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Abstract

ABSTRACT

Therapeutic proteins, such as monoclonal antibodies (mAbs) are used for the treatment of
various diseases. Aggregation of mAb is a major stability issue and occurs during various stages
of the product life cycle such as cell culture, downstream processing, formulation,

transportation, storage, handling, and administration.

Microscopy based techniques are used for the analysis of aggregates. First objective was to
develop a novel image processing algorithm to characterize micron sized aggregates of mAb
using brightfield images. Initial steps of image analysis algorithm involved conversion of
images to grayscale followed by pixel-based and size-based thresholding. Further steps
involved morphological operations and calculation of size distribution. Size distribution output
obtained from brightfield image processing was validated using images of liquid
chromatography resins. Aggregate size distribution of mAb was also compared with various
experimental techniques. Overall, it was concluded that analysis of IgG aggregates using image

processing strategy could serve as a rapid orthogonal methodology to the existing approaches.

Combined occurrence of air/liquid interfacial stress and agitation is known to be highly
detrimental to the stability of mAbs and hence requires deeper investigation. Second objective
consisted of aggregation analysis of therapeutic mAb induced by rapid air/liquid interfacial
agitation stress through air bubbling using an in-house set-up. Samples containing mAb
subjected to stress were characterized using a wide array of analytical techniques. Stressed
samples showed increasing turbidity with time, with mAb1 showing a protein loss of more than
50% after 240 minutes. Aggregate rich samples exhibited altered secondary structure and
higher hydrophobicity with 40% reduction in activity. It was also found that the extent of
aggregation was affected by protein concentration, sample volume, presence of surfactants,
temperature, air flow rate, and presence of silicone oil. In conclusion, exposure to air/liquid
interfacial stress through bubbling into liquid mAb samples effectively generated sub-visible
and visible aggregates, making air bubbling an attractive approach for interfacial stress testing

of mAbs.

Once the sample containing mAb is administered in the human body, the stability of mAb in
physiological fluids might vary with time, and hence, different in-vitro models are used for

stability assessment. Phosphate-buffered saline (PBS) is a buffer, also used to mimic conditions
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of physiology. Samples containing mAb encounters different matrix components of blood once
they are administered. However, PBS is devoid of various molecules found in in-vitro models
such as serum and HSF. Third objective was to compare the aggregate profile of mAb in PBS
with in-vitro models such as serum and HSF. In this study, aggregation of mAb in PBS and
models derived from body fluids seeded with mAb samples subjected to various stresses were
compared. It was found that aggregation of mAb was different in PBS compared to HSF. It was
also found that PBS and serum containing mAb subjected to stirring and interfacial agitation
resulted in aggregates of >2 um size, and average size and percentage number of particles
having >10 um size was higher in serum compared to PBS at all analysis time point. Overall,
it was found that aggregation of mAb in PBS was different models derived from human body

fluids.

Therapeutic mAbs, upon exposure to chemicals such as ferrous ions (Fe’") or hydrogen
peroxide (H20>), are known to result in the degradation. H>O, and Fe?" reacts by Fenton
reaction to form hydroxyl radical (*OH), that are known to rapidly degrade proteins. Before
intravenous administration, the mAb product is often diluted in normal saline. Increased levels
of Fe** and H>0; could be found in the human body during various diseases as well. Fourth
objective was to investigate the stability of therapeutic mAb in the combined presence of Fe?*
and H>0O: in saline and in in-vitro models. Saline samples containing mAb having the combined
presence of both Fe?* and H,O exhibited more than 20% HMW, whereas samples having only
Fe?*, H,0», or neither resulted in less than 2.5% HMW, respectively. Aggregate-rich samples
also exhibited altered protein structure and hydrophobicity. Aggregation increased upon
increasing the time, temperature, and concentration of Fe?" and H>O,. It was also found that in
the presence of both Fe** and H,0», in-vitro models such as artificially prepared extracellular
saline, HSF, and serum resulted in enhanced aggregation of mAb. In conclusion, presence of
both Fe?** and H,0> in samples containing mAb resulted in multifold mAb degradation in saline

and in-vitro models.

