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Summary

Newcastle disease virus (ND) vaccine has been produced by fertilized SPF chick embryos. The
conventional production method has several problems like labour-intensive process, impossibility of
automation, and the disposal of used eggs. A new production method using animal cell culture could
be one of the promising alternatives to overcome these problems, so the development of an
industrial ND vaccine production system employing animal cell bioreactor is keenly required. The
development of highly productive host cell lines, the establishment of an optimized ND production
strategy through high density animal cell culture, and the development of automatized and scaled—up
bioreactor system are necessary in order to accomplish substantial reduction in production cost

through development of a novel ND vaccine production system based on animal cell bioreactor.

In this work, cell lines were developed to be used for the production of ND vaccine. Primary
chick fibroblasts and their transformants, and various mammaline cell lines were tested for their ND
vaccine productivity. The optimization of the cell culture process was also investigated. Mammalian
cell lines were obtained from various type culture collections. Primary fibroblasts were prepared
from chick embryos. Transformation of the primary cells were carried out by mutagens. Finally,
DF-1 and MDBK cells were selected as the most useful cell lines. Transformants from the primary
fibroblasts were also a recommendable cells for the production of ND vaccine. Anti-oxidants
increased the vaccine productivity 20%. The cell lines and results obtained in this work could be

used in the production of other various vaccines.

The development of a high density cell culture system with high productivity is prerequisite to
the efficient production of New Castle’s Disease Vaccine (NDV) using animal cells. Therefore this
study set up a basic strategy for the development of optimized media and a high density -cell
culture system through the investigation of the Kkinetics and cell growth sensitivities of nutrients
and waste byproducts. In order to establish immobilized cell culture in a bioreactor system,
Cultispher-G was selected as a optimum microcarrier, optimum microcarrier concentration was
determined, optimal cell immobilization method was suggested, and the feasibility of serial
propagation was verified. Ammonia was identified as a key component which inhibited both cell
growth and NDV production. Thus, a high density cell culture system was devised by introducing a
immobilized adsorbent system using ammonium ion selective zeolite which reduced ammonia
accumulation problem. Furthermore, three apoptosis inhibitors were screened out because the
increase of apoptosis after exponential growth of cells is a key factor preventing from high density
cell culture, and a novel high density cell culture system employing these apoptosis inhibitors was

suggested.

The efficient production of New Castle’s Disease Vaccine (NDV) also requires the development
of a highly productive NDV production system and its optimum operating strategy as well as the
development of high density cell culture system. Therefore the production medium was optimized
through the studies of nutrient consumption kinetics and waste production kinetics, optimum serum
concentration, and media-replacement—free condition. The optimum operation conditions including pH,
MOI, infection time, and harvest time were also determined, and the additives such as
DEAE-dextran, ascorbic acid, poly-L-lysin, CaCl. were optimized for the enhancement of
productivity. The applicability of apoptosis inhibitors to vaccine production system was examined
through the studies of the effects of three apoptosis inhibitors on virus propagation. Besides, a novel

_6_



virus production system employing immobilized adsorbents and microcarriers was devised based on
the study of the effect of ammonium ion on virus production and applicability of immobilized
adsorbents, and fed-batch operation mode was introduced to the developed system for the
productivity improvement. In addition to that, the ND vaccine productivity was increased by 100
times through the development of a novel system combining a fed-batch high density cell culture
system and a fed-batch vaccine production system. An optimum vaccine production system based
on bioreactor and its optimum operation strategies were established through the various basic
studies mentioned above.

Prior to the integration and scale up of cell culture system, vaccine production system, and
automation system, operation variables of vaccine production such as MOI, infection time, harvest
time were optimized based on bioreactor system. And a scaled—up bioreactor system incorporating
not only high density culture system and vaccine production system but also fed-batch and
automation was developed. ND vaccine was produced in a developed system employing cell lines
selected by cooperative team(Korea University), and it was possible to achieve the considerably high
titer of 9x10"

Efficient aeration systems using porous silicone tubing or PTFE polymer tubing were designed

pfu/ml.

for supplying dissolved oxygen into the cell culture medium without formation of excess forms.
Experimental method for measuring oxygen mass transfer rate (k;a), the most important factor in
the scale-up process was established by applying mass balance for the dissolved oxygen in the
bioreactor (i.e. dynamic method), and then various aeration systems were compared for their
oxygen-supplying efficiency through on-line measurement of the intrinsic value of kra. For data
acquisition and analysis in the Vero cell cultures, automatic computer—controlled cell culture process
was developed, thus enabling on-line estimation of the important cultivation parameters such as
oxygen uptake rate and cell concentration. Notably a special antifoam agent was found to efficiently
eliminate viscous forms generated when dissolved oxygen was continuously supplied with direct
microsparging aeration system. This results made it possible to directly estimate valuable cells’
physiological features during the Vero cell culture by applying a theory of gaseous oxygen mass
balance and installing vent gas analyzer. In parallel, an efficient fed-batch culture process was
developed for mass production of Vero cells, leading to highly enhanced titre of ND virus. Finally,
based on kinetic growth data of the immobilized Vero cells, effectiveness factor, Thiele modulus and
concentration profiles of carbon and energy sources (glucose and glutamine) inside a microcarrier
were estimated. These process parameters were then successfully utilized for modelling and
simulation studies for the optimization of wvarious cell culture modes such as batch, repeated
fed-batch, fed-batch and perfusion operation processes.

In conclusion, the ND production system developed in this study based on high density animal
cell culture in a bioreactor is a novel production method which is more efficient and environmentally
friendly than conventional methods. And key technologies and know-hows accumulated during the
development of the ND production system could be applied to the production of other animal or
human vaccines.
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3 1. Veterinary vaccines

Vaccine

Substrate

FMDV
Newecastle disease
Marek's disease
Rabies
Pseudorabies
Canine distemper
Bovine diarrhea
Louping illness
Bluetongue
Avian influenza
Insect. bromchitis

Swine fever

Fowl pox

BHK cells, calf and pig kidney cells
Pig kidney, chick embryo cells
Chick embryo

Chick embryo and BHK cells
Pig kidney cells

Dog kidney cells

Embryonic kidney cells
Primary kidney cells

Sheep kidney cells

Vaccinia vector

Vaccinia vector

Live attenuated virus

Live attenuated virus
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1. AXF 78 7|Bo28Y FEAXST g1

Table 1.1. ND #pelej2 wWAle] ik 93] FHE FEAxsF

Cell Line Organism / Tissue Culture Medium
BHK-21 Hamster / Kidney MEM Eagle, 109 serum
LLC-PK1 Swine / Kidney DMEM, 5% serum
MDBK Bovine / Kidney MEM Eagle, 10% serum
PC-12 Rat / Pheochromocytoma RPMI 1640, 1026 serum
SL-29 Chicken / embryo MEM Eagle, 5% serum
Vero Monkey / Kidney MEM Eagle, 109 serum
770 < 3 (Newcastle Disease; ND)& ND Hiolg] 2o s WAy = wo g4 dg¥oer 1927d%
of Il Hx IAo] HiuH oY R g/t AHHoE WAool ALH I = AlE HAAAY
k. ND Hpolgf 2= Akol e SFAELE 8= 317] witol, o]e] WAls AAksl7] falA F4 o]
AbE-Sojgkth, add FATS AFEE AS, W9 AL A2 = dd gube glo] B 18 o]
7Y, ALEAY AEstE E7bsEith WAl Adbel] AME Y= FATS Y SPF Feho] oF 407k
N, =l F 30087 JEE g ofo] AREA gle] 19 v &% AJEitt FAes o] &3 WAl
Aakel FAH AES st FEAEZMIES o) &3H ¥ A2 T AL 0§, 2n AL AY
5% ND uto]z{ 2 WA At
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stoh, 54 #2S fa TvlE A8 well TolA ZF AXFTT 2 7l well B 353814 cell counting ¥}
pH =74 % o2 metabolites®] kinetisg &lsl7] 913 Aol 22U AEE AHMNA -20C W5 iLol
Rt A9 F8 ) -20C Ysnd B Fold ARE F9 glucose, lactate, glutamine, ammonia
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BHK-21-2 baby hamster kidney A|3¥°¢|t}. o]i= FMDV, Rabies, Bluetongue vFol&] = 59 t}3h
Hhole] 2~ WAl S AJAS o) F2 2ol MERE d# A Qlo], B AT ND Hiolg|~E AJikst
Axe FH AXzE Adgste] Fusdth olgle Fig. 1.1 & BHK-21 AlXE #]%¥3le] exponential
phase?] Futol 23k M E o] AlZloltTh,
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—v— Ammonia concentration [mM]
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glucose X7} w2 A dojut wiA] U] glucose®] iLZ&S oF7etm, o] gk glucose®] 1L ZHEE A
Fo] ApE I olojHE & & Ut ARFE glucoses TIAMTA S Ax ARE % 90% o]Ao] lactate
2 H3Eo] AR M EE Fig. 1.3 oA & = Qth. F24 4 lactate= W FHe] pHE AIAIA
AES ApEE = v 713 ZIYE B AY9 glucose W olyet A A Y¢l glutamined AFE H3
A3 21 11’4?}’} AR wWE ammonia®] 4 EI 4TS Fig. 14 oA & 4 9lth. BHK-212
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LLC-PK1¢] 7% wieel ola) Ao]=]:= final cell density 7} 28] A ko™ (Fig. 1.6) glucose
2R ET A3 Loyttt (Fig. 1.7). Ath7t glutamine®] dF = A<l doiux] okt (Fig. 1.8). 1
vk g A BA3 glucose?] AR E= Esla vl o 2 o] lactatee] FHFS ThA worow 1
= A% wjFA el pH Adk= vl A dERh
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Fig.1.9 MDBK A3

