding .................................................................................. 36 

3.3 Continuous precipitation of process related impurities from clarified cell culture 

supernatant using the coiled flow inversion reactor (CFIR) ........................................................... 36 
3.3.1 Background ............................................................................................................................ 36 
3.3.2 Materials and methods ............................................................................................................ 38 
3.3.3 Results and Discussion ........................................................................................................... 42 
3.3.4 Summary on use of CFIR for precipitation ............................................................................ 50 

4 Integrated continuous downstream processing of proteins expressed as inclusion 

bodies ................................................................................................................................. 51 

4.1 Introduction ..................................................................................................................... 52 

4.2 Materials and methods ..................................................................................................... 53 
4.2.1 Materials ................................................................................................................................. 53 
4.2.2 Methods .................................................................................................................................. 54 

4.3 Results and discussion ..................................................................................................... 59 
4.3.1 Continuous refolding in CFIR ................................................................................................ 59 
4.3.2 Purification process development........................................................................................... 59 
4.3.3 Integrated continuous process development ........................................................................... 63 
4.3.4 Comparison of batch process and continuous process ........................................................... 68 

4.4 Conclusions ..................................................................................................................... 69 

5 Integrated chromatographic platform development for purification of monoclonal 

antibody therapeutic products .......................................................................................... 70 

5.1 Introduction ..................................................................................................................... 71 

5.2 Materials and methods ..................................................................................................... 72 
5.2.1 Materials ................................................................................................................................. 72 
5.2.2 Methods .................................................................................................................................. 73 

5.3 Results and discussion ..................................................................................................... 80 
5.3.1 Selection of chromatography steps ......................................................................................... 80 
5.3.2 Optimization of cation exchange chromatography ................................................................. 81 
5.3.3 Optimization of multimodal chromatography ........................................................................ 83 
5.3.4 Integrated two-stage chromatographic platform ..................................................................... 86 
5.3.5 Adaptation of platform for different mAbs ............................................................................ 87 
5.3.6 Merits of the integrated platform ............................................................................................ 87 

5.4 Conclusions ..................................................................................................................... 90 



xiii 
 

6 Non-protein A purification platform for continuous processing of monoclonal 

antibody therapeutics ........................................................................................................ 91 

6.1 Introduction ..................................................................................................................... 92 

6.2 Materials and Methods .................................................................................................... 93 
6.2.1 Materials ................................................................................................................................. 93 
6.2.2 Methods .................................................................................................................................. 95 

6.3 Theory........................................................................................................................... 100 
6.3.1 Principles of Scheduling of CMC Operations ...................................................................... 101 

6.4 Results and Discussions ................................................................................................. 103 
6.4.1 Preliminary Batch Studies .................................................................................................... 104 
6.4.2 Integrated DOE-based optimization ..................................................................................... 107 
6.4.3 Integrated Continuous Operation ......................................................................................... 111 

6.5 Adaption of Platform for other mAbs ............................................................................. 114 

6.6 Continuous Purification Schemes- Benefits and Concerns .............................................. 116 

6.7 Conclusions ................................................................................................................... 119 

7 Conclusions and scope of future work .....................................................................120 

7.1 Conclusions ................................................................................................................... 121 

7.2 Scope of future work ..................................................................................................... 122 

References .........................................................................................................................124 

Bio-Data ............................................................................................................................139 

 

  



xiv 
 

List of Figures 

Figure 2.1 Schematic of a new integrated continuous manufacturing platform. Adapted from 

(Godawat et al., 2015). .......................................................................................................... 8 

Figure 2.2 List of continuous manufacturing technologies available for different stages of 

biopharmaceutical manufacturing. ......................................................................................... 9 

Figure 2.3 Technology modules that facilitate integration: (A,B) Alternating tangential flow 

filtration (ATF) and acoustic wave separator (AWS) for continuous cell retention, (C) Inline 

concentrator for continuous ultrafiltration, (D,E) Co-current and counter-current diafiltration 

units for continuous buffer exchange. .................................................................................. 14 

Figure 2.4 Flowchart for integration of unit operations highlighting the steps to be followed 

and considerations to be taken into account for efficient integration. ................................... 18 

Figure 2.5 Illustration of the various considerations that need to be kept in mind during 

development of a continuous downstream process: stepwise approach and strategies........... 21 