Samples containing mAb are typically stored at 2-8°C. However, the product may get subjected
to higher temperatures during various stages, and it might perturb the native structure of the
mAb, eventually leading to product degradation. Taurine is a naturally occurring sulfur-
containing amino acid, known to offer stability to proteins. The fifth objective was to evaluate
the potential of taurine as a stabilizer to reduce mAb degradation. Forced degradation of mAb1

containing samples by thermal stress for 30 minutes resulted in HMW by more than 65% in
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sample without taurine compared to sample with taurine. Samples containing mAbl without
taurine also resulted in higher changes in protein structure and hydrophobicity compared to
samples with taurine. Stabilizing effect of taurine was retained at different mAb and taurine
concentrations, time, temperatures, buffers, and presence of polysorbate 80 (PS80).
Additionally, mAb in the presence of taurine showed enhanced stability upon subjecting to
light stress, combination of light and H,O», and combination of Fe?* and H2Ox. In conclusion,
presence of taurine in the samples containing mAb enhanced its stability, thereby indicating its

possible use as a stabilizer.
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R N, S AlAFldoT TGS T 39T Aot 9 & 399R & fav fmar sar
€l mAb T THAHOT Teh JAE fEURAT Heer & 3R Tg 3cuie Shael ok & fAffies =rom
ST ol EFHI, STBACEHA FHERIOT, Broerred, IRaee, $isror, Fsfoler 3 gerder & alrer
g gl

THTIT & fAeIvor & AT ATshIERI 3N deheilehl Sl IUANT fhaT SIIAT &1 1 HATShIT
¥ 3HF AR Tl mAb & THTIT &I 3R TAROT faeelyor 3rcaf@s FAgeaqol &1 1
ASHIA F 3HUH PR & FHAT &I FScthies BiaAT HEGT § 9ed H ST Fehell &1
FHIY 1 IRATN THid, TS 3R =T & €19 FF IR, AH] &l Aefeos Jfaafad
3R, 3R ISR & IHTA cehll IR FEA BTN @ FHTT & IR AUROT fggervor
FI UF HST HRT dolT bl &1 Ugell 36627 S3chies AUl & IUAT Fah mAb &
HIShIT TR & FHea H RAEAd Al & v Th 39=ar8 B JTHER0T ToalRed
forfd Fee arl ofa [aeevor vener & sy @oT 7 s # dwha # aRafdd
AT 3R 38F a6 Wrdd-3maiRa 3 HHR-3meTRa Jenfeser enfAer oY 3mer & awoi
H TTcAS TATed 3R AR TAAROT Fr 01T AT Y| sschles Sfd THEOT T Ted
3MehR fAROT 3M3eYe T Rel HIATATR IS T Siadl F1 3TAET e A fhar =
oT| ATt Grafaeh dehetiehl & WY mAb & HHI 3R TAcROT & Jofall o T 5| FHel
faeens, 78 fosehy fenrerr aram o ofd FHERor 0N T 3TNT Feh ISetel T
1 faeelvor Hiser efehiu & fow ve dig iufalser qeufad & &7 & S #X Feohell ¢

fafde= SeXBA T mAbs ST TFEIISR TAeeT BIE/cRe, TR/l 3R AR/l ATl & &
# gIaT | arg/aReT SBTATST Tt 3R IS I HIF AT T mAb T TRl &
faw srcafts gifaeRes AT arar § 3R sad fov g S dr 3rarshdr gidr g1 gaEv
3eeRT A SA-gI3H YC-3T & 3UANT Hlh g Jelgel & HALIHA F doll § arg/cRed
SIGATA el dald T IR Biehe I%hs Fasd (D) F Rfccar AT
TAETET &1 UehAlaor faeawor enfAer a1l dalrg & el mAb aTe FsAl @I faReIvoleAs
deheitehl &l Teh TaEI H@ell &l 3TN tah R fohar aram AUT| WEeT HigdT, o1 A,
A9, gedarge e AR Hgreh verdf @1 3ufeufa o faffied ®Rel & vema & o
HeAThsT Rl 1T AT| TATGIET AHAT H THI & T AT sgcr g31 fe@m, fFTad mabl
# 240 fAeIc & a1 50% @ 3F NS f g & 75| FHA FHY AT A afafafer
H 40% HT FeT & T gRafdd Areafds g 3R 3T geawifefae & ueds Rl
I o arT 91T o UehATRIOT S WA W& FigdT, FAHAT AT, Hherde i 3ufEAfd, ardHT,
arg gatg X AR Fafoeple dof T suieufa & wwriaa ot ey A, T mAb e A
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Jolgel & HATEIH F Fal/cRel SBRITST ToAld & HUeh H 3ol & FeAral &7 § 3Y-gIATT
3R TIA FHTIT 3o gld &, Tad TR F9felil mAb & STIHRITS delld TleTor &
T v 3Tendeh €fSehIoT e STl &