25 7.8

®— Viable cell density [105 cells/mL]

T T T T T T T
0 20 40 60 80 100 120 140

Time [hour]

Fig.1.10 MDBK Al ¥¢] A% pH W3}



—=— Glucose concentration [mM]
—o— Lactate concentration [mM]

0 26 46 66 86 160 12‘0 1;0
Time [hour]
Fig.1.11 MDBK A ¥ %k 314 9

glucoseA R 9} lactate®H| Kkinetics

25 2.0
=) s
E €
= 204 =
o F15 &
© ®
= =]
c c
g 15 g
c c
3 10 §
[ ©
2 <
é 1.0 1 g
8 1S
=] IS
(O] F05 <

0.5
+ o

0.0 T T T T T T T 0.0

0 20 40 60 80 100 120 140
Time [hour]
Fig.1.12 MDBK A% 8i% 359 glutamine

%% ammonia ¥¥] kinetics

MDBK+= & A% (Fig. 1.100& By 2o H]3l glucose (Fig. 1.11)Y} glutamine (Fig. 1.12)¢]

ARE AA BT

Fig.1.13 PC-12 A3



—4— Glutamine concentration [mM]

—— Viable cell density [10° cells/mL]

—#— Glucose concentration [mM]

]

10 A
8 r7.5
6,
44 Fr7.0
2,

e
0 T T T T T T T 6.5

0 20 40 60 80 100 120 140

Time [hour]

Fig.1.14 PC-12 Al x£°] 473 pH W3}

30 12
25 -m—q 10

20 - 8
15 A l 6
10 1 L4
5 - t2
0 ‘ ‘ ‘ ‘ ‘ ‘ — 0

0 20 40 60 80 100 120 140
Time [hour]

Fig.1.15 PC-12 Al¥ v A F 9] glucose

A3 9} lactate ¥H] Kkinetics

35 35
3.0 1 L 3.0
25 1 25

A
2.0 1 k2.0
15 - L 15
1.0 - F1.0
05 05
0.0 ; ; ; ; ; ; —L 0.0

0 20 40 60 80 100 120 140

Time [hour]
Fig.1.16 PC-12 A% v A F 2] glutamine

229} ammonia #H] kinetics

—o— Lactate concentration [mM]

—v— Ammonia concentration [mM]



Glucose®] 227} A #HEx &1 gLor H s
Fig. 1.15). Neuron® EAS Hol:x A LpA dutz ¢l A F 9
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o AAEE FER Fig. 115 oA yEhvar gl
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wj &l chick embryo oA 23 continuous cells ¢! SL-29= 3w 3t} L Fig. 1.17 & SL-29
£ Hel Aot

Fig.1.17 SL-29 A3
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3. wAEH HAE HolHEF FH

FAEE ] HAAE= paramyxovirus(PMV)ol] 3= Newecastle disease virus(NDV)o|t}. PMVel &=
9ol M=z & dHgo] 9o, I T 183 280 HolA WE dod 5 Qo wiEH nloly

sttt wlEH wlolgiae 71 RNA Hlol#) 22 =53 nucleocapsid T35

AU Tt Nucleocapsid protein?l L, P, NP2} envelope glycoprotein?]l HN, F, M 52| w®lojgj~ &
YE=2E& Aitste A7 SRS ol5 5 HN d9S SFAHEY vlolg 2 F8A ) digh 735
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wpA g G ARl 1598 0] 37FA group o ® vhro] AE S sttt 7 group AlEES WiF B8 F
2HA ANANA, ZF group AEZES AE A (Fig. 1.32)3 nutrient®] &% (Fig. 1.33), 12| 3L waste
o] A A3 (Fig. 1.34)E B&s9 o



10-day embryo

S-day-embryo 15day embryo
El 73 s 72 e 72
Z Z Z
-,E 3 72 ,3 .,E 5 s
4 71 70
i 71==. E? E_ iA ==.
£ Z £
§ 2 2o + § 3 70 %} § s 69 +
7 3, . 7 o
+ 68 +1 68 +‘ .
T T T T T 67 0 T T T T T 67 T 65
0 24 48 72 % 120 144 0 24 48 72 9% 120 144 0 24 48 72 % 120 144
‘Time [hr] Time [hr] ‘Time [hr]
Fig 1.32 b3 Mxs9 43 2 pH W3k
7 40 7 40 7 40
5.day embryo 10-day embryo 15-day embryo
6 6 6
is % s T Es =%
£ £ 2. g £ £
H £ E g
-1 3 -1
i 1L i) 1
t, bt b, i
0 0 0 0 0 0
0 24 48 72 9% 120 144 0 24 48 72 % 120 144 0 24 48 72 9% 120 144
Time [hr] Time [hr] Time [hr]
Fig 1.33 th3 A EE9] glucose 2R 9} lactate #H] Kinetics.
4 025 4 025 4 025
Todayertryo 15-day embryo 5day embryo
= 020 = 0.20 = 020
z z z z R z
£ s B g £ A
: - 5
é oﬁg § 015% g ) oﬁg
g E H g g E
H 010 .5 g 010 & £ 010 .5
L R LI S i
+ oos%1 + 0.05 + + oos%1
0.00 0.00 0.00
0 24 48 72 96 120 144 0 24 48 72 9% 120 144 0 24 48 72 96 120 144
Time [hr] Time [hr] Time [hr]
Fig. 1.34 t}%¥3 A E£E5 9] glutamine 2% 9} ammonia #H] kinetics.
o] A3} o] chick primary cells®] AHS ZF groupE & Yyo] A3 Az 10, 154 % 9
primary cells7} 5d#H Xt} 953 AA AyE BYS &g 4 AJrh. Nutrientd] AF =3+ 10, 15
A& 9] chick primary cellsoll A Boh w24 dojv &S & Atk 28y glutamine®] A X0

=

TS o [

= Aol molA

&2kt Ammonia®t lactate?]

@ o] chick primary cellsel A 7}4 A& =4S

o}
e Aol Ao

Ao 10



Growth Ratio [1 x 10° cells/mL] Initial density (1X10° cells/mL)

800 - 10

700 +

ooo
Saa
oo

600

500

400

300

Growth ratio [%]

200

“ ﬂh] Wi i L,

Viable cell density [ lﬁcells/mL]

T T T — . - - - : : T T T T T
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 0 5 10 15 20 25 30 35 40 45 50 55 60
Passage Time [Days]

(a) (b)
Fig. 1.35 t}%3F M EZ 59 A] chick primary cells9] kinetics:

(a) viable cell density (b) growth ratio at each passage.

Chick primary cells®] Al FA ey A4 2T A3 (Fig. 1.35()E v 22
B9t} Chick primary cells®] At zytol= &3st Axddo] B JAAT, A7t AL 5-5 A
ol AstES AT & ATk o] W NEAFOR oF 200~300% HES MEAZGS BET
ATt (Fig. 1.35(D)). o] A9 Ad AFN}EZHE 10939 chick primary cells’} 7F3 et Aol 94
gt A4S st AEAE A = At Primary cells?] ¢4 A Ao WE cell passage 9 7HA
PEirt 1 olFE A3 E3EHE cell growths E At o] ZRE primary cells®] A2l AEA
o] ZF7F= cell passage 9 7HA A4S 5T 5 AT G4A growthE Hole SAE AX3 yd,
primary cells®] A& &S A&" % ol e} morphologyell = W37l A AxF ApdE&A Aot 2d 25
o} Zo]l MEA o BE THE A e AEZF A o] AElY cellse cell passage 11
o] Fo HAF F7tstA "k o9k e AEAE nALA Wste HANE = v e group W AMEE
oA A Ay gk}

R T

™o

ol

x

Fig. 1.36 Primary cellsol A YEI Y=
A ZAU ] wsl

=

t3t chick primary cells& &3] 42 Z2#=5H 1097 ©]%9 chick primary cells7} 7H¢ €2
AL ot 228 WE i, o]59 chick primary cellsE AlEFE FHPA7]7]E A= 1

o] % 9] primary cell cultureE %3] 942 fibroblast cellse AF&3FIth A AS MxFol 3
M= PKC activator® &7l PMAE ol &3ttt A AxFo IS dsire, A=
oty x oz A= cell passage 5914 PMAE A& FUch o|Z5EH o3 AHAS AEXFEL,
A7 PMA sxol wet vhg3 22 A48 43S Bl

-

2
o

o
=

do qo o
oxl S off

’
=

=
=

o

—



Viable Cell No. at Various PMA Con. —e— 300nM
—0O— 200 nM
—m— 100 nM
—— 75nM
—A— 50nM
——  10nM
—— 5nM
—O— Control

Viable cell density [105 cells/mL]
w

T T T T T T
0 5 10 15 20 25 30 35
Time [Days]

Fig. 1.37 Chick primary A|3¥¢] & & A 3to| A PMA
T gg

Fig. 1.3701]/\1 Kol nhel o]l PMA7ZF A& cellss PMAZF A2 5A &
of ot o ¢ A AIE BAT 28y PMA AP %, 339 AdAAS HoHA PMAZE A
g E A e AEEol Hrp 43 A% AE Hrk PMAZF A E A ¢S controlol A2 Al E <]
A5, 7319 AE AAEA <F 7@ AEAdE B2 5 UAAAT PMAS Agste] & AxE59 A
ﬂ?él?_—t— cell passage W= vl T zolE HATE 33]9 A $ PMAZE Hgd AxEe] A
O]E% control°l A 9] cellsoﬂ Hlgto] =] UEtskou 1 o] %o AEEAE AstEe A

cells ¥t} A) Zub

(A) (B) (©)

(D)
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Fig. 1.54 HA®4. (A) NDV stock virus (B)
Bl (C) La sota.

