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Abstract

Biotherapeutics have revolutionized the treatment of complex diseases such as cancer, rheumatoid
arthritis, and psoriasis. However, the high cost associated with its production significantly limits their
accessibility, particularly in the developing countries. As large number of biosimilars receive
regulatory approval in markets each year, intensifying the competition amongst manufacturers to
reduce the production costs. Manufacturers are under growing pressure from both governmental
bodies and patient advocacy groups to enhance product yield and lower expenses in order to reduce
the cost. Government initiatives, including regulatory modernization, expedited approval processes,
reimbursement reforms, and standardization of clinical trials are fostering a supportive environment
for innovation in “Upstream Process Technologies”. Currently, an estimated 400 million people
worldwide rely on protein-based therapies, often for chronic conditions requiring lifelong treatment.
Thus, the development of improved manufacturing processes for biosimilars represents an urgent and

ongoing need.

Chinese hamster ovary (CHO) cell growth and productivity remain a critical focus, as high- yield
production strategies are integral to the affordability of biologics and biosimilars. Implementing such
strategy is only feasible during the development of upstream processes, where key factors include cell
line development, media optimization, the use of cell culture additives, and the adoption of perfusion
continuous manufacturing techniques are performed. A subtle alteration in media composition and
feeding strategies can significantly influence the critical quality attributes (CQAs) of therapeutic
proteins. The industry relies on the Design of Experiments (DOE) and multivariate statistical methods
to identify critical process parameters and their relationships with product yield and quality attributes.
Recent advances in Process Analytical Technology (PAT) now enable real-time monitoring of cell
physiology, critical process parameters (CPPs), and CQAs, which supports the quality-by-design
(QbD) approach in upstream bioprocessing. In this work, some of the major upstream challenges to
produce therapeutic proteins have been addressed to improve protein production The use of QbD and
DOE approaches. for media component optimization, and real-time monitoring of 23 cell culture
process parameters are thoroughly studied.

The first objective investigates the application of pyruvate dehydrogenase kinase (PDK) inhibitors to
enhance monoclonal antibody (mAb) production in mammalian cell cultures by mitigating the

"Warburg effect," characterized by high glucose uptake and lactate accumulation. Four PDK



inhibitors dichloroacetate (DCA), metformin (M), (S)-3,3,3- trifluoro-2-hydroxy-2-methyl propionic
acid (TPP), and 4-phenylbutyrate (PB)—were screened for their effects on lactate reduction. Optimal
yields were achieved with PB (0.5 mM) and TPP (0.5-1 mM), both showing nearly complete lactate
inhibition, while DCA reduced lactate by 36%. A combination of 5 mM DCA and 1 mM TPP led to
a two-fold increase in monoclonal antibody (mAb) yield (1.20 g/L on day 15) with a significant lactate
reduction. Metabolic flux analysis revealed a 19.5-fold increase in pyruvate flux, along with two- and
four-fold increases in acetyl CoA and lactate, respectively. Importantly, critical quality attributes such
as charge variants, aggregation, and glycosylation remained unaffected. Amino acid consumption
profiles showed specific depletion patterns, and proteomic analysis revealed significant changes in
cellular protein expression. These findings suggest that PDK inhibitors can improve cell viability and
mAb yield by reducing lactate accumulation in fed-batch cultures without compromising product

quality.

The second objective focuses on improving non-perfusion N-1 intensified fed-batch yields with
Sodium Butyrate and n-valeric Acid. Recent optimizations in cell culture processes have illustrated
the impact of using additives in enhancing the inoculation cell densities in the N — 1 stage, leading to
higher volumetric productivity and shorter production culture durations. In this work, we present a
DOE approach to optimize sodium butyrate and valeric acid composition in the media to improve
protein titers and regulate the CQAs in the desired range. Around 2.8-fold increase in trastuzumab
yield, from 0.62 mg/ml to 1.8 mg/ml, was achieved in intensified fed-batch cultures using a
combination of sodium butyrate and valeric acid (0.25 mM each) over 6 days. Individually, sodium
butyrate enhanced the product titer by 2.17-fold, while n-valeric acid contributed to a 1.9-fold increase
during high-throughput screening. Hence, the combined effect is better than the individual butyrate
and valeric acid supplements. Butyrate (1 mM) addition promotes the formation of the acidic variant
in trastuzumab. This effect was mitigated when butyrate (0.25 mM) and n-valeric (0.25 mM) were
simultaneously added to the media and feed. Their combination has negligible impact on
glycosylation, decreases glucose uptake, and prolonged viability by 24 hours. Arginine, Serine,
Valine Threonine, Tryptophan, Aspartic Acid, and Tyrosine were found to be possible feed targets by
our amino acid analysis. Lysine, methionine, phenylalanine, Leucine, Valine, and Isoleucine uptake
is slower; hence, their concentration can be minimized in feed optimization. Hence the application of
sodium butyrate and valeric acid along with feed regimen and seeding density optimization can

produce 2.8-fold higher protein than the typical fed-batch process.