Tsh IR STd mAb JeFd AT AleTd R A STl ST g, ARiRe el garedf & mab &
TERAr @77 & |y AT g Fehll &, 3R SHTAT, TR Fediehe & v faffiest sa-fagr
Hisel & 3UIRET fRAT SATAT §1 BIEhe-a%hs TS (NHwd) T W g, g 39319 ¥R
faetrer &1 Eufadl & oher et & faT o fham ST 81 mAb JoFd el &1 Toh &R
TRMTAT T I W & & e JAfeaa gedhl ST GTHAT =TT 9saT g1 gTelesh, Daeg
R 3R TaTHTE S gA-fae Alsed # U S arel e 3oEt & IR g1 e
3¢CRT NATH # mAb & FHT BB HT Jolell ERA AR TITaUsh S go-faet AiseT &
AT AT 50 JegTT H, g F mAb & THIE0T 3R [AfAea damar & 3T mAb
AHAT & A W & T G & UIed Alsel T Jofell & S| Ig o 91Am 91 o dieheq
AR dRA gFd mAb H FEET AR SIPRTA 3o & e fopar o, s
ARUMAEIET> 2 ATSshI R & FFaT ¥, 3R AT 3R 3R >10 ASHA HHR arel
Ul 1 gfaerd TEar Tl favever §ay fog R fieed & Joem # dRA # A o
For Ao, a8 urr @ & NAvE A mAb FT TENHOT AT R F el gerdf &
ured Affest AlsaT A

RAfFcET NE, ST fF mAbs, BRE 3T (Fe?) AT gI83IeTd WIFASS (H,0,) I I@IAT
TUH F A W &RUT HT FROT Fald &1 H0, 3R Fe Heat yfafhar gart yfafkar &
gISsiardde I3hel (*OH) T &, 3 WET & doil & 75 I & foIT I ST g1 - fRRT
YMHT ¥ Ugel, mAb 3cUTE T JFET TTHT @RT H gddr fhar Jar g1 [Qffess e &
GRIT AT IR H Fe? 3R H,0, T TGT G TR IMAT ST Fhhl &1 AAT 36T TRT 3R
goT-faet AlseT & Fe* AR H,0, T T 3ufEAfT & RAfehcdiar mAb T TEUTar &1 ST &ear
qT| Fe?* R H,0, @l I HJF IUREATT arel mAb aTel WR A & 20% & 37f8H HMW
eiRicT g3, Safeh dhael Fe*, H,0, IT o1 Elel ATel aWafell 3 ShaTel: 2.5% & HH HMW T&RId
B3| FAT-AAEY A # IRafdd N T AR TSP off TefRid g1 Fe 3R
Ho0, T TAY, ATGHAT 3R Higdl §6a T THAAT # T g51 Tg o o aar & re
AR H,0, et 1 3UREATT #, 3-faeT AlseT S PRA T § IR TETRITARIT TR, HSF
3R ERA & IRUTHETET mAb & ThaeT FaT| foiseh &, mAb JoFel AT # Fe?* 3R H,0,
el i 3ufEAf & IRUTATERT gregiiadd Wshed & IS HT Jololl H F3 T mAb
&TT0T g3
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mAb aTel AT T 3T AR 9 2-8°C WX AT FhadT STem &1 glelifeh, 3cue faffiesy =)ot
& GRS 3T dMA & 3 81 Hehdl g, 3 Ig mAb T Hel TITAT Y feTTs FeheT &,
fSa@ A 3cue TS & Fhll &1 SR Th Whideh & & YT ST ATl ol ered
HAAT TfAS §, S W A ERAT UGl el & falU AT SA7ar g1 9iaal 3662 mAb &
&TOT & A H & AT U Ggeh Uard & & H R FHI &TACT FH1 Hedished Hl AT
S8 & A, Tehellehl 3R TGT T Teh HGoll &1 3TTTT Fleh mAb T FERAT &I [FIRmEw
IS Y| 30 TAeIe & AT Uafel AT QIR mAbL Il @l o STael &ROT & GRUMATTET
I aTel et T Jofoll # IR MR Tt A vauAsSey 65% @ 31U g1 arm| <R &
e mAbl @l el H SR ardt FoeAr H Jorem H aRafda Ode d@we, 3=
eI 3R wA g &1 d9aA giar g1 eIRer & RFudeor gaa faffiess mab
3R IR TigdT, AT, dIA, IHT 3R dieidise 80 (PS80) I 3URTYTT W sRERR I@T
T a7l 8% faRed, e $r 3ufeafad F mAb S goob dard, Yahrel 3R H,0, % I,
3R Fe? AR H,0, % HAST & TY TFofrd & 3R gld W 91 g5 FeRar Rarg| fasey
#, mAb I AT # IR &1 3R F sahr TR 1 Jgr, a8 v FX tole &
¥ F 3HF THIfAd 39T HT Hohd AT &
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agitation stress: (a) A representative image showing aggregates and
background of sample containing mAb (500 pL of 1 mg/mL mAb in PBS
stressed for 120 minutes at 37°C and 11.5 mL/min air flow rate). Images of
samples subjected to bubbling (500 pL of 1 mg/mL mAb in PBS at 37°C
and 11.5 mL/min air flow rate) for (b) 30 minutes, (c) 60 minutes, (d) 120
minutes and (e) 240 minutes. The binary image obtained after the
processing the images for 30 minutes is shown in (f), 60 minutes in (g), 120
minutes in (h) and 240 minutes in (i). The size distribution of aggregates in
the set of acquired images for the samples subjected to stress for 30 minutes
is shown in (j), 60 minutes in (k), 120 minutes (1) and 240 minutes (m).
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4.5