G BN virus? titer® FAMe A7 A F7A Ad AF&s 2x10° PFU/mLS] virus stockS
control (A)Z 3 Bl (B), La sota (C)9] $3& ZAlstdth. 27 control A= 2064 S-S By

i, BlolA & 2ol S8S wo] vl 2L o] virus titer’t Ykt La sotaol A= AE W9 el A
Sxol HolA ol W virus particleE°] AFS AT 5 AT o] A3 Foll SPF eggol Bl
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Phorbol-12-myristate-13-acetate (PMA) <} 3-Methylcholanthrene(MCA)Z o] &3t cell
transformation®| A in vivo st} AL cellE9] in vitro e A A& cellvt} life span F7Fo A
o] FAA A3}E HAh 3 uMel PMA 100 £09F 0.25 mM MCA 100 xS 2% SPF eggol ¥

F1 59 & primary cell culture 2 53] 4& AXLE 7FA 1 ") 6 passage "Ft} cell growth cure, pH
change, metabolite change &< *A}aait}.
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Fig. 1.55 Carcinogen®] 2] ¥ in vivo primary CEF Al X¢] A A=A,

PMAS} MCAE 597 SPF9 allantonic fluidsol 43R 59 F primary cultureE 33ttt %
7] MEFE+ 1x105 cells/mL. A A volume was 2.5 mL. ¥l*x+= MEM supplemented with Tryptose
phosphate broth (1.5 g/L). 64 3F 2447wt} Viable cell densityES =743ttt (A)PMA treated CEF.
(BIMCA treated CEF. (C)No carcinogen treated.



Fig. 15504 B &= Hl9} o] PMASF MCAE in vivo A3 MEES olFAE AHEsA &2 Al
o= 2 AZAG AES Btk Passage 69 AEES ¥HA carcinogens A
96 hr ¥ ZHU cell viabilityE R th (Fig. 1.55 C). ¥FA passage 11 & ME A
A cell densityE H Gt} Passage 16914 =33 viable cell densitys & Xt} ok 50% o] 7
Aottt ol F AEES passage 227b4] stk tiAbZE W EFHA AP ST

ol Wkl PMAE AHed AEES MCAE A Axy, ofFzk AHgahx] &2 AxHth
maximum cell density= kvl o] &2 carcinogens A 8R] %2 A XE 9} FAFSHAl passage 11 o] %
FY 27| AAEE7 3438 S E} PMAE AH&3 HMEEL 96 hr & A cell densitys E.Q
HkH MCAE 83 AIXEL 72 hr & F Y cell densityES H .t}
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Fig. 1.56. In vivoolA] carcinogen® *12]3F primary CEF A3 2] Glucose 4259} lactate +H| Kkinetics.
Z7] AEFEE 1x105 cells/mL. AA F3 = 25 mL. #lxE= MEM supplemented with Tryptose
phosphate broth (1.5 g/L). 647t 24A1zkmlt} YSI 2700 analyzer® =435t (A) PMA treated CFE
cells. (B) MCA treated CEF cells. (C) No carcinogen treated primary CFE cells.

AZe] A & diatEde] HeE AuE Aye a9 329 2o BHE & AlEZTE in vitro
culture A9l 1 mole?] glucoseZH-E 2 mole?] lactateE AAHEth T A9l glucose A= AL
P 7t 4= WA =4 glucose M & =7F Wl d 4= Jactate?] AAASEE Wt PMA°] <] 3|
d Wgto] F ¥ celld] A tE AEZERY lactates dHA R A7 Adst= FdFS BAARE
£ glucose (55 mM)E t©} AH|5F T} Passage’t ©H2 A X5 glucosehH|] £ =7} passage’} 22
25 ®Ho AHE] LMlste Adgs Bt old AR wFo] X w3yt wol zlgd
A EE WU} glucoseS ME2A Av|sl=E Aow AuF) (Fig. 1.56)
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Normal cell €2 159 life span®] s+ H o] oA w=spdAlol] o2/ HH Mol Astshs u
A tﬂi}ﬂ doJub A =, Alxe] Bx WA ®t Fibroblast celle] 3% Z&3d 2o AELE
o] Za FEA WA HAuh old w3 dAlE S5 MAEELS immortalizatione] ©@A o] 2 A H T},
Immortal cell&E2 o2 7FA] S5A& 7FAA s+=d 1% sty telomere®] Aeol7F fx] %= Aotk
Telomeric DNA9} 574 @ Ao] chromosome? HEHE ©AS weEx FA3t=d 4 9S8 4
=4, Al¥ 2] immortalization®} telomerase activity X2 <13k mechanism= A= wj-$ 243 A
= A% s oz dHAH Yrh. B immortal cellE2 telomere Zolo] FAE HolxA kil

normal cellel A telomere®] 7FA 3+ replicative =3}E o]ojx|&= Ao wE & gt

Telomerase®] activityS A EE = &3dl7] 3 Telosay kit (Intron Biotechnology, Korea)E Al-&
3tk Adol| Alg3F AlEE chicken lymphocyte?l DT-40, PMAS #2]%F primary chick embryonic
fibroblast (CEF) cell, passage 16, MCAE # &3+ passage 42] primary chick embryonic fibroblast, °}
EAE A FsFA &2 chick fibroblast cell, passage 39 Al 7}1#] AlEE AFE3FA
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Fig. 157 PMA$} MCAZ passage 3914 A& s & DT-40, primay CEF Al3%¢ Telomerase 7.
2 telomere fragments© 30 cycles at 95°C 5min, 95C 40 sec, 60C 50 sec, 72T 1 min, 72C 5 min
for each cycle?] ZANA Z=ZHt}t Lane 12 DT-40, lane 2% primary CEF cells tansformed by
PMA and its passage was 16, lane 32 primary CEF cells transformed by MCA and its passage
was 16 18] 1L lane 4% passage 3 non-transformed primary CEF cells.

=

Telomerase activity?] 4L telomere ©“HE H Az wg FFHez #EAsA HIJ=d,
Fig. 157914 R+ vle} o] PCR productE2 vt Adekeo] A dS B AT Chick lymphocyte?!
DT409] 2& s 8 AZTEY ¢3S B %27] parimary celld Zd 3 PMAE g3 tgE cellE9
gl o] U523kt o] cell linedl¥l DT-408.t} o] & F A¥ 9] telomerase activity”} 37 WEMsET}
PMAE A gs A3} telomerase acivity:™= passage’} AU% FXA == ZA3E BRIt MCAE A
MEFo] 7% passage’t AW A telomerase®] activity7}F "ol g o, o]n] cell line3t ¥ A|Z$}
w3 B telomerase activityZb =A U2 A olY Stk AlAEZ 9 immortalizationA] T8 A 7
3l telomerase activity”} oFU 2} telomerase activityS YA A FA =7} T3 Q910 Aow
lEeal=

=TI}

DF-13 MDBK+ W& cell linedl H]&| 3% NDV vaccine A4S E At dwbg oz NDVo
o3 MAEEL 96 hour post infection (hpi)$ AFEst=t] MDBK7F virusell 93l A& A& wr] Al
ZHetE A2 48 hrlal DF-19] Ao A& w7 AZstes Ald2 24 hr 35HAY (Fig.1.58 A).

M E2] viable cell density’} 7t = A& o] NDV virus #Fo] Hu7l H = Aldo|dt. M E7}
A7) S HEAEE pHel #e F7bsted, 2 AgAdeld B MAE7E virusel & S A
af W] Al#bek= AIFEE pHO Fhol S7hstr]l AlFEbskdth (Figlh8 B). Ads As] wowAFH
glucose®] 4B FE 7FA43FH 3 ZA3] lactate A FE FHAasATH (Figlh8 C, D). ol A3&E HHA
virus7b M EZAAGE AsletdA 7] ammonia A4S FXstE Ao Kol Xrh AaRH o= A

metabolite™ virusoll 93] Q& WXk FEZH o 7= AFEA G o WztEl AzE o]z
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Fig. 158. DF-1 and MDBK A| ¥4 2] glucose A% A% 2 pH W3} 183 vlolgjx AAEFE.
e wjA]:= MEM supplemented with 5% FBS. A%+ 1 MOIZ FYIFAL, 27 AXFEE 1 x
105 cells/well, 443t 24A17tntt) M55 pH W3}, glucose AR lactate #H| % 18|31 ammonia
B ZFS =435tk ND Hlolgl A~ AWAFEEE T2A7 & 24339t (A) Comparison of cell growth
between NDV infect and non-infected cells. (B) Comparison of pHe changes of NDV infected and
non-infected cells. (C) Comparison of Glucose consumption on interacting cells with NDV. (D)
Production of lactate on NDV infect and non-infected cells. (E) Comparison of ammonia production
of NDV infected and non-infected cells. (F) NDV productivity every 24 hrs.

