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Abstract

Continuous biopharmaceutical manufacturing is gaining interest due to its ability to lower the cost
of manufacturing. Process control is a critical contributor to successfully executing continuous
processes. Control actions for continuous processes are considerably more complex than the
traditional mode owing to the requirements of real time monitoring and control when operating
continuous platforms. This thesis focuses on process optimization, equipment and sensors
advancements, along with applications of artificial intelligence to offer better end-to-end control

of downstream processing of biologics originating in microbial and mammalian platforms.

Chapter 3 explores optimization of refolding yield and stability of L-asparaginase, a micobial
product produced as inclusion bodies (IBs), an essential enzyme in the food and biopharmaceutical
industry. However, commercial manufacturing of any biopharmaceutical can incur several hold-
ups during processing which can result in product loss if product stability is an issue, as is the case
with L-asparaginase. The study focuses on the interplay of product intermediate stability and
process design to increase the stability of refolded L-asparaginase and thereby maximizes the final
yield. Using one variable at a time (OVAT) experiments, urea (6 M), solubilized inclusion bodies
(15 mg/ml), refolding method (step dilution), and pH (8.6) were identified as significant process
parameters. A design of experiment (DOE)-based optimization was then performed for the
refolding step. The net outcome was more than a three-fold increase in enzyme recovery (i.e., 4.90
IU/ml) compared to unoptimized conditions (i.e., 1.26 IU/ml). Further, the optimized L-
asparaginase process intermediate was found to be stable for more than a week at room
temperature at 2-8°C, while the unoptimized sample was stable at 2-8°C but did not show any
activity at room temperature after 72 h. The current study elucidates how process intermediate
stability needs to be given due consideration during process optimization, particularly for products

such as L-asparaginase which are labile.

Following process optimization in the batch mode, next we developed a continuous enabler for
mixing reactions. To that end, a novel coiled flow inversion reactor (CFIR) has been utilized for
carrying out downstream unit operations that require reaction and mixing like refolding,
precipitation, viral inactivation, and PEGylation. Chapter 4 presents an application of CFIR for
continuous PEGylation of therapeutic proteins like granulocyte colony-stimulating factor (GCSF).

A batch PEGylation and purification process was initially developed followed by its conversion
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to continuous format with GCSF as our model molecule. A rapid and highly productive
PEGylation process attaining reaction completion in 1 hour of reaction time and a novel
displacement mode cation exchange chromatography post PEGylation were the major highlights
of the developed process. Enabling technologies like coiled flow inversion reactor, inline
concentrator and concurrent chromatography, were utilized for the successful conversion of the
batch process to the continuous process. Suitable process modifications were made to ensure
efficient conversion and integration of different unit operations. The final integrated continuous
PEGylation process consisted of continuous PEGylation in a CFIR followed by four column
continuous counter-current chromatography. The established continuous PEGylation train was
also integrated to a previously established GCSF manufacturing train, resulting in creation of an
end-to-end continuous manufacturing process starting from inclusion bodies to unformulated
PEG-GCSF drug substance. The continuous bioprocessing train was run uninterrupted for 12 h to
demonstrate its capability and the resulting output was analyzed for various critical quality
attributes. All attributes were found to be consistent over the period of operation with product
purity > 99 % and high molecular weight impurities < 0.5 %. The developed assembly offers
higher productivity, fewer hold steps, and significantly higher equipment and resin utilization.
Further, we also demonstrate the utility of CFIR for continuous virus inactivation process for
monoclonal antibody (mAb) biotherapeutics. Low pH virus inactivation for a mAb therapeutic
was performed in continuous mode using this reactor and its performance was compared to a
parallel batch setup. It was found that both batch and continuous processes yield about equal level
of virus inactivation with comparable logarithmic reduction value (LRV) for XMuLV of 4.32 +
0.26 in batch versus 4.12 + 0.08 in continuous over a period of 55 minutes. The data clearly
demonstrates that CFIR can be used in a continuous train for virus inactivation without any
reduction in inactivation efficiency or inactivation kinetics. Integration of the reactor with the
continuous downstream train has also been evaluated by highlighting different possible
configurations. Two different case studies depicting the integration of the reactor to a continuous
Protein-A capture chromatography under different sets of operational conditions have been
discussed. In all cases, consistent process performance and product quality attributes were
obtained. The proposed reactor offers a suitable configuration for continuous viral inactivation for

mADb continuous processing platforms.