Intrinsic fluorescence emission spectra of mAbl samples exposed to
bubbling for up to 240 minutes at 37°C is shown in (a). Extrinsic
fluorescence emission spectra of mAb1 samples exposed to bubbling for up
to 240 minutes at 37°C obtained with 10 uM is shown in (b).
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4.6

(a) Far-UV CD spectra and (b) near-UV CD spectra of supernatants of
mAbl samples exposed to bubbling for up to 240 minutes at 37°C.
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4.7

SEC chromatograms of control samples containing mAbl analyzed by
Superdex 200 column.

81

4.8

Effect of mAbl concentration on (a) turbidity and (b) protein loss (%)
during air/liquid interfacial agitation through bubbling. 500 puL of sample
containing mAb of concentration ranging from 1 to 4 mg/mL in PBS was
stressed for 240 minutes at 37°C and air flow rate of 11.5 mL/min.
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4.9

Effect of (a) sample volume, (b) temperature, (c) presence of silicone oil or
polysorbate and (d) bubbling rate on the stability of 1 mg/mL mAb1 in PBS
exposed to bubbling for up to 240 minutes, as measured by turbidity (A3so)
and protein loss (%).

86

4.10

Scheme of the putative mechanism involved in the aggregation of mAb in
the presence of air/liquid interfacial agitation through bubbling. The
presence of air bubbles, headspace and monomers in the buffer is shown in
(a). Exposure of hydrophobic patches and adsorption of mAb to air/liquid
interface is shown in (b). The aggregates formed are shown in (c).

93

5.1

FITC tagged mAb]1 is shown in (a). (b) and (c) are the SEC and DLS profiles
of samples containing FITC tagged and untagged mAb.

99

5.2

SEC chromatogram of human serum filtrate (HSF) and serum (diluted 20
times) is shown in (a). Experimental workflow is shown in (b). Case 1: The
samples containing mAb not tagged with any dye were spiked in HSF and
PBS. Case 2: The samples containing FITC labeled mAb were spiked in
serum and PBS. The percentage aggregates of mAb in the first case were
determined by SEC, and the size distribution of aggregates in the second
case was analyzed by fluorescence microscope image processing.

102

53

Overall procedure showing the different steps for processing the
fluorescence microscope images.
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5.4

Brightfield images showing dark-coloured aggregates against a bright
background and sub-visible aggregate size distribution obtained by image
processing of samples subjected to stirring are shown in (a) and (b), and
interfacial agitation is shown in (c¢) and (d). Fluorescence microscope image
of a FITC-tagged sample subjected to stirring stress is shown in (e). The
binary image obtained after processing (e) is shown in (f) and the size
distribution obtained after compiling data from numerous images with a bin
size of 10 um is shown in (g). The fluorescence microscope image of a FITC
tagged sample subjected to interfacial agitation stress is shown in (h). (1) is
the binary image obtained by processing (h), and the size distribution
obtained after compiling data from numerous images is shown in (j).

107

5.5

%HMW of mAb in HSF and PBS obtained by SEC containing unstressed
mAb and mAb that were subjected to stirring, interfacial agitation, pH,
temperature, and light stress at different time points are shown in (a)-(f).
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5.6

A representative fluorescence microscope image captured at 24, 48, and 72
hours in PBS and serum containing mAb samples subjected to stirring stress
and incubated at 37°C is shown in (a)-(f).

110

5.7

PBS and serum containing aggregates of mAb formed by stirring
stress. The aggregate size distribution obtained by compiling all the images
captured at 24, 48, and 72 hours of PBS and serum containing mAb sample
subjected to stirring stress is shown in (a), (b), and (c). The average size of
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aggregates having more than 10 um size in serum and PBS at different time
points is shown in (d).

5.8

PBS and serum containing aggregates of mAb formed by interfacial
agitation stress. The aggregate size distribution obtained by compiling all
the images captured at 24, 48, and 72 hours of samples analyzed atleast in
duplicates in PBS and serum containing mAb sample subjected to
interfacial agitation stress is shown in (a), (b), and (c). The average size of
aggregates having more than 10 um size in serum and PBS and serum at
different time points is shown in (d).