Lactate dehydrogenase (LDH)Y lacatateZ pyruvate® Hgsle= &S = &ioltl. LDHY
isozyme®. 2% LDH-1 (H4), LDH-2 (H3M), LDH-3 (H2M2), LDH-4 (HM3)¢} LDH-5 (M5)7} 1t}
o] 710l A H-type®] LDHE lactateZ pyruvate® H3A| 7| §422 a2 g}

dnbtd o2 M EE glucoses: Bado=z AMESA H =4, H typeel LDHZF o EAstobd
lactateE pyruvate® A 3ste] TCA cycled® E°]7F thA] olUx|Q Ao o]gE 4+ IS Aot
old T A virus vaccine A4 Al AH| 2] glucose free WA 2] AlE7t5AS A9 EY

3 virus A4S B2l DF-13 MDBKY LDH typingS 335t}

o
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o
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Control DF-1 MDBK

LDH-5 (My4)

LDH-4 (M3H)
LDH-3 (MHy)
LDH-2 (MHj)

LDH-1 (H1)

Fig. 1.58 DF-1 and MDBK A ¥} A4 €] Latate dehydrogenase typing.
LDH isozymes= 1% agarose gelolA Z7]dF5 oz EZHUT. A marker containing five types of
human LDH isoenzymes+= identify LDHel| A& % 1t}

Fig. 1584 %% ®W DF-12 type 491 LDHE Rlth ¥+ MDBKE th¥@ LDH types 7HA i
AT 7 kA Hel= Ao] type 2, 3, 4%tk WSkl type 13} 2AFolel BE typee] LDHE =

3L, type 49F 5AFolo] thA] thE& LDHE 7FA3 ARt o] Azvte = MDBKZF DF-1E.th+= lactate
o] gAo] =8 HRow o AEAT]

Lactate adaptatione ¥olE 7] 93] thS3 22 A38S 35tk Glucose freed] Aol B0 2
sodium lactate® AR&3}e] 0, 5, 10, 20, 40, 80 (mM)<] HjA] & W=}

I 1 Passage
[ 2 Passage
I 3 Passage

A b Passage
67 T [ 2 Passage

I 3 Passage

=

© IS

N

Viable cell density [105 cells/mL]

Viable cell density [105 cells/mL]
N

COICEEE T B

[0 [51 101 [20] (401 (801 [0 (5] (101 [20] [401 [80]

Sodium lactate concentration [mM] Sodium lactate concentration [mM]

Fig. 1.59 Lactate s A| ol A ] M3z e] A%

ik wj#] = glucose free MEM supplemented with 5% FBS. Sodium lactate:= 0, 5, 10, 20, 40 and 80
mMe| 943t s At 27 AlEFEE 1 x 105 cells/mL. 7241 7+vkt} Viable cell density S
=45ttt

Fig. 1599 238 5 3 AWHFNA lactaed A FFe 27 vk T oda Acugre s
AxSoh 2A e ALar. 1936 Al MDBKE W F A ADARE Axsol as
A Al WA Al A e Fol ol A} lactated] 44aHE A%E WA WA DF-19 49

Y7t SSHEA AESE 2aste] 40, 80 mMe] WAl A MFE AEE A WA AdlA BT A

stttk ZF lactatex = &2 /H]EQJ kg0 tt=2 A el A v MDBKO| lactate adaptations 2 ©] DF-1

L 0 ==L 0 PN
Hue ¢ & 5 A
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PMA¢®} MCAZ in vivox#late] A& CEF cellS 7FA 1L virus A4S 2tk 1x10° cell/mLS &
F3tar 1 MIOLZE ¥kE At 72 hpi$ol plaque assayS F33}¢] virus productivityS 23 ¥ gkt}.

I PMA treated CFC
12 4 [ MCA treated CFC
I Control

NDV titer [ x 10° PFU/mL]

(111 [16] [23]

Passge

Fig. 1.60 Carcinogen®] 2] ¥ in vino primary CEF | X oA 2] nlojg] 2 AAL =&

z7] AEEFEE 1x105 cells/mL. AA| volume was 25 mL. ¥l ¥jA]&= MEM Supplemented with
Tryptose phosphate broth (1.5 g/L). ¥lo]lg]l2=+= 1 MOIZE FYHF oW 72 A7+ & MDBK A XEof A
plaque assayE 33} t}.

Fig. 1.60°] A5 HW passage’t S7Fetal AE7F =385 WA virus productivity Al FHAste
AL 4 F Aok 28y PMAE AHgd AXs i AFS g2 AxXE By £x 0 GgAwnt
(Fig.1.55) virus 23S 953193 passage’} S718tol= ooz =& virus A S Hol= 4
5 AT PMAS] A7} viruse] AN S SAANATS & 5 AAh

12, 55 TS WA AR AZF A

wl A glell &AFsbA] (antioxidant) S A 2] 3o A wlol e A~ WAl QA ES Z7hA17) A} skgeh @At
8} Al+= Cellular reactive oxygen species (ROS) toxicityE &5+ 284S 3ok Oy + Oy +2H
— 0y + 0, °o]" 34 S F3 oxide radicalS A A3t} ROSE cell membraneo A A& & 4FstA]7
Av A FAAE sAsHA Axel Eds AR £ TS A EC] apoptosisel A F b
7 signal® 2gE7) % dh AEAY AAS GrtmgdAY FETE gaEr) e s A @] 3ats)
3}(lipid peroxidation)¥ Al ZHto A &Aoo 2 Jojuts Agdgor Bx3x A A2 £48 9
n sl o] wkgo] FAE ASole vhdd AWon NA" Fx grh 99k o] MEIF AR LS
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o AZF F 4Fe T & Avks 2L SHgx ol

Ao A A3 gaksiAl 2 DD-004 248 A&t DD-004 (Decursin derivative-004;
3-methylbut-2-enoic acid-7-hydroxy-2,2-dimethylchroman-3-yl ester):= 3 (Angelica gigas)~ &
g¥d vAA (Decursin)® FEAZE, A A ANA one ring of coumarin structured] 3+ 7§ g7t gl £

Aol Horl HAo| ckatrh. oldlel aYe HAMY FEAT|T
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Fig. 1.61 dlAA Y dAA FEAES] =
DD-001; Decursin, DD-002; Decursinol angelate, DD-003; Decursinol tiglate,
DD-004; 3-methylbut-2-enoic acid-7-hydroxy-2,2-dimethylchroman-3-yl ester,
DD-005; cis—2-methybut —2-enoic acid-7-hydroxy-2,2—-dimethylchroman-3-yl ester,
DD-006; trans- 2-methybut -2-enoic acid-7-hydroxy-2,2-dimethylchroman-3-yl ester,
DD-007; butyric acid 2,2-dimethyl-8-dihydro-2H,8H-pyranol3,2-glchromen-3-yl ester,
DD-008; Hexanoic acid 2,2-dimethyl-8-dihydro—2H,8H-pyranol3,2-glchromen-3-yl ester,
DD-009; Octanoic acid 2,2-dimethyl-8-dihydro-2H,8H-pyranol3,2-glchromen-3-yl ester,
DD-010; Butyric acid-7-hydroxy-2,2-dimethyl-chroman-3-yl ester,
DD-011; Hexanoic acid-7-hydroxy-2,2-dimethyl-chroman-3-yl ester,
DD-012; Octanoic acid 7-hydroxy-2,2-dimethyl-chroman-3-yl ester.

DD-0045 A= 3ds W Axe] 4

HA wrg 7] 98 49s s DD- 0044 B_J’}E H]E’_o}ﬂ ol 5
ZL HEY CE At NEXE =

, 2A1E Fo Mo wEE SHAsdY. 1 Z23E 29, DD- 004 25 M A PBS w7 A shA
& Ao wls) oF 28] Zhrko]l MESTE FbeH A 2 FEe] HEY Cel HlE ¥ £ A¥E B
o] Fa Utk oA E A A FS AEe] e dHe] AR AA FrHHT. FASAIE A
S u 7 A E FUhebA @etha AZEh DD-004 50 pM> M X 5 FUhEFe] AA] eFgkt). uhet
A Al Well A el g dakstAl 2 DD-004 25 uME A4 skal e 23S A sk

§& Hob T rlr
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Fig. 1.62 DD-004¢} vElYl CE vz AYd F AE Ao v
Z7] ME TE= 5 x 104 cells/mL. AA| volume was 2 mL. #]% ®|X= DMEM supplemented

with/without DD-004 0.1%(v/v) and ascorbic acid 0.1%(v/v). 42 % viable cell densityES &4 3}
B E AEEL passage 74 T35S

DD-0045 wiAl Wlell AzdqS we} HshA] ks W] Ad=4dE vlast ittt DD-0049] 5%
= 925 pM3I} 50 oM< Atk mA el HElE 01 %(v/v), 7] B5E 5x10" cells/mLo] i 74
b 24X 7kt M XS5 24T Fig. 16258 W DD-0045 25 uMAE7Fste] 7] AE7F 54 A7
1S &4 4 Atk DD-0047F AlE A} Fol Y42 +E reactive oxygen species (ROS)

A A= A 2}
toxicity & = F7] witol ME Aol SUtEE HoE HAT

100

—e— Control MDBK
—O— DD-004 25 uM
80 1 | —y— DD-004 50 uM

Viable cell density [ 10/ cells/mL]

0 2‘4 4‘8 7‘2 9‘6 150 144
Time [hr]
Fig. 1.63 DD-0045 A3 5, 44 =49 nlu
%7 MEEEE 5 x 104 cells/mL. @] volume was 2 mL. 8 9X+= DMEM supplemented
with/without DD-004 0.1%(v/v). 643t 24A1%Fult} viable cell density® A3t EE AXES
passage 7oA &3} .