Later, the study focuses on developing PAT for monitoring CPPs of mammalian cell culture. For this,
the development of a robust fourier transform near-infrared (FT-NIR) spectroscopy- based method
for the quantification of all 20 amino acids (0—24 mM), along with glucose (0— 6.7 mg/mL), lactate
(0-2.7 mg/mL), and trastuzumab (0-2.5 mg/mL) concentrations in CHO cell cultures. Near-infrared
spectra (4000—-11,000 cm—1) were acquired, and pre-processing techniques such as smoothing and
derivatives were employed to enhance signal detection. High-performance liquid chromatography
with pre-column derivatization served as an orthogonal method for validation. Calibration models
were developed using principal component analysis and partial least squares regression, yielding
strong coefficients of determination for calibration (Rc? = 0.94-0.99) and prediction (Rp? = 0.83—
0.98), with high RPD values (>3) for most components. The model was validated through external
testing (REV? = 0.89-0.99, RMSE = 0.04-1.04) and successfully applied for at-line monitoring of
two 10 L perfusion runs. The demonstration of NIR spectroscopy for the measurement of 20 amino
acids for the first time have been tested for the mammalian cell cultures, which is offering a valuable
tool for biopharmaceutical manufacturers implementing continuous processing and process analytical
technology (PAT)-based control. This study also highlights the amino acid consumption patterns and
optimized feeding strategies, supported by process analytical tools such as near-infrared (NIR)
monitoring, Amino acids impact the growth, viability, and productivity of CHO cells in
biopharmaceutical  production Optimizing amino acid feed concentrations and combinations,
supported by NIR monitoring, significantly enhances CHO cell performance by improving viability
and productivity by 150 percent. The study identified that concentrated amino acid stocks (150-200
mM) prepared with sodium hydroxide were cytotoxic, leading to the development of a modified Krebs
bicarbonate buffer to mitigate toxicity. This approach enabled stable amino acid solutions at
physiological pH, contributing to improved cell culture outcomes, while preventing batch failures
through rapid feedback on process perturbations. This also demonstrates feasibility of Near-infrared

spectroscopy for high throughput process optimization of CHO cell culture.
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TR Gfed @fde ITER) A FWR, THelzs RT3y ik WRmaRmy it wifea
T & IuaR A wifaeR uftad arn g1 g1aife, $9d Sde- | I3t 3o ard
P! IUTA], WP f[AwaRia o= ¥, 1R 0 3 difta o=l g1 & ad 98t
H& # IRifieR Sare IR # e Wiefa urd #d €, o fmfaret &
¥ ARTd $F $= o1 yforeuyt 9¢ 36 81 TWHRI SR N7 Tgradr Fggi It ok I
IATG Dt HET g™ R Td g™ &1 g1 TAR §¢ 8T 8 | IRPR §RT BT o1 T@t
Ugd, o & Frame gur, <fiw srguie ufeame, Reredide gur ok feafea
TRICH BT AFDIDRU, "ML T Harei” B 7[R & U sed araraxon
1 78 1 IH ® T 400 FAfera= @i widi=-smeamia Swart wr Ak €, o
q SAfUBIR B STolia AT B AMARIDT gl 31 3 UPR, TR & Jgar
Iaare & fore Iaa fHafur ufssansi &1 fawr wwa & smawasar 9 T |

AT 3R 3Nt (cHO) FIRTE13H F gfg 3R ITGHar W IRy e Higa fvan
T §, T Io SATGHdl IUFITIAT SHdP TGl SR TRARIes St gavar
3red Yftrepr fRrurdht &1 ¥t ool Sae srgecie wiar Asra s SR € AR #t
T gt €, o SR a1g4 &1 fawr, Mifswr &1 sgead, I =R ufsfesy
BT SUUNT 3R WHREH Hie-g3rd AGH e aab-itd] ot =1 e g1 difsan
B WA R WIS oI A Y& dgara i Rifeita wid ot quraw o Tgv1s
¥ gUIAT S Thd &1 I | fE91s Sifp Taaufided (DOE) 3R AwiaiRue
wifere g faftrl &1 ST v uftrar Aruds! @t ugam iR IdTg 3 uraT |
I e B AHS & fore frar S g 1 g1er €1 6, A gAIfeife s d SaIarsit (PAT)
| T & SRt Hifaet, uftrar arudst iR Ire i uras &1 dad-ersd ARt
|HT g T 7, s eifad-ar-femga (Qbp) @I @1 wwda faer 31 59
ey # fafraita Wid Saurea # oA arel 4= /w7 g=ifaal &1 STy fhar
a1 8, orH QbD 3R DOE = RHIUN & Areaw T MEar gew &1 srgHpa 3N 23 A
HeaR Ufshdr ATucs! @1 Sud-ergd R =nfia 31