111

6.1

Experimental turbidity and normalized Al of mAbl samples subjected to
incubation at 55°C for 1 hour is shown in (a). The %HMW obtained by SEC
and experimental turbidity of mAb2 samples subjected to stress is shown in
(b). The SEC chromatogram of unstressed sample containing mAbl is
shown in (c), and the SEC chromatogram of stressed samples containing
mAb1 is shown in (d). The DLS output graph of unstressed and stressed
samples are shown in (e) and (f). In Figures (a) and (b), the x-axis shown as
(A)-(D), is the sample containing mAb consisting of 0.2 mM FeSO4.7H,0
(A), 0.1% H202, (B), both 0.2 mM FeS04.7H>0 and 0.1% H>O; (C), and
neither FeSO4.7H20 nor H>O» (D). The sample labeled as (E) is the mAb
sample not subjected to any stress and not containing both FeSO4.7H>0O and
H>0o.

127

6.2

(a) Intrinsic fluorescence spectra, (b) extrinsic fluorescence spectra, and (¢)
second derivative UV-vis spectra of mAbl samples that were subjected to
incubation at 55°C for 1 hour. In the Figures, samples (A)-(D) are samples
containing mAb in saline consisting of 0.2 mM FeSO4.7H,0 (A), 0.1%
H>O», (B), both 0.2 mM FeSO4.7H20 and 0.1% H>O (C), and neither
FeS04.7H20 nor H20> (D). Sample labelled as (E) is the mAb sample not
subjected to any stress and does not contain both FeSO4.7H>O and H>O».

130

6.3

%HMW obtained by SEC of mAb1 samples subjected to stress for different
time points is shown in (a). The SEC chromatogram obtained every 30
minutes for mAb samples incubated at 55°C containing FeSO4.7H>0 is
shown in (b), and for mAb samples containing both FeSO4.7H>0 and H20:
is shown in (c). The percentage of aggregates obtained by SEC in samples
containing only either FeSO4.7H,0, or H202, and neither FeSO4.7H20 nor
H>0; is shown in (d).

133

6.4

%HMW in the samples of mAbl subjected to stress at different
temperatures for 1 hour is shown in (a). The SEC chromatogram of mAbl1
samples containing 0.2 mM FeSO4.7H>0, and both 0.2 mM FeSO4.7H>0
and 0.1% H>O» subjected to stress at 40, 55, and 70°C for 1 hour is shown
in (b). The experimental turbidity of mAbl samples incubated at different
temperatures for 1 hour is shown in (c). The brightfield image and
fluorescence microscope image that show aggregates of mAbl in the
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sample containing both FeSO4.7H>0 and H>O», incubated at 70°C for 1 hour
are shown in (d) and (e). (e) also shows the output image after processing
the fluorescence image. The size distribution of aggregates of mAbl
obtained processing from a set of fluorescence microscope images of
sample containing both FeSO4.7H>0 and H>O», incubated at 70°C for 1 hour
is shown in (f).

6.5

(a) SEC chromatogram of sample containing mAbl (Img/mL) in saline
having 0.2 mM FeSO4.7H20 (A), and both 0.2 mM FeSO4.7H20 and 0.1%
(C) incubated at 55°C for 24 hours. (b) The percentage of aggregates
obtained by SEC for samples of mAbl subjected to stress at 40°C till 72
hours and the SEC chromatogram of the mAb1 sample having FeSO4.7H-0,
and both FeSO4.7H20 and H>O; subjected to stress at 40°C for 72 hours.
The %HMW for different samples of mAbl incubated at 55°C containing
0, 0.05, and 0.2 mM FeS0O4.7H20 is shown in (c).

136

6.6

%HMW obtained by SEC for samples of mAb1 containing 0, 0.05, 0.1, 0.2,
0.4, and 0.8mM FeSO4.7H>0 in the presence and absence of 0.1% H>O»
incubated for 1 hour at 55°C is shown in (a), and the experimental turbidity
is shown in (b). The %HMW for samples of mAb1 incubated for 1 hour at
55°C containing 0, 0.025, 0.05, and 0.1% H>O: in the presence and absence
of 0.2mM FeS04.7H20 is shown in (c).

137

6.7

%HMW obtained by SEC of different samples of mAb1 incubated at 55°C
for 1 hour containing 0.2 mM CuCl2.H20 or CoCl2.6H>O in the presence
and absence of 0.1% H>O; is shown in (a), and the experimental turbidity
of those samples are shown in (b). The percentage of monomer left in the
samples after they were subjected to stress in the presence of different
metals and H>O is shown in (c). Samples (A)-(D) are samples containing
mADb consisting of 0.2 mM metal compound (A), 0.1% H>O» (B), both metal
compound and 0.1% H>0; (C), and neither metal compound nor H>O (D).