ND #Al A& FAFe7] flel DD-004E5 A3k A3 AejshA] &2 o= o] NDVE vt
$-A17]3, MDBKE host cells® 4] plaque assayeS F 33ttt 12 well plated] 2z} group® 1x10°
cellsE 7+ welld]l HZ383 virusE 1 MOIZ A7} & 7247 w93 o1& wj A2 #H &9 plaque assay
= F339 . Plaque assay:= MDBK7ZF confluent3tAl A& 6 well plateol], -70ColA H#3F virus
sampleS =9 media(w/o FBS)Z 34 & 7} welld] 04 mLA Yol&F ¥ 408 %<k 9+& AJAT o
S wjAE A A wiR| e} agaroseE &3 overlayE =wEle] a1 A2oA Z3T T2hr F
plaque?} H.ol™ formalin® & cellS 1A Z 3 overlayZ A 73 thL crystal violet® 2ol = cells
2 A A ZIth PlagueE counting?dt & PFU/mLE thepdith o]o} & Ay ogHE A& ND Al
Aot el gist A¥e ohg ) 2



NDV titer [ 10° PFU/mL |

Control DD-004
Fig. 1.64 DD-004E =& 3t AlxE<ete] unlo]lgix AAA vl
z7] MEFE+= 1 x 105 cells/mL. @A volume was 2.5 mL & Wi %= DMEM-LG supplemented
with/without DD-004 0.1 %(v/v). "lelgl2== 1 MOIZ FdHRem, 72 A7+ 3 MDBK Al 3o A
plaque assayS sttt 7277 &, AELE 03 % formalin® 2 1A 3}al, agarose over-layS A A
sttt atolli= A EELS crystal violete 2 G E AL plaqueES Al Th.

9 Astz 2 o), DD-004E WA el Aele AEANA AHekA e AEel WS o 1 x 10°
PFU/mL ¥h39] whole2 Malo] Z7bstaleh. AXS HE9 44 71zkel Z7stua] 19F wole
7A@ 4 9 hosts] S5k Algke] F7HE Rom mel Atk 4T (Fig. 163914 DD-004 25 p
ME A AEsh 4 Frhsh vholels WA FAwE wwel® W, o Fhl Wy wEl
Garel 83k WA A Abolo] Awrgel rkn gzt

13. 3¢5 M EF Characterization @ A AL o] L3 ANEF AMF

Bovine®] erythrocytesel A superoxide radicalse A7 sE &47F HAEHAT}. o] BAE
superoxide dismutase (SOD)z}x &t=dl Oy + O-  +2H — Oz + H0p o8 #AHE =3 oxide
radicale A A3tt. SODY isozymel E3i= cytosolic copper/zinc SOD (Cu/Zn SOD), mitochondrial
manganese SOD (Mn SOD)%-©] ¢t} DF-1914 Mn SOD mRNA9] #¥-2 o2 CEFdA ®Ht} F7}
3l Aowg AT ¥bH CATE mRNA 2Hde ZHaw Ao velwtl, 9% endothelial celleol] A
phorbol ester#2] & & 23] SODe| wao] Frlsle= Aoz dex Ut
MEF MEFe W og DF-1914 SOD genes &8 31 o] A& MDBK celldl 9] radical stressZ
Far 712k @k, MEY radical FA7F virus At A4 A JGFES v Folet A7bskal DF-19
SOD gene= F ]kt

DF-1% 10" cells® #Hdt} PBSZ T d A% washingdl & e easy-BLUE (Intron Biotech.
Korea) solutiong =8]dl mRNAZ £33 RT-PCRE 339 tt. RT-PCRel A&3F primers
GenBankE %3d] 92 chicken? Cu/Zn SOD, Mn SOD9| sequenceZ 7}A| aL A ZH3}9)

Cu/Zn SOD9] primer sequencex t&3 711 F5-AGAATTCATGGCGACGCTGAAGGCC,
R5-AAAGTCGACTTAGCACTTGGCTATTCCA 482 bp9 band’} RT-PCRZ wrdo] o A=At}
Mn SOD®9| primer sequence:™ <3 711 F5-AGAATTCATGTTGTGCCGCCTGGCG,

R5- AAAAGCTAGCCTACTTTCTGCAAGATTCATA 692 bp2 band’} RT-PCRZ W& o] o= %]
t}. control® AFEH B-Actin® primer sequence:= W33 #t}. F5-CTCTTCCAGCCTTCCTTCCT,
R5-TAGAGCCACCAATCCACACA and 253 bp band”} 2&&do] o= St}



PMA7} 4% cellolA] SOD gene &S activation*] 7]+=8 ©o|Z o] MDBK celll %= 2d 5 =4
ol 7] £3l] th¥ #Zo] 200 nM PMAE 4, 8 12 AlZF A E]3te] geneo] o] o] DA Ws=X
H K gk},

AF
=

Cu/Zn SOD Mn SOD

750 b .

500 bII; - Mn SOD
Cu/Zn SOD

250 bp

k B-Actin

0 4 8 12 0 4 8 12 hr
PMA PMA
Fig. 1.65 DF-1 A 3Eof A PMAoﬂ o]k Cu/Zn SOD and Mn SOD ##dx#} &&,
PMA 200 nM< A g3 3 Cu/Zn SODS Mn SOD AL detectingslt”] ¢184 RT-PCRE 435}
At} lane 1 @ 1kb marker, lane 27lane 51 Cu/Zn SOD gene (475 bp), from lane 6 to lane 9 : Mn
SOD gene (685 bp).

DF-1 celldl PMAE A#3] FAES A9 AlZHe] Wste] wE SOD gene Td@e] #ol& #H& 314
o} Aol A B nlel o] 4A 7 Fo Cu/Zn SOD Mn SOD gene 2@ o] activation® At} o] % 8
A= ddol efsxth 12417 A& wf thA] SOD gene & o] activating® $lth H& wie} &
o] PMA A7} Alztel wel SOD gene WdS X4ste o= Yy 7|4 4L ANEXES 7

A3l virus®] A& S48

EY

NDV titer [ X 10° PFU/mL]
I

N

i

[0 2] 8 2
PMA treating time [hr]

Fig. 166 SOD #@e] we vlolels 4
LR

SODE# e wE virus A S HE KT SOD geneo] W& EHA virus AHAE S 23]
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WA & o] &3lo] & £33 & AXO samples #3}e] trypan blue dye® A3} haemocytometer’

N Hx

2) 525 o237 Glucosed &4

UR¥F o] T ammonium ion electrode(Orion)E ©]&3tel ZA3sAth WA AlE 5SmLe
ammonia pH-adjusting ISA(Orion) 200ul& Y il stirrer®Z Z Z&3stdA mV @99 7[d38& A3}
%tk Ammonium chloride 0, 2, 4, 6, 8, 10mM £ o2 WA calibration curve® 243l Al529 mV
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B AFo = powder #Ejel Phillipsite-Gismondine synthetic zeolite(UOP)Z membrane type,
chip type, bead type2] A7}# Hejz 2-83Fo] wjdo] o] &3}t Membrane typee 7-%- dialysis
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Bz2hg ZAMeL vpz A 2 spinner flaskoll ml B A (1.7g/1), ¥l A, cell solutions ¥ x7] 243+
&<t 33wkt 384 E Ao ® wRke gtk 1 % 3dE5EE 30rpm, 40rpm, 60rpm, 80rpm S 2 Ly
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Table 3-1. Attachment rate constant k (x10 “min') to Cultispher-G microcarriers under various

inoculum cell concentration. Cultures were stirred intermittently (3min stirring every 33min) for
180min.