Figure 2.6 Process flow diagram of the end-to-end continuous bioprocessing platform for 

production of a monoclonal antibody therapeutic proposed by Godawat et al. The platform 

includes a perfusion bioreactor with ATF as cell retention device for upstream processing. The 

downstream process included two 3-Column PCC systems. ................................................ 23 

Figure 3.1 Design comparison between (A) Straight helical reactor and (B) Coiled flow 

inversion reactor with 90° bend. .......................................................................................... 28 

Figure 3.2 (A) Process flow diagram of continuous refolding in CFIR, (B) RTD curve 

(dimensionless concentration, F(θ), vs. dimensionless time, θ) for the designed CFIR 

configuration compared to the calculated RTD curve of a straight tube reactor. ................... 31 

Figure 3.3 Methodology followed for optimization of refolding condition in the coiled flow 

inversion reactor. ................................................................................................................. 32 

Figure 3.4 Actual versus predicted plot for % purity and productivity models obtained from 

the DOE study. .................................................................................................................... 34 

Figure 3.5 Comparison of batch versus continuous refolding performance over the entire 

duration of operation. .......................................................................................................... 35 

Figure 3.6 Schematic illustration of the experimental setup used for performing precipitation 

in the CFIR (top view) along with the tabulated details of the flow rate(s), tank(s), pump(s), 

and injection valves used in the different precipitation protocols. ........................................ 40 

Figure 3.7 Results of DOE study showing (A, B) Actual vs. predicted plot for DNA and HCP 

concentration, (C, D) Interaction plots for DNA and HCP concentration, (E, F) Prediction 



xv 
 

profilers for DNA and HCP concentration, (G, H, I) Effect of hold time on DNA concentration, 

recovery (%), and HCP concentration for the optimized batch condition obtained from DOE.

 ............................................................................................................................................ 44 

Figure 3.8 (A) Comparison of the pH change pattern in the batch precipitation with the pH 

change slices in continuous pH precipitation experiments  (B, C, D) Comparison of recovery 

(%), DNA concentration and HCP concentration for the continuous pH precipitation with batch 

precipitation, (E) Results of DOE study for the continuous pH precipitation in CFIR showing 

actual vs. predicted plot for recovery %, DNA and HCP concentration (F) Prediction profiles 

for recovery %, DNA and HCP concentration. .................................................................... 46 

Figure 3.9 (A, B) Overlay of isoform distribution after protein A purification as determined by 

CE-HPLC analytical chromatography with sigmoidal elution gradient for mAb A and mAb C 

respectively, (C, D) Pictures of neutralized protein A elute samples for non-precipitated and 

pH precipitated harvest respectively taken after centrifugation. A clear white pellet was 

obtained for the case of non-precipitated harvest (Figure C) but no pellet was obtained for the 

pH precipitated harvest (Figure D). ..................................................................................... 49 

Figure 4.1 Results of DOE study showing (A) Actual vs. predicted plot for purity % and 

recovery %, (B) Prediction profiles for purity % and recovery %, (C) Contour profiles for purity 

% and recovery %. .............................................................................................................. 62 

Figure 4.2 Architecture of the developed integrated continuous downstream process. The 

assembly includes a CFIR reactor for continuous refolding, two surge vessels, and a 3 column 

CEX PCC for capture step followed by a 3 column MMC CCC for polishing step. ............. 65 

Figure 4.3 UV profiles for the PCC capture and the CCC polishing step (A) UV profile for 

loading of the 3 column CEX PCC step (B) Zoomed-in overlays of all CEX elution peaks for 

the 12 column operations (C) Zoomed-in overlays of all MMC elution peaks for the 60 column 

operations to show process consistency. .............................................................................. 65 

Figure 4.4 In-process performance indicators and critical quality attributes over the entire 

duration of continuous operation (A) Refolding output (B) Unformulated drug substance. .. 66 

Figure 4.5 Intact mass analysis of the (A) Refolding output and (B) Purified GCSF (five 

replicate injections). ............................................................................................................ 67 

Figure 5.1 Schematic of the experimental setup used for performing two stage chromatography 

along with tabulated details of the flow rate(s), tank(s) and pump(s) used for different mAb 

samples. .............................................................................................................................. 76 