139

6.8

(a) is the %HMW obtained by SEC and Z-average diameter obtained by
DLS, and (b) is the experimental turbidity and Al of different samples of
mAb]1 incubated at 55°C for 1 hour in extracellular saline. In the Figure,
samples (A)-(D) are samples containing mAb consisting of 0.2 mM
FeS04.7H20 (A), 0.1% H20; (B), both 0.2 mM FeS0O4.7H>0 and 0.1%
H>0; (C), and neither FeSO4.7H>0 nor H,O; (D). The unstressed sample is
shown in (E).

140

6.9

%HMW obtained for different samples of HSF and extracellular saline
containing mAb1 (1 mg/mL) having the presence of both 0.2mM Fe?** and
0.1% H>O incubated at 37°C for 3 hours is shown in (a). %o HMW obtained
by SEC for different FBSF samples of mAbl (0.2 mg/mL) incubated at
55°C for 72 hours is shown in (b), and %HMW in different samples of
mAb]1 (0.2 mg/mL) incubated in FBSF at 40°C for 72 hours is shown in (c).
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6.10

%LMW obtained by SEC for different samples of mAbl (0.2 mg/mL)
incubated at 55°C in FBSF for 72 hours is shown in (a) and, the % LMW for
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different samples of mAb1 (0.2 mg/mL) incubated at 40°C in FBSF for 72
hours is shown in (b).

6.11 | Fluorescence microscope image showing aggregates of mAbl (0.2 mg/mL) | 141
in serum containing 0.8 mM FeSO4.7H>0 and 0.375% H20: incubated at
40°C for 72 hours is shown in (a), the output image after processing shown
in (b), and the size distribution of aggregates obtained by compiling a set of
images is shown in (c).

6.12 | Fluorescence microscope image showing aggregates of mAb in serum | 145
containing both 0.2 mM FeSO4.7H20 and 0.1% H>O», incubated at 55°C for
72 hours is shown in (a) The output image after processing of the image (a)
is shown in (b), and the size distribution of aggregates obtained after
processing a set of fluorescence microscope images is shown in (c).

6.13 | Hemolytic cytotoxicity of samples containing 1 mg/mL mAbl in the | 145
presence of 0.2 mM FeSO4.7H>0 and/or 0.1% H20O;. Samples (A), (B), (C),
and (D) are mAb sample in saline containing 0.2 mM FeSO4.7H20 (A),
0.1% H20> (B), both 0.2 mM FeSO4.7H20 and 0.1% H20> (C), and neither
FeS04.7H20 nor H20; (D).

6.14 | SEC chromatogram obtained using Superdex 75 column for the sample | 146
containing mAb1 (Img/mL) in saline having both 0.2 mM FeSO4.7H>0 and
0.1% (C) incubated at 55°C. The SEC chromatogram of marker proteins
having a molecular weight of 66.5 kDa and 30 kDa are also shown.

6.15 | Schematic figure showing the production of hydroxyl radical by Fenton | 152
reaction and degradation of therapeutic mAb.

7.1 Chemical structure of taurine is shown in (a). Y%oHMW, %Monomer, and | 164
%LMW at obtained different time points in samples containing mAb1 with
and without 250 mM taurine subjected to thermal stress of 70°C are shown
in (b), (c), and (d). SEC chromatogram of samples containing mAbl with
and without 250 mM taurine subjected to thermal stress of 70°C for 30
minutes is depicted in (e).

7.2 | Intrinsic fluorescence spectra of samples containing mAb1 with and without | 167
250 mM taurine subjected to thermal stress of 70°C for 30 and 720 minutes
are shown in (a) and (b). Far-UV CD spectra of samples containing mAb
with and without 250 mM taurine subjected to thermal stress of 70°C for 30
and 720 minutes are shown in (c) and (d). Second derivative ATR-FTIR
spectra of samples containing 10 mg/mL mAb with and without 250 mM
taurine subjected to stress at 70°C for 120 minutes is shown in (e). Extrinsic
fluorescence spectra of samples containing mAb with and without 250 mM
taurine subjected to thermal stress at 70°C for 30 minutes is shown in (f).

7.3 %HMW and %Monomer obtained by SEC of samples C, T1, T2, and T3 | 170
containing Img/mL mAbl in PBS subjected to thermal stress of 70°C for
30 minutes are shown in (a), and (b). Extrinsic fluorescence spectra of
samples C, T1, T2, and T3 containing 1mg/mL mAbl in PBS subjected to
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thermal stress of 70°C for 30 minutes are shown in (¢). Y%eMonomer obtained
by SEC for samples with and without 250 mM taurine containing different
concentrations of mAb1 subjected to thermal stress of 70°C for 30 minutes
is shown in (d). %HMW and %Monomer obtained by SEC of samples
containing 0.01% PS80, 250 mM ectoine, 250 mM taurine, and 250 mM
trehalose is shown in (e) and (f). %o HMW and %Monomer obtained by SEC
of samples containing Img/mL mAbl with and without 250 mM taurine in
histidine buffer subjected to thermal stress of 70°C for 4 hours are shown
in (g) and (h). Percentage of HMW and monomer obtained by SEC of
samples containing Smg/mL mAbl in histidine buffer with 0 and 250 mM
taurine subjected to thermal stress of 55°C for 12 days are shown in (i) and
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7.4