Inoculum cell concentration k x102min”"
2 x10°cel Is/ml 0.53
2 x10°cel Is/ml 0.5
1 x10°cel Is/ml 0.85
1 x10°cel Is/ml 0.93
50
- 20 —_
5 E 40 —¥— 60rpm
= = —v— 80rpm stirring
=] 153
s )
z ¥
= g 20
g 5 :% 10
E 3
o 0
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Time (min) Time ( hr)
Fig 3. 1 Attachment of Vero cells Fig 3. 2 Effect of stirring speed on
on Cultisphere-G microcarriers. the growth of Vero cells cultured
@, O: 2x105 cells/ml inoculum cell with Cultisphere-G microcarriers.
concentration
V¥, Vv: 1x105 cells/ml inoculum cell
concentration
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BHEE S 60rpmel Al 0rpm o2 F7HAIZE A g, 2AME BE 7] FEE RN ka #tol E Fow F
7tE = ASRE Uyt wnEEE o 7 A9 I E2HUF gS F FoE A4, AR T
EAEE ST o AEFY] debgHel g wizd o Qs dwkAo R 100rpm o] she] wEe wyh
S22 AENSIE ASER B A M= 90rpm 7R FAEG T 3 FEA|AES ALEEER|
Fa wfx] ZTHTE 53 TV TFE Wl surface aeration (©] F7 o] AA spinner flask ©ll A2
Wz d sATHNAM G ka k= S48t 4719 TrlEw Alade] A9 vt st 1
of vhebt ®Ee} Zo] surface aerationo] 3 ¢]&dt= ¢ PTFE polymer FHo| &3 373w HHd
v AlAdgdErery HyuA oz oF 208 oA FAdE Ao®E Hol war T-flask ¥l %o|1} spinner
flask H}QF A &Z4bA -5 Aol wig- AZ4e Ao gotE

agitation speed

50 rpm 60 rpm 80 rpm | 100 rom
(rom)

kia (min™")
) 0.0041 0.0042 0.0052 0.0065
(surface aeration)
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(A) 0.14vvm (pure oxygen supplied into culture medium via polymer tube system)

-3.0

@ 90rpm stirring speed(K, a=0.082)
60rpm stirring speed(K a=0.063)
m  40rpm stirring speed(K, a=0.052)

-n(C,*-C,)

Time (min )

(B) 0.28vvm (pure oxygen supplied into culture medium via polymer tube system)

@ 90rpm stirring speed(K, a=0.11)
60rpm stirring speed(K a=0.086)

m  40rpm stirring speed(K a=0.061)

-In(C,*-C,)

Time (min )

(C) 0.42vvm (pure oxygen supplied into culture medium via polymer tube system)

® 90rpm stirring speed(K a=0.12)
60rpm stirring speed(K, a=0.08)
m  40rpm stirring speed(K, a=0.06)

-In(C*-C,)

0 2 4 6
Time ( min)

Fig 3. 6 Detemination of oxygen mass transfer rate (kra) according to various agitation rates at

each fixed supply rate of pure oxygen.
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(A) 40rpm (pure oxygen supplied into culture medium via polymer tube system)

-3.0

o 0.42vvm(K a=0.06)
0.28vvm(K a=0.061)
m  0.14vwwm(K a=0.052)

-n(C,*-C,)

Time ( min )

(B) 60rpm (pure oxygen supplied into culture medium via polymer tube system)

e 0.42vwvm(K a=0.08)
0.28vvm(K a=0.086)

m 0.14vwm(K a=0.063)

-In(C,*-C,)

Time ( min )

(C) 90rpm (pure oxygen supplied into culture medium via polymer tube system)

o 0.42vwm(K a=0.12)
0.28vvm(K a=0.11)

m 0.14vvm(K a=0.082)

-In(C,*-C,)

6 8 10

Time ( min)

Fig 3. 7 Determination of oxygen mass transfer rate (kra) according to various supply rates of pure

oxygen at each fixed agitation rate.
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Table 3-2. Comparison of oxygen mass transfer rate (kia) (min') under various aeration and
agitation conditions when air was supplied to 0.7 liter of culture medium or distilled water via

silicon or PTFE polymer tube system.

Test on culture medium volum 0.7L
Air supply kra (min)
condition Aeration via silicon tube system Aeration via polymer tube system
40rpm 60rpm 90rpm 40rpm 60rpm 90rpm
0.14vvm 0.032 0.03 0.067 0.052 0.063 0.082
0.28vvm 0.044 0.042 0.072 0.061 0.086 0.11
0.42vvm 0.037 0.033 0.07 0.06 0.08 0.123
Test on distilled water volum 0.7L
Air supply kra (min ")
condition Aeration via silicon tube system Aeration via PTFE tube system
40rpm 60rpm 90rpm 40rpm 60rpm 90rpm
0.14vvm 0.022 0.04 0.053 0.053 0.072 0.097
0.28vvm 0.03 0.034 0.05 0.062 0.084 0.12
0.42vvm 0.035 0.036 0.07 0.071 0.097 0.13
kra (min™")
Air supply Aeration via silicon + PTFE tube system
condition Test on distilled water volume 0.7L Test on culture medium volume
0.7L
40rpm 60rpm 90rpm 40rpm 60rpm 90rpm
0.14vvm 0.0357 0.0242 0.0202 0.021 0.018 0.015
0.28vvm 0.0213 0.0234 0.0249 0.023 0.019 0.02
0.42vvm 0.0219 0.0217 0.0213 0.028 0.018 0.022
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fnc}
)
v
i

o] &3 FEAX MIFTAH AZF E Ao A" F=

Hikad dole 5 2 A4S 98 AZE Y ZEafS st e, ol VxR HFH A
o] TEAE WY~ % AZst e (Fig 3.8). & A7olA Sde A3t AoAA =g 54 &F&
2 2AE el Abh Ak F719 Yol 7AlEHFZEH A (mass flow controller, MFC)E S3f A
SHA Abs 2AFHMW, 7F2FA 7] 7F gas mixerE 3 U2 TR Fo A4 G2 HEEA A
o interfaces T3 AFHZ tloHE AFTo=2ZN, WY T oS ddst FAWF (dE 59 X
HAAGEE, AXFE AagTE, AadgAs 5)8 S8le 60x the= 24T = A 3¢ A
olty, Vero AlX wjdage §&4a 247 T8 IARNTE 2oz A7 93] & A7Hol
AR Az ESO Y] HFH 2ad s AEsA2H Al xS Fig 399 Table 3-30 242 A A|

sttt

i

Fig 3. 8 Schematic diagram of computer-controlled Vero
cell culture system for automatic control of dissolved
oxygen and for on-line estimation of valuable cell culture
parameters.

Fig 3. 9 Computer screen for automatic control of dissolved oxygen and for on-line
estimation of valuable cell culture parameters.
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Table 3-3. Control conditions for the computer—controlled cell culture system.

on time /
=3 Ao running =71 EHAMN(E7)4 off time / =g
A. delay
1 Al 71
rpm motor always run time < 24A] 3t yes/yes/no rpm motor
ff A £ A
on/off A} always run time > 244 %t no on/off A}
ruré 4%2(1 gui 7HAlE A% no
rpm motor = rpm motor
set gk Ao . set gt Ao
ruré ZS\Ti gui 7HAE A no
pH H < 1 Jyes/
o1 7hg] o] D set #k always ves/yes/yes
pH H > set [(set-A A g = (HE&&)] + no/no/ves CO:2 mfc
Cco, Ao} | P A7 CO, mfc %7t v setgt
DO [(set—& A gh)x (& &)] + 0, mfc
O, mic o] DO < set A4 O, mic % 2 no/no/yes set7t
DO [(set-&A A FH)x(H8&)] + N2 mfc
Ny mfc Ao DO > set A Np mfc &2zt no/no/yes setZk
Total volum always gui 7HAE A no
. total volume - CQOs, Oz N» Air mfc
A -
Air mfc Ao always mfc 227 no/no/yes setzh

Feeding pump [(A4kd X ) x (H88)] +
set gk Ao AR feeding = %k
tor t . .
reactor lemp circulator

Ao
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6) T3 AAFTFA2EE (aeration system)o] WE A X AF =A

AN ApE s Aad Mg Sl sEAL wgel dwHos Agehc silicon membrane
aeration system¥}, B Aol A& uA Y EL ALHAEAFES Hol:E  gas-permeable
membrane aeration system (PTFE tubing) 2.2 Vero A|EZE wjgste] AEEES v g A
v HA] (Cultispher-G) 1.7g/LZ PBSo| 33| swellingdt %, oJ2] H A2 3 & Hitdlo] ALE319
o AlE7E v A 2 BFEEE 250mlS vesselo]l ¥ 1X10°cells/mlz AEE HEF F, 24471
FoF 33® it 3B rEHow wwkstATh vl 24417 F vl 250mlE HUEeke] AlS w sk

=
24 7tett} samplingdte] v HEAE HAA D T A5 dS A AL 025% trypsin-EDTAE A-&-314

el

A3}l Silicon membrane aeration system X.Thi= PTFE membrane

M X5 %5 hemocytometer= =
aeration systemo] T AHNE AFEE HYA T controlol W8] vt} (Fig 3.10). o] AL widF Al &

Z 5 QY membrane¥ membrane Alo]o| microcarrierEo] 7]o] E90] dead volume©o] A7) wj&olt}.
o] EAZ Adstr] Y 2 AFolX membrane¥} membranes o= AL A SE Fau e HHS

48572 gk

—e— Silicon tube
—— Gas-permeable membrane
—m— Control

Cell concentration ( x10° cells/ml )

0 T T T T T T T
0 20 40 60 80 100 120 140 160

Time ( hr)

Fig 3. 10 Comparison of cell growth kinetics of vero cells

cultured in different aeration systems.
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, sk A Aoy s xAMS
& FE oA, oxygen flow rate®} nitrogen
2 at4), kia #° ¥t $FS FAFsEA
Nitrogen percentage’} =S45 kia #°] asle A4S Bo F9o9, wefF DO %4 A] nitrogen
Aol 20& oln Al w2 Ao [(set-AA#) x (4&F) + dA N2 mfc @]z =43 4
9, kra kol MiFET A Fol W3lsle Aoz ey EAldoew dFsAYt (Fig 3.11, 3.12).