Ugdl G%W pyruvate dehydrogenase kinase (PDK) E:I'%ﬁﬁ ¥ IUURT §RT
A¥SIFAAd CEHaiS (mAb) SAUTET &I F&H Bt HHIGAT PI Sid HIAT 4Tl g
"Warburg effect" Y B HIPb BT TT, S IRIF TP Io U 3R Aaee Jaa- Pt
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fauar 81 ¥R ppK sAfRfaed _Ssa@RITdeT (DCA), ATHITHA (M), (S)-TPP 3R 4-
fiPTsTsgeTaRe (PB)—®! ddee HH H & TUTA! & oI SIi=m ™11 PB (0.5 mM) 3MR
TPP (0.5-1 mM) & HTY ARGaH IUTGHT YT g%, Forgi+ Ty i ave daee &)
3ATTG B AT, TGP DCA A 36% qP Adee HH fHATI 5 mM DCA 3R 1 mM TPP &
TS A mAb ITe | & AT i (159 f& 1.20 g/L) T, 3R dFee A H1w! H
<l T3 | Heraitae wee fazauer § urgede wae H 19.5 AT gfs SR Thiersa-
CoA T Aaee | 2-4 THT i3 it 715 | W@yl Turaw faRivant—o & et afvdes,
TiE ok TarseNrgaTE—uHfad T8 gs1 TiEr T S ded ek
Wit faxawor 3 il wida siftrafe o ugayul uikad+ fdame | 98 |@&a
3d € fF ppk AR @ Ao ) FH FIP BIRAGBT FI Siia= &HAT 3R mAb
ITG DI dgaR T-IT Sl Pl &, STE B! Turawr gyifad fare famm

SN ST § ISy Sgerie 3R n-dalie This & 919 N-1 R IR §<abiss
PS-9° SATGHAl DI g I UR AT s fHar 741 81 7T & SrIHer Wl =
faamar & 1 A vfsfeon 3= sipaw 9a SR e &3 A #eg Fa €, a0
TG | P I WHT BT 8 | $ AT U, DOE XDV BT SN H3 Alfeaq
erare 3R dufve this ot Sugad wvaqn Fuffya ot 18, orrw widia eger 78
3R CcQAs i T8 | TRETHT BT HIAT 0.62 mg/ml T TESHR 1.8 mg/ml (2.8 TAT) T T
W 0.25 mM FIETARE 3N 0.25 mM A ® TRIS HT TS IUART foba 7 | safaama
U W, FETRe T 2.17 AT 3R n-daR® this A 1.9 11 3fS 55| Yere 1 mM) F
SUHNT ¥ TRETHT H iy af¥le aviaT 8, S |gad SUERT (0.25 mM SIETARE + 0.25
mM 3AR®) A BT o1 GHdT 8| T§ JaIo TSP IATSARM BI 8! Igadl, DI
GUd °TTdl & 3R Sha &HdT B 24 °e do deTd1 g1 3rHIH! TRis fazduu & nyr
W 3fifAe, A9, 3efiq, dsifam, feoiw , Tanfés wirs, oik erRfT urfaa
Ble w8 7| arsRE, AR7E, fRrrgarat, «Ris, 3, sk srsieafRm 9
it @ud &1 T@d g WIS | gD AT UeTS o AHhdl g

916 H, 309 BT BIdpd PAT fAHTH UR 6T, S WYUK BIBT Heax A CPPs Bt
AR & fIT 81 STH FT-NIR spectroscopy 3mUTRd faftr fawrRya &) w€, B 20
3fiH TRIS (0-24 mM), TSI (0-6.7 mg/mL), AFEE (0-2.7 mg/mL), 3R TRETHT (0-
2.5 mg/mL) B AATHS T B1 ST [ | NIR TFT (4000-11,000 cm ™) THH fHT 7T 3R
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e dgaR F1 & e W-maRi a@-1d 3UATS T | HPLC ST SUINT HI=Idl &
fere fosar a1 pea 3R pLS NAUIRA gRT SfidwH Afed 991¢ 1Y, o Rez 3R Rp?
D PTHI I (0.94-0.99 3N 0.83-0.98) TT, 3N RPD >3 IgTI ATSH B! 1831 UST&0n
(REV” = 0.89-0.99) H Hea1iUd fo5am a1 3R S 10 L RS 39 & SRTE WA § @
QI 1§ WWW%%ZO m@gaﬁleR spectroscopyﬁﬁqﬂﬁﬂﬁﬁm
Tk | B T, 9t PAT 3R FRaR Wi & fore uer aecyet Susvr g 8t
TPl g1 59 g = ag WY gxifan fr enfie uftrs &t @va, S gfs, sha=
& 3R IATGHAT W 3R STAd! g1 NIR T AR gR1 enfiat uhrs wis
B ATHOTd B A CHO HIRABI3AT B IATGHAT 150% a6 T¢ Tbdl g1 Jfeaq
TIESIGITSS P HIY T9TE Y 31 ufdrs wefad (150-200 mM) HiRTw13 & fore fata
7T 7Y, for) GURd U Krebs TTEHTIEIHE a6 famRyd favar | 39 a3 RR
pH TR 3(HIT TRIS THTHUT SUAS HR1AT 3R BB Hewr 31 [urawr 6 UK T,
1Y § 9° ek &1 GuTaHn ot w9 a1
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