Visual turbidity, OD at 350 nm, and extrinsic fluorescence spectra of
samples C, T1, T2, and T3 containing 1 mg/mL mAbl subjected to thermal
stress at 70°C for 24 hours are shown in (a), (b), and (c). Samples containing
mAb having different concentrations of taurine (C, T1, T2, and T3)
incubated at 70°C for up to 150 minutes were not visually turbid. However,
when samples T, T1, T2, and C were incubated for 24 hours at 70°C, it was
found that samples T3 and T2 were visually the least turbid, and the visual
turbidity increased with a decrease in taurine concentration, as sample C
showed maximum visual turbidity. Samples containing 0, 10, 100, and 250
mM taurine are termed C, T1, T2, and T3. HMW obtained by SEC of
samples with different concentrations of taurine (250 mM-700 mM)
containing mAbl subjected to thermal stress of 70°C for 30 minutes is
shown in (d).

171

7.5

%HMW and %Monomer obtained by SEC for samples C, T1, T2, and T3
containing mAbl subjected to thermal stress of 65°C for 150 minutes is
shown in (a) and (b). Intensity at 505 nm obtained from extrinsic
fluorescence spectra for samples containing 1 mg/mL mAb in PBS with 250
and 0 mM taurine subjected to thermal stress of 65°C for 150 minutes is
shown in (¢). Figures (d) and (e) shows the % HMW and %Monomer for
samples containing mAb in PBS with 250 and 0 mM taurine subjected to
thermal stress of 65°C for different time intervals of up to 24 hours. %ogHMW
obtained by SEC for samples C, T1, T2, and T3 containing mAb1 subjected
to thermal stress of 65°C for different time intervals is shown in (f).

172

7.6

HMW obtained by SEC of samples with 250 and 0 mM taurine containing
different concentrations of mAb]1 subjected to thermal stress of 70°C for 30
minutes is shown in (a). SEC output of samples containing 5 mg/mL mAbl
subjected to thermal stress of 70°C for 30 minutes is shown in (b). HMW
obtained by SEC of samples C, T1, T2, and T3 containing 5 mg/mL mAb1
subjected to thermal stress is shown in (c). %HMW obtained by SEC for
samples containing constant molar ratio (0.67) of mAb to taurine with
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different concentrations of mAb]1 that were subjected to thermal stress at
70°C for 30 minutes is shown in (d).

7.7

Monomer obtained by SEC of samples containing 1mg/mL mAb2 with and
without 250 mM taurine in PBS subjected to thermal stress of 60°C are
shown in (a). Monomer obtained by SEC of samples containing 1mg/mL
mADb2 with and without 250 mM taurine in phosphate buffer subjected to
thermal stress of 60°C are shown in (b).

176

7.8

Percentage of IgG monomer in samples containing 1 mg/mL mAbl in PBS
with and without 250 mM taurine subjected to light of 365 nm wavelength
at 45°C are shown in (a). Percentage of monomer obtained by SEC of
samples containing 1 mg/mL mAbl with and without 250 mM taurine
subjected to combined presence of light and 0.1% H>O; at 40°C is shown
in (b). The amount of monomer obtained by SEC of samples containing 1
mg/mL mAbl with and without 250 mM taurine subjected to stress in the
combined presence of 0.2 mM Fe?" and 0.1% H>0; at 40°C is shown in (c).
SEC chromatogram of samples containing 1 mg/mL mAbl with and
without 250 mM taurine analyzed after incubation in light for 15 minutes is
shown in (d). SEC chromatogram of samples containing 1 mg/mL mAbl
with and without 250 mM taurine analyzed after incubation in the combined
presence of Fe?* and H,O: for 60 minutes is shown in (e).

178

7.9

Supernatants after the final centrifugation step in hemolysis assay for
different samples are shown in (a), and the hemolytic activities are shown
in (b). In the figures, PBS is blank, and C, T1, T2, and T3 are mAb
containing samples in the presence of 0, 10, 100, and 250 mM taurine.
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3.1 | Comparison of image analysis output and manufacturer’s specification of LC | 56
resin sizes.

4.1 | Percentage of aggregates and monomers in supernatant containing mAbl | 75
obtained by SEC using Superdex 200 column, and percentage of fragments
determined by Superdex 75 column.