(olel Wik o= shrlolA AH), ol& f&l THEHE i
Ak $AXH o F oxygend} nitrogens LAI Fo

=
flow rateE T2 3lo] (5 nitrogen percentageE Tt}
7

o oft
I

N

® 50% (K,a=0.009)
v 30% (K.a=0.15)
20% (K,a=0.17)
10% (K,a=0.17)
A 5% (K.a=0.18)
0% (K,a=0.175)

-In(G*-C)

2 4 6 8
Time ( min )

Fig 3. 11 Determination of oxygen mass transfer rate
(kra) according to various nitrogen percentage at fixed

pure oxygen supply rate.

2
® 30% (K.a=0.1)
v  20% (K.a=0.13)
10% (K,a=0.16)
0% (K,a=0.175)
< "
> —
/ /
g =
-4
‘/ /
-5 T
2 4 6 8

Time ( min )

Fig 3. 12 Determination of oxygen mass transfer rate
(kra) according to various nitrogen percentage in the
system where oxygen flow rate was changed with

nitrogen rate fixed.

Y PR ka 3ol 2 S v A A XS WYY nitrogen flow rate®}, thdg o] 2 AS ZAMs|oF

[e]
da Aol A7|IHAT. 3 WHoezX FUVE YAHA FH3HA nitrogen percentageE THEA 3

3)
of ZAbet = AdS Fads] Btk = dAg do] ¥V Fd (2 L/min) Al, Np Bl &9 ¥stel] w& 4b
e wet A G AT Hahsks Ao ® yEyn (Fig

3.13). o|Hol = kia #kel W3l FS A &= W9 nitrogen flow rate® FAFsER ow, Lok A

AIATE ZAbstA o da &0 F7HEHo
233
719 = & Wy o] HA4FF Ao S ZAFSFA Y Nitrogen flow rate® 0.25L/min, %+ 0.5L/min®
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on/off Alo]2 dle] A3S FP&At. A4S 05L/min, =5 0.25L/min =2
Aoy

o
TH38tE 1sec F¢hiF FF3lar, Ssec, 10sec TEE 20sec?d off timeS Fo] FH3 AH}E Fig 3.149)
et At AAE I8 3 7RSI ue A9 (0%) EUh, on/off WMAo2 2H3s 5ol
ka7t 57Vttt AA7F FEHW ka7t FasteE AL oY tgE AYREZFEH Edd vf glon
olg]d AyE Heow Qe ¥7|o FS HAAVE HUME G FdEA Gt vA] dds FAsAH
TE SR Fig 3159 AARRH, on/off Aol Al kia kel WEZE A9 fl= s d 7 AT
uebs] 2 21E AlEwS Al DOE AE 2detr] fgk Alo] 2o w FA s

-2.5

0% (K,a=0.19)
5% (K,a=0.19)
10% (K_a=0.16)
20% (K, a=0.13)

¢H4qCO

-n(G*-G)

-4.5 T T T T T T
1 2 3 4 5 6 7 8

Time ( min)
Fig 3. 13 Determination of oxygen mass transfer rate (kia)

according to various nitrogen percentage at fixed supply of

air (2L/min) instead of oxygen.

(a) air 2L/min + N> 0.5 L/min (b) air 2L/min + N> 0.25 L/min

25
o 0% (Ka=0.19)
0% (K,a=0.19
: 1s;élsLsec (K 2:024) v 1sec/5sec (K a=0.22)
: 1sec/10sec (Ka=o.24) m  Tsec/10sec (K a=0.23)
3] & 1sec/20sec (K a=0.24) 304 1sec/20sec (K a=0.23)
’ A 10% (K.a=0.16) 4 1sec/30sec (K a=0.23)
’ o 20% (Ka=0.13)
G g
h 2 a5
S S
< £
41 4.0
1
: : : : : . 45 1 : : : : : .
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Time ( min ) Time ( min )

Fig 3. 14 Determination of oxygen mass transfer rate (kra) according to various nitrogen

percentage at fixed air supply rate (on/off control system for nitrogen supply was used).
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-2

0% (K_a=0.23)
1sec/5sec (K a=0.22)
1sec/10sec (K a=0.23)
1sec/20sec (K a=0.22)

o m A0

An(C_*-C,)

'5 T T T T
0 2 4 6 8

Time (min)

Fig 3. 15 Determination of oxygen mass transfer rate (k;a) according to
various nitrogen percentage at fixed air (2L/min) supply rate (on/off

control system for nitrogen supply was used).

ol AFJEZRH ITHERLE AES FEFT & U B AFoA A}-EEE membrane aeration

systeme UuWFA 9l ageration system¥}i= ©#] membrane? poreE E3 F717F i""}ﬂ 7] W&ol A7)

= 1l
ANA BEE do]l Yels Aoz AzEd. 5 F7] 98 membrane ¢t A3 dHo] EA s}
wo7)e] AAT £A o R FHH O RN membrane ¢He] ¢tE o] F7hE o] fx}% o] gt E =
membrane®] poreE &It AbAaEo] EojUA He FoE ATEHATE ol S Fig 3.169] Al

Aoz gofsto] AASHAH

Air in Ar+Nin A|r¢+ Noin
a0 O 40 i ° b
- O € 0P «© o
K oM oW
DA< DA< DR 4
b i< ook <0
< b il < — 4 »
ap 1A D A R > S 4
L~ ']'W 4-0 P! P <+ P
— 33 3 &3
. _— o oo ok
iy AN ¢ o O
@ AyGOsDIl piooE P

>
g

@ Air out Air out
Par  APN,  Par+APN,

Fig 3. 16 Schematic diagram for molecular motion of air and nitrogen in the

membrane aeration system.
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AP FFo vAE BavldAE A Azt ARE AMHASY AMEFEE 4T 7 o
scale-up¥ FEAZMETI A 24 FARE QA& AEE AFAS Y] ofEe Hol vt wetA FE
AMEWES A industrial plant ¥ F AA 2 ME FEE 2= AL A Erlsdt

2 AT E sEA ]Z‘]i_ g o] MEsEs AAeR FA437] S ZAAARe] EH A A
Aste] Axe] AtAFFE (OUR)E on-line AolA F740] 7bsales b WHE /dstaat a3l
o}, 3k WP O 2 A “stationary liquid phase balance” 29 EZALFX A& o] &3l AHS P33T}
ol fa MEIE olBH = v Bk o] WS Fd vl Fo DOE YAsHA FAATIH

MEL MA2EFE (OUR)E WMANRES A2 dEs (OTR)Z Z2A 2 4+ A9,
OUR = OTR = kia (CL"-Cp) = kia C." (1-DO/100) (6)
CLo wramtd o 44 %% (mmolOyL)o]™ Poy probeel ¢]&] =4},

DOE AR FA7) sl AFEFAN Axte] s DOB =AU O AN
(mmolOy/L)ZA] Henry's lawel o/al Alzbgith 7)ol x AgatAAw, ©)42 Agste] e Fo A

I 28 FAL dalAE, MY ol kia @S LASA FAAI Ak ) AFAE A Y2
21 A9l sparging WAl o8] FF3stWA ka #kol WS tdsiAl Wsletn=z, o]9f e WS 48

F o 39 ke 3 LASA FAAI717] Yél surface aeration WS thal AbEE = dA|wH
bioreactor headspace surfaceZ %53+ 44 9] diffusion A2 dwrd oz wjk A] 83 =
A FelE 2 ol ok wElA B A Fo|AE gas—permeable membranes %
aeration®] =% 3l HHAQA &AL FH WAE ALEsAYE PTFE membrane? 7
F o FEI AAE AT 5 o], DO HEY =4S e s AL
P2

=

[e) 1l
Atk Y o] WS AEFoRM, Ao A A spargingell ofs) itE = AFom AT o9

o

i=] ) %

WA = Ao, FAlel  hydrodynamic shearol] wi-¢- 9173k &= AEe] wi¢ wAHS 2
ARt B Ao ol d AFol ZAF ka £ 0.15/minS AFE Aol o]-&3Ah

PTFE membranes ©]&3lo] FA/doA] 2efloz AXFEgE As FAHs7] 8] 2 AFolA

9 8 = Ax AAEHA

| (©)00 vhebe mhsh o] Wik Fol §EAAT}
OUR3 $8it}. @0 OURS & Aol ol Axd %

%0
Ry

ok FoF AA3 zhel qO: (specific oxygen uptake rate) = &l o, 9o 23 (6)4S ol &3}
o] computer’} A4t OUR #& =241/l A monitoringdte] HHA o2 A =

o} (specific oxygen uptake rate] Wit =4 A= shrlellA A8 A). i (6)29 CL'E tha
Henry's lawol 9]38] AlxkE = ot}

of

P02 =H- CL* (7)
o] 7141, Pop = partial pressure of oxygen ©]t}.