In chapter 5, we propose a strategy for automation and control of multi-step polishing
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chromatography for integrated continuous manufacturing of mAbs. The strategy has been
demonstrated for a multi-step polishing process consisting of cation exchange chromatography in
bind-and-elute mode followed by mixed-mode chromatography in flowthrough mode. A BioSMB
system with a customized Python control layer has been used for automation and scheduling of
both the chromatography steps. Further, the BioSMB valve manifold has been leveraged for in-
line conditioning between the two steps, as tight control of pH and conductivity is essential when
operating with multimodal resins because even slight fluctuations in load conditions adversely
affect the chromatography performance. The present study demonstrates that the pH and
conductivity of the load to the multimodal chromatography columns is consistent, despite the
elution gradient of the preceding cation exchange chromatography step. Inputs from the BioSMB
pH and conductivity sensors have been used for real-time control of the 7 independent BioSMB
pumps and 240 valves to achieve in-line conditioning inside the BioSMB manifold in a fully
automated manner. This is confirmed by showcasing different elution strategies in cation
exchange chromatography, including linear gradient, step gradient and process deviations like
tubing leakage. In all the above cases, the model was able to maintain the pH and conductivity of
multimodal chromatography load within the range of 6 £ 0.1 pH and 7 £ 0.3 mS/cm conductivity.
The strategy eliminates the need for using multiple BioSMB units or integrating external pumps,
valves, mixers, surge tanks, or sensors between the two steps as is currently the standard approach,
thus offering a simple and robust structure for integrating multiple polishing chromatography steps

in continuous downstream monoclonal antibody purification trains.

Having developed and optimized different continuous downstream unit operations, we have
explained development of a Raman spectroscopy-based PAT tool for assessment of critical quality
attributes (CQA) of biopharmaceutical products for better control of continuous processes (chapter
7). Chemometrics based analysis of Raman spectra has been utilized for quantitative prediction of
protein aggregation in lyophilized biotherapeutic products. Two commercially available
therapeutic proteins, erythropoietin (EPO) and human growth hormone (HGH), have been used to
demonstrate the applicability of the proposed approach. Thermally induced protein aggregation
was monitored by size exclusion chromatography as well as Raman spectroscopy with a 785nm
wavelength laser. Partial least square (PLS) regression was used to analyse the Raman spectra and
create amodel for quantitative determination of aggregate. Satisfactory performance was observed
with both EPO and HGH with R? of 0.91 and 0.94, cross-validation correlation coefficient of 0.85
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and 0.89, and Root Mean Square Error computed from cross calibration (RMSEcv) of 5.25 and
1.92, respectively. The developed approach has been demonstrated to enable rapid and accurate
assessment of aggregation in lyophilized samples of biotherapeutic products. The study also
demonstrates novel use of Raman spectroscopy for protein quantification through a vial. Further,
we have demonstrated monitoring of charge related heterogeneities of mAb therapeutics using
Raman spectroscopy. Charge variants are typically estimated using analytical cation exchange
chromatography (CEX), which is time consuming and not suitable for real time control. Raman
spectroscopy coupled with artificial intelligence (Al) tools offers an opportunity for real time
monitoring and control of charge variants. Raman spectra were collected from a reference library
of samples with distribution of acidic, main, and basic species from 0-100% in a mAb
concentration range of 0-20 g/L generated from process-scale CEX. The performance of different
machine learning techniques for spectral processing was compared for predicting different charge
variant species. A convolutional neural network (CNN) based model was successfully calibrated
for quantification of acidic species, main species, basic species, and total protein concentration
with R? values of 0.94, 0.99, 0.96 and 0.99, respectively, and the Root Mean Squared Error
(RMSE) of 0.1846, 0.1627, and 0.1029 g/L, respectively, and 0.2483 g/L for the total protein
concentration. Thus, Raman spectroscopy combined with Al-ML frameworks can deliver rapid
and accurate determination of product related impurities. This approach can be used for real time
CEX pooling decisions in mAb production processes, thus enabling consistent charge variant

profiles to be achieved.

The case studies presented in this thesis offer insight into the development and implementation of

integrated continuous downstream processing for manufacturing of biopharmaceutical products.
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Abstract (Hindi)