Figure 5.2 Visual representation for the calculation of φ. .................................................... 80 



xvi 
 

Figure 5.3 (A, B) Cumulative acidic and basic species plots for Eshmuno CPX resin at different 

salt concentrations, (C, D) Cumulative acidic and basic species plots for Poros HS resin at 

different salt concentrations, (E, F) Cumulative HMWI % vs. cumulative monomer % plots for 

Eshmuno CPX and Poros HS resin at different salt concentrations, (G) Cumulative acidic and 

basic species profiles for Eshmuno CPX at pH gradients, (H) Cumulative acidic and basic 

species profiles for Eshmuno CPX for different salts. .......................................................... 85 

Figure 5.4 (A, B, C) Chromatogram overlays for single CEX and integrated CEX-MMC for 

mAb C, mAb B and mAb A. Volume and absorbance have been normalized in the 

chromatograms for overlay purpose. In combined run, the HMWI were observed to elute in the 

regeneration step. Regeneration peak has been encircled in the chromatogram (D, E, F) 

Cumulative acidic and basic vs. cumulative main profile for single CEX and integrated CEX-

MMC platform for mAb C, mAb B, and mAb A. ................................................................ 89 

Figure 6.1 Architecture of the integrated continuous non-protein A platform. ..................... 96 

Figure 6.2 Comparison of the PCC with CMC mode of continuous chromatography. ........103 

Figure 6.3 Analytical cation exchange and size exclusion chromatograms for different process 

steps (A, B) Precipitation (C, D) CEX chromatography, and (E, F) MMC chromatography 

respectively. .......................................................................................................................106 

Figure 6.4 (A) Design of the central composite DOE study, (B) DOE results showing Actual 

versus model predicted plots, (C) Prediction profiler for output parameters with respect to input 

parameters, (D) Design space for operation under defined set of constraints. ......................110 

Figure 6.5 Decision of peak cutting criteria for acidic species based on (A) Plot between 

Elution CV and % clearance of acidic species, (B) Plot between % recovery loss of main species 

and % clearance of acidic species. ......................................................................................110 

Figure 6.6 Chromatographic profile for the (A, B) 3 column continuous CEX loading and 4 

column continuous MMC loading in CMC setup, (C, D) zoomed in clubbed profiles of load 

and elution/washes of CEX and MMC and (E) overlays of all CEX elution profiles. ..........114 

 

  



xvii 
 

List of Tables 

Table 2.1 Summary of recent advancements in various continuous upstream and downstream 

unit operations. .................................................................................................................... 10 

Table 3.1Effect of process parameters on refolding performance. ....................................... 35 

Table 3.2 Comparison between recoveries (%), fold reduction in DNA, HCP concentrations 

and % HMWI for batch and the continuous precipitation experiments. ................................ 48 

Table 4.1 Detailed description of the CEX chromatography process. .................................. 56 

Table 4.2 Detailed description of the MMC chromatography process. ................................. 56 

Table 4.3 Comparison of the model prediction and the actual experimental results. ............ 63 

Table 4.4 Comparison of batch and continuous processing for individual unit operations as 

well as the entire process. Data has been normalized to batch processing for the ease of direct 

comparison. ......................................................................................................................... 68 

Table 5.1 Detailed description of the CEX chromatographic process. ................................. 74 

Table 5.2 Detailed description of the MMC chromatographic process. ................................ 74 

Table 5.3 Comparison of φ values for the resins considered at different salt concentration.. 82 

Table 5.4 Effect of gradient on φ values of cumulative acidic and basic profiles. ................ 83 

Table 5.5 Effect of salts on φ values of cumulative acidic and basic profiles. ...................... 83 

Table 5.6 Aggregate levels and recovery in the flow through pool for different MMC resins at 

varying condition of pH and salt concentration. ................................................................... 84 

Table 5.7 Details of the single vs. integrated system in terms of HMWI %, recovery % and Φ 

values for the three mAbs. ................................................................................................... 88 

Table 6.1 Details of chromatographic steps. ........................................................................ 97 

Table 6.2 Details of continuous chromatography operations for unit cycle. ......................... 98 

Table 6.3 Performance of individual unit operations in batch purification. .........................106 

Table 6.4 Process and quality attributes for the integrated continuous platform for different 

mAbs. ................................................................................................................................115 

Table 6.5 Comparison of continuous and batch operations for mAb C. ...........................116 

 


	NIKHIL KATEJA.pdf
	Thesis_Nikhil_v2_Final