4.2 | The details of aggregates in the control samples incubated at 37°C obtained | 81
by SEC and DLS.

4.3 | (a) ADCC and (b) CDC of stressed samples with aggregates and control | 82
samples containing mAb?2.

5.1 | Conditions used for generating aggregates using samples containing | 100
Img/mL mAb.
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mg/mL) in saline incubated at 55°C for 1 hour.
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neither 0.1% H>O» nor FeSO4.7H>0 incubated at incubated at 55°C for 1
hour. (i1) The %HMW and %LMW obtained by SEC for sample containing
1 mg/mL mAbl in HSF consisting of both 0.2 mM FeSO4.7H>0 and 0.1%
H>0: , and neither 0.1% H>0O> nor FeSO4.7H,0 incubated at incubated at
55°C for 1 hour. (ii1) The %HMW and %LMW obtained by SEC for sample
containing 0.2 mg/mL mAbI consisting of both 0.2 mM FeSO4.7H20 and
0.1% H20> , and neither 0.1% H20> nor FeSO4.7H>0 incubated at incubated
at 55°C for 1 hour FBSF. (iv) The %HMW obtained by SEC for the sample
containing mAb]1 consisting of both 0.2 mM FeSO4.7H20 and 0.1% H>0»,
and neither H2O2 nor FeSO4.7H20 incubated at 55°C for 72 hours in HSF.
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XXiii



List of Tables

consisting of both 0.2 mM FeSO4.7H>0 and 0.1% H>0., and neither H,O»
nor FeSO4.7H>0 incubated at 40°C for 72 hours in HSF. (vi) and (vii) are
the % HMW obtained by SEC for the sample containing mAb]1 consisting of
both 0.05 mM FeSO4.7H>O and 0.025% H»0O», and neither H>O» nor
FeSO4.7H>0 incubated at 37°C in HSF.

6.5

%HMW and %LMW obtained by SEC for different samples of mAbl (0.2
mg/mL) incubated at 40°C in FBSF for 72 hours containing different
amounts of FeSO4.7H20 and H20».

144

6.6

Hemolytic cytotoxicity of samples (A)-(D) containing 1 mg/mL mAb in the
presence of 0.2 mM FeSO4.7H20 and/or 0.1% H>O> obtained after 7.5 hours.
In the Table, samples (A)-(D) are mAbl samples containing 0.2 mM
FeS04.7H20 (A), 0.1% H202 (B), both 0.2 mM FeSO4.7H>0 and 0.1% H20:
(C), and neither FeSO4.7H>0 nor H,O; (D).

146

6.7

Kbp value obtained from the SPR analysis for different samples of mAbl is
shown in the table. The binding of mAbl samples with recombinant human
FcRn receptor was determined by SPR. The equilibrium constant (Kp) is the
ratio of the antibody dissociation rate (Kofr), i.e., how quickly it dissociates
from its antigen to the antibody association rate (kon) i.e, and how quickly it
binds to its antigen. In the Table, samples (C), (E) are mAbl samples
containing both 0.2 mM FeSO4.7H20 and 0.1% H>0: (C), and unstressed
sample not containing any Fe?" and H>0; (E).

148

7.1

%Monomer, Z-average diameter, and visual turbidity of samples containing
mAbl with and without 250 mM taurine subjected to thermal stress at 70°C
for different time intervals.
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ADCC, Antibody dependent cell-mediated cytotoxicity
AF4, Asymmetrical flow field-flow fractionation
AFM, Atomic force microscope

Al, Aggregation index

ANS, 1-anilino-8 naphthalenesulfonate
ATR-FTIR, Attenuated total reflectance-Fourier transform infrared
AUC Analytical ultracentrifugation

AUTC, Area under the curve
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CD, Circular dichroism

CDC, Complement dependent cytotoxicity
CDR, Complementarity determining regions
CLSM, Confocal Laser Scanning Microscope
CQA, Critical quality attributes

DLS, Dynamic light scattering
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HCD, Host cell DNA

HMW, High molecular weight species
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MFI, Micro flow imaging

MS2000; Mastersizer 2000

MTS, 3-(4,5-dimethylthiazol-2-y1)5-(3-carboxymethoxyphenyl)-2-(-4-sulphonyl)-2H-tetrazolium salt
NTA, Nanoparticle tracking analysis

OD, Optical density

PBMC, Peripheral blood mononuclear cells
PBS, Phosphate buffered saline

Ph. Eur., European Pharmacopeia

PMS, Phenazine methosulfate

PS, Polysorbate

QSFF, Q Sepharose Fast Flow

RBC, Red blood cell

RI, Refractive index

ROS, Reactive oxygen species

SEC, Size exclusion chromatography

SPR, Surface plasmon resonance

U, Unstressed sample

USP, United States Pharmacopeia
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