IAHgfecHa fafHiun &t waa faur &1 Ie=a FafEa wad fafamr uftrar fasmiig #e
TR AT & fH BT ST § | Tl URRHRUI &1 T add e fAsfad &= # Ufshar fRa=or
TP HgaqUl GRTGHadl § | Tod Uisharstt & fore =t foramd uRuRe faer & o o &t
3w Sfed €, T Add ReHIH JaTerd Hid THd aRddd T $I ATRHT 3R =m0
B IS Bt 31 T8 N ufhar e, Iuexul 3R IR I, Ty € HHH
IS & ST R A FHisd HRA 8, AP ARHINTd iR WAURY Wewid o Io
B Tl IR & S TRl & dgaR Ue-¢-Us (A0 &f URIHTT i off Jb |
T dl AT Th-TERAAS 1 ST Iue iR fRRAT & Srea & U $iad §, Sl
THARH eI (1Bs) & ¥4 # Idifed Th AHIedd 3G ¢l 37 1Bs Bl L-TERAAS
3G ¢ & fou Swics fhar Srar g o I SR SAGEgfedhd ST 8§ Td awad
Goey g | graifep, fonddt +ff arawmigfeswa & anftifcus fafaaior & Uil & SRME &%
THIAC AT THA! &, Fords TRUMRGEY fRRAT U HeT 811 WR IdIE &1 1 8 dhel! &, oil
o L-TeRIS & A19a B 8 | 39T 3 3TG Heada! Rl SR Ufsha fEois- & e o
TR S Higd BT § diieh BIcS-30 IHT ¥ fAueq 3iR 3ifaH Iusl &1 dgH & o e s
TH-TERRAS 3t fFRRAT &Y I/ o 9% | 59 g #, YW@ Ius 3R dhies ua-
TERIAY ot fRIRAT 1 Teh 1Y 9 & folT Ueh U1 Uarfad &1 718 g difes gwu ufesan
30S H GUR Bl b | Th IHI H Th TR (OVAT) TART BT ST d gT, RAT (6 M),
gaid JHERE R (15 mg/ml), THIET fAfY @R FHIR geA), 3R pH (8.6) Bl
gyl ufthar Aadel & €U ¥ ggar Tl fiR AwifceT wRur & forg uai &1 feemsA
(DOE)-3MTRd e fobar 7T | Y URUmH Tegd Revart (@, 4.90 1U/mI) H 3B ferd
fRyferd (@, 1.26 10/mI) & g1 T a9 1 T 31D gig oY ST 3fefrd, 3rdpiad Td-
TERAAS Ufsrar Teaadf SR & aaaM 3R 2-8 f3ult Ao R te g ¥ ¢ifie vy
dh FRR urdn 741, Safds SJobierd = foar wram =T 2-8 fout fetoy iR fRRR T, difb 72 6
& §1G HER P YA R His Taiafy Te1 fa@rg | adam eaa Wy i & fob ufchan
3IHT & QR UiehdT Aad! R IR 3fId & ¢4 &1 HTagwd 7, faviy U ¥ Ta-
TERMAAS oI IdTG! & e S SRR 7|




IR [AfFHr & Jad die &1 I5:9 MaEa wad fafmafr ufsar faeikig e
TR AT &1 fH BT ST § | Tdld URRHRUI &l T add e fAsfad &= # Ufshar fa=or
TP HgaqUl ANTGHandi g | Jad Uiharsit & fag Fe=or it uRuiRe A &1 ga1 d &1w]
3w Sfed €, T Add ReHIH JaTerd Hd THd aRdide T $1 ATRET 3R =
@1 MMAH Biat ol I8 MR ufohan srgad, ITHUN 3R YW & I3, 1Y FI
AT SR WHYR! WeWIH § 3T 814 aTel SRR & SIS [H TRHHRUl & S8R
US-2-Us a0 & O &1 & o HRA gfgr & suan R Hfad g1 o9 dis
UfehdT 3G a & d1G, SATam =Rl fyor ufafdarsti & T Jad Uaded & [admiRig H+ W
DHigd Ul I 3= & AT, SIS IHT5 AT Pl QR HRA & (A4 Th 141 Haferd Uarg
b RUFER (CFIR) BT IUANT fohan 7 3, foraes fore Rewifed T, sraauur, arRd fAfspad
3R PEGylation St ufaferar 3R fArsiur ot STaaeshdT gl 8 1 39 ST B (e 4 H G Y
H yefRid forar w1 o1l ugd HIT § IJeNITEe PidMI-3ueid BRS (GCSF) oY fafeaita
I & dd PEGylation & foTT CFIR &1 S0 Wi g | fRifarciia TidH &1 PEGylation,
e & et 7ol &1 e & iU Th SRIoHS UG & 0 & IR g, o o 3 faal
gTh-a3W | gia 3R S8R S1d IUAAT | PEGylation ¥ SIS T+ @yl & STdSg, PEGylated
JATG! &1 I AT A AR & 1T 37 IUTa! &1 Ugd H 14T Sa Bl 8 | R Tl 59
T BT AU UEH BT g, S8 IdTe St ot &1 dn 6hu foA1 Sdreswdr 8ik
I B GUR FRA B1 R &Fa1 81 Th oF PEGylation 3R Y[G@H0T Ufhal &1 = &
fdenRrd fobam T o1, S 971G AR Tlsd U] & ¥U ¥ GCSF & 1Y FRER IRy H b1
S TRUT foar | 1 € & faforar aua # ufafear qufdr o o3 arell T o 3R s
3IdIEH PEGylation UfhaT 3R PEGylation & §1¢ Th 4T fORIMUA HIg H¥F TR
I fawRyd ufhar o1 vig faRiwdTt off | 591 &1 AR ufshan o Thadyds daa &
forT Piges Tl gaSA RUTER, AR diicer 3R JHAN HIHCHTH! St Wed ddhian!
&1 IgANT oo | fafia 318 TaTa & HRA TR 3R THIHRU] b1 YT H1 &
fore Suger ufdran =me fobu U1 Sifad Uebied Tad PEGylation UfohdT H T Heferd UdTg
gac} Nugex # Idd PEGylation AT U1, 9% dc IR Wl & Idd Hrde-dic
HIHCIUTG! B T3 | W Jdd PEGylation 1 &I AR Ugd ¥ R Gesk fafafor ¢
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Wt Taterd foar T T, e uRumTIRa=y TH1aeH Ml § AR SRieUd PEG-GCSF
&dl Uard d@ Ue 3id-9-3fd Tdd fafmior ufsear &1 At gei | uad oid URRGRUT ¢ &
P! &l BT UG IR & (o 12 b T 9T ¥ I 1T 3R URUM $r3eyge &1
fafirs Agayul Turas faRwarsit & o fazew o foar man Ide et > 99% 3R I
3{TOTfae YR SRISAT < 0.5% b AT TaTa o1 3fafe F gt fo=roand gad ur 7 | s
3T I IATEH T, HH BITS TR 3R I FY U o SUHRU 3R A YT T
HRAT g1 R HITH g1 AFedd UETaIa! (mAb) SRR & fore Iad arard fAfspaan
ufhd & o CRIR &Y IUAIMAT &1 UaRM ad ¢l 39 RUFR ST I S mAb
SUARTHS & [ 1 pH IRRY FfSpgor FRaR Hie # farar a1 o7 $iR 390 UeRH &1 g
TR 99 Y3 A &1 718 2| T8 U 741 b o 3R FRaR a1 wfshanstt & gy fAfswaon
BT T SRISR TR U Bl 7, T H 55 fie &t 3afy § 59 & XMuLv & forg o
TIUIH HH Jed (LRV) 4.32 + 0.26 FTH FRAR H 4.12 + 0.08 BIAT 8 | ST WP &Y I ST
g fr RNuaer HIRBTRRA &1 IuahT arRy fAfSran & forg AR o1 & fAfswgdr gean at
fAfspaar nfas & fsft off ot & fomr fopan 1 woan 81 fafte Svifad SiReIRIE &I
gISARE TP AR ST o & 1Y Nuaex & Tirur &1 it Jeaics foar man ]|
faftr ftare fRufaal & dgd FRAIR UIcH-T =R SIHcUD! § RUFex & UH 160 &I G/
T &1 SIQATT-3ET ¥ T R == b 718 g | vt At §, gETd ufehan ueiH 3R IdTe
oG fIRIVATE U &t 75| TRATad REFR mAb FRAR TRe0T wewhid o forg FRaR
IR ST 3 o Iugad IR UaH el g |

mAbs & UHIdpd ad U0l & forg aifeiRiT e | IUHfd &I Sg-TRUNY UifeRiT
yfehan & fore UeRia fevar orar 8 o as-Us-udge A8 | ofcdd Rl HIHcum!
e Bt B, R 1e way Aie # ifEd-Aie Siada®! 81t 81 Ue srefed urys
R0 TRA & 1Y U TRAEEHe YumTelt BT ITANT Sl IR TR aRON & e SR
RISl & T foram ST 8 | S9d SfTaT, SNTuHd! dled HiAhIcS &I &l TRUN & o 3-
T BT & oy wliavst fovam Sran g, ifes Aecmied oM & W1 FaTe HRd T
g 3R el &1 e O o gidT § i s &t fRufd o 1rgelt IaR-agE
1t ST UeRF &1 ufded ®0 J gHIfad &l 81 Id9H Sieqa- g2niar § o fisa
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BT TRTAS SHIHCITG! TRUI & (ETT GId & JTave, Hee e d ShIHC R Hiad J Al
&1 fiug 3R AAH AT 8| BioSMB pH 3R dddl TR J STYC T IUINT 7 Wi
BioSMB UUT 3R 240 dTedl o ARaiad THd FE07 & fort foram Sirar § difds BiosSMB AfFhices
& 3R T IRE I WA NI H FA-A18 BRI UTd DI off Tb | 3BT GY e
TR B! H fafid TegRe Iurifadl & uefiRid evds &t ot 8, o Yaes Afete,
WU AfSTe 3R ST b o ufshan faae wfia g1 SwRiad waft Amal §, Afsd 6 + 0.1
pH 3iR 7 £ 0.3 mS/cm TTAH AT &1 AT & HidR AccHiSd HIHSIITH! WIS & pH 3R Tl
DI 1T 3G T &Y UT| Ig I s BioSMB SH1RT BT IUANT - IT §18<1 U, dredl,
AR, ol ot a1 TIRY Y &1 TRON & oI ThIpd B DI SAIDH AT B! YA BT § T
fob afHM & A7 TR ], 39 TBR FROR SIS IH AFlgae Telare! Yfgh o ot |
B3 TR ShIHCRIT! TRUT ! Thidd B & [0 Uh WA MR AT Wa-T Y& Hdl
gl

fafts R ST 3Ts HaTe &l fas g 3R S erd B & a1, g1 AR ufshanaft
& SR A0 & U IRBHIRIcHd IdTG! B Hga@yul Jura faRydrs (Ffiem) &
TH e & ol T Wag e UT-3enikd YTt Suehur & AT o1 URdTd #3d € | 31 7
& Ugd I ¥, g dg3iithesss JRIRMCH IdG H UIKH THAIBRUl &I AEHTHS
Hfaegaroft & o T WaeT & HHAAfca e fIRas o & Ar &Rd ¢ | URanfad <P
&1 JAISTd B UeiRid B & U & Aais U ¥ Juasy Rifecig uid, wheidigien
@i 3R Aa faer g (Taelied) o1 IuaiT far T 81 785 THEH TR ¢&f R &
Y STHR FFSHRUT HIHCTUTDT o AT T e Rp U gRT Yl IR Ui TRl
@ TR B 718 STSH 3R TIolTd GIF1 & A1 e U= gar 1T, s $iR2 0.91
3fR 0.94, HIY-AfTSTA YT 0T 0.85 3R 0.89, 3R HIY HIANIA (RTATTZHI) I
U Bt TS ¢ A1 aFf Jfe HHRE: 5.25 3R 1.92 At | g yd efPei safaferaiia Same) &
e SNhaTgss A H UHABRU BT dol 3R Td AHTHa B H GeH 8 Tohdl g | 37eaa
o e 2=t & Aregm § M e & forg T Wae keIt & U IuaiT &1 ot wefRia
foraT T § | 31 o R U H, 59 THUS! fafda fag &t smaw Jeieh fawwdraii & A
R fIaR B &1 3w aRUe &7 UM AR TR faavuneds B TR SR
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(TETH) BT ST FXPb T Sl § §H FRIA AT ddeiieh! BT ITANT B gu T
WHRRPIUT TR MYTRT TR Whd CEX & GRM 3ii--a13 3R IRd(dd JHY dTel diRie
fF4iRor & foe Te TR TIfafedma carrarol (PAT) € URgd Rd & | I WaeT & TRg-
WA CEX ¥ 3@F 0-20 g/L & mAb Tisdl ¥of H 0-100% I 3, T 3R Td Fonifcdl &
fIaRor arel T & Ao Gadiay ¥ Ued o Sen g1 fafte 3t aRue genfaat &
Yigsgaroft A & o Weed TRk & fore faftes == af v deiie! & ue= @1 gamn
&I ST | Th H-alegRd gRd Heddh (CNN) STUTRd Aisd &1 HHLT: R2 HTF 0.94, 0.99,
0.96 3R 0.99 & TIY 3T YA, T YT, Hal STl SR & WeH Wigdl &
gfmrofiexor & e awaargde dfcsie faar T g9 UelRid #vd § & Al-ML Thdas &
T WG I WP IUT IdTe U AR ISt o1 dolt ¥ SR Tt MuiRor e wahdt
g1 S BP0 HI SN mAb IdTe- Uisharstt H ardids IH7g CEX e il & fam
foraT ST Tohdr 7, o GETd arst aie MHIEd U &A1 T4 81 ST ] |

39 i & TRgd P WIS TRIBMRHd MG & THIHd (AR TSR YRR
P 3P SR g & 3iaef® UeH Hd &
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