37Col A water?] FEr2 ti7Ihe] 6.028%¢ Aoz FAFATE Fgh v A EIAEE
aeration 2% FQF EHT} 27% $A FAHEH v Aoz YA

C. = [ yor (P/760) (1-0.06028) 0.973 1/ H (8)
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o 7] A,
voz = mole fraction of oxygen
H = Henry &5

P: = total gas pressure

Ao @4 3] 98 vl 42 ol gsHank

vo2 = Voo/Vy 9

Vo2 = flow rate of oxygen
V: = total gas flow rate
w3

i

Po2 = yoz Pt (10)

&
=
rr

o714 P FFEE 7129 total pressure®l ™, yoo= 2l (9o 9& F3 4 k. o
1/H = (1.385 - 2.635) X 10 A(T-20) + 4288 X 10* (T-20)° (11)

2 B9 5 gon, o714 T wae] exolu),
AyH oz (9), (100 E (1DAL ®)Ad tgdsted C'E 78 F+ AR e

ekl OTRE T2 5 Atk ol A9 gz wFdye §EasE A4
OTR} OURE %USEZ, OUR = q0, - X Ad| 93 2a4dor AXF=Es x5 =43

S Ao=E AGHYT et B Ao A= Table 3-3¢] WAIE FAAo] XA &) o5 HTES
HFEAFAA FH/2438 = BHES Jdstax v, Fasdol 2 AFdA AEE, PTFE
membranes AFE3 A EUES- 7] AFA|oA] 2" tid dA FAEE Fig 3.179 YERASI T

->| Interface |

A

y
Computer

Fig 3. 17 Schematic diagram for computer—controlled Vero cell culture
system for automatic control of DO and on-line estimation of valuable cell
culture parameters.
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7} Al ¥ 9] specific oxygen uptake rate ZA}

2oAF"e] AA AAT LZEO] 9 AFIAA"S o] &aA] FAHWMF specific oxygen
uptake rate® ZAFEFFTE 1 litere] EEAZujk7]o]l PTFE membranes 233 Zol& 7rol A A
A Abgatgth AT wgeEE 37C, pHE 728 2489t a4 vdE9A (Cultispher-G) 1.7g/L
£ PBSo| F&3] swellingdt § g ®1 AlH3 £ dotsto] AREsEATh 244 vkt samplingdhe 7
HHAE HAAND F ATAE AASL 025%  trypsin-EDTAE  AM&3le]  AXFLE
heamocytometer® A8t o™, wWiYf =5 w3t airg T ske] specific oxygen uptake rateg =
AslAtt & air/t & IA Zow v Yo EAsE oxygene A X AR 42EF o] DO}
Goj 2 A H=r) vk 622179} 6841 7HAl specific oxygen uptake rateE =43 A 0.67x10 “mol
Oy/cell/hrZ A4t S BTt (Fig 3.18). o= & A9 Axsid Asst 4 HHd F3sie
ARE AdE A

5 2 3 2
—e— Cell density —e— Cell density
—O— Specific oxygen uptake rate —0O— Oxygen transfer coefficient

% 41 E 4

° = ®

E 3 1 ;E g 34 E

© o o ,

e o—o o) 2

8 7 8 e

= 2 = 2

8 8

1 0 1
0 20 40 60 80 100 0 20 40 60 80 100
Time(hr) Time(hr)
Fig 3. 18 Time course profiles of cell Fig 3. 19 Time course profiles of cell
concentration and specific oxygen uptake rate concentration and oxygen transfer coefficient in
in batch culture of Vero cells. batch culture of Vero cells.
W) Alg A5 AA2ALEAST (kra) Bl ZA}

AFE FEAMAE Y Al 22 Aas Tl Bk, v 2o Algtd AbA 9 sEHOR
A3l AbAheFEukge] Ao AAE Ao Fasttts A ul oy dolr] wiEdl, s E
A% scale-upthgol A wlel Wzo) ArdTe Pd T FAROR AHHD Uk wAH HaA
94s 98 2 ATolA= gas-permeable membranes AR&tE WAS AEElSITE AT HOR AL
= silicon membrane system Al XE7} membranecl] H-2tE o] aeration &7} HolxE @ o] = A
o2 YeEsth PTFE membrane 2254 (hydrophobicity)®] & 7F#1aL 91°] membrane %W
AE7L RASE AL e Ao HAHAYC ol AnE WY T4 AP ArABASFI FA

z =

EoAdeRE O 4 AT AE BT A%, AT Y 66NUAS TN HaD
FAHE

Aoz #EHAY (Fig 3.19).

) FEAXE IS & A58 Al
AT FHe Asst AojAa"e] 5 o, 48

A (mass flow controller)& 3 A™EaA A5 HHETh= o

o QA of3) o] Fojd = ek [(DO A A%k

gk o= DO 50% = dAgE Fol 919 At o3 §FAATE 2HE =R dolR dt v Fek

9
-
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14§39 2 literel Al DO} pH 24| AF&Ho] Eo|7be Aba, A4 o]

G4 Eol7lE® Stk A8 0001% AAste] wgsart

AZFe 120sec® AAFAT 24 WAzl UY o] wjgke] AaAgel wet Ams
s %

[
AR AARFEG & gor xdyE Aow U

100

Dissolved oxygen (% saturation)

20

0 T T T T T
0 20 40 60 80 100

Time(hr)

Fig 3. 20 Dissolved oxygen profile in batch culture of Vero cells.

9) BEAIXE AF3A O vFAN AEFE=S OURS pattern ¥ L

Fig 3. 20014 YEepd A= Q8] 24 wESAIZHS 120secoll A Osec® ZA st wj ettt 5 7
HRo R Axte o] 2HHEE 3 AP DOZF A7k + 2%=2A ¥uwd 2§53 2dAT (Fig 3.
21, 3.22). Oxygen uptake rate®} Al E5 =7} exponential phase 7|17t &<to= vz AX &= HdFS
o] F3 01} decline phase®Z HAEHA A EAAs= Aoz YEET (Fig 3.23).

B LN TERY P el N PESW WO

R B = L AT B

|l e

|
|
Fig 3. 21 Computer screen for automatic control

of dissolved oxygen and for on-line estimation of
valuable cell culture parameters.
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100 2 2.0
—O— Cell density
= Oxygen uptake rate

80 1 ‘5_ =
= ° H1s £
5 3 2
il ]
g S S
% 60 - x z
X 2 S
T it — £ ;
[} ° =
= < S

4 ]
g £ 2
3 2 8
2 5 3
§ 2 o

>

o 2 3

0 T T T T
20 40 60 80 100 Time(hr)

Time(hr)

Fig 3. 23 Time-course profiles of cell
concentration and oxygen uptake rate measured by
computer system in batch culture of Vero cells
(DO was controlled by use of oxygen and nitrogen
gas).

Fig 3. 22 Dissolved oxygen profile in
batch culture of Vero cells.

-,
op
O

2 = skl o, Fig 3.24 % 3.25& 4F
2l %‘7]% %%6‘}04 %%éiﬂ 2AH=A AR A2 YEd Aot & [(DO *”é%k - DO 3

o b

= o =
FotuA zdstdvh. WF A ARE 60A17¢77}x1—; 1zosec, 61/\]Z_P$E1
70X ZE7-A] 100sec, 7T1A1ZFE-E 97AI 174A] 60sece] Hb-§ ZHAIZHS A &A1 71HA v ettt DO}
AEAS A2t (Fig 3.24), oxygen uptake rate$} AL FxE7} Hj
& wol F3o (Fig 3.25).

fofshd, & Al AAR HFH programel 98] DO7F 245 e AT 5 gllow, o
2 1X10 *molO»/hr/Le] oxygen uptake rated] A ol A% % 0.8X10°ells/mlz A A9 nZ=e 2
HE BHAFAY. o] AYs AsAAA~ES o] &3 u MYFEE AFoz FAT & Jde 7HeA
S FAHA AAE] F= Aolth - oy WHe Ay Ax 4aE FEEE Ao Wao]l Fr]d 9%k
B 08 AE3 Aoz gy o] ko 7= Aho] o3 2EWAS AAYE] 2 st 0
7F A4 AUsA 24" 5 s HE8E AV 4 7&““35101‘# g Zlow oy rJroﬂr O] i)
dAgk gte] A& Aol dig = WSAIA A&st= AP, () PI controllerd] g DO =
A AYS 3353
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Fig 3. 24 Dissolved oxygen profile in batch
culture of Vero cells.
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Fig 3. 25 Time-course profiles of cell

concentration and oxygen uptake rate
measured by computer system in batch culture
of Vero cells (DO was controlled by use of air
and nitrogen gas).

7F) Alztel digk g4 A4 9% DO control
AAF AREFS A7l Y3 42 24 LS AojAS S o [DO A gk

& il {
- DO @Az X (0.002 + 0.0001 * t)] + A FFEHL A= AiagFrol oF =4 Wrgolty. o 7] A
A

El3
& ZAATE 60secE LGP ow, vl Alto] FUFsH AL EE WA FUMEIEE WA DOE
ZAd3t0A Y. 1 A3 Fig 3.260 YEE vl 2 DOYF A4 ztRu @32 Wl - =
gk o] A9 AMIE FE9 Z7FEHT} oxygen transfer rate’t BlYA Z7lsteE Ao®2 Uelgtt (Fig
3.27)
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g
3 e g
: H o
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g E %
‘" & 3
0 . . . . . . 0
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Fig 3. 26 Dissolved oxygen profile when  Fig 3. 27 Time-course profiles of cell
the following linear control equation was  concentration and oxygen uptake rate measured
applied; [set value of DO - (current value by computer system (DO was controlled by
of DO x 90.002 + 0.0001 x t)] + currently applying the same linear control equation as
supplied amount of oxygen]. described in Figure 3-28).
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P FAHS Aty 918 g Wy o ojwoi= HjkAIIke] wE exponential ¥E A &3}

[e]
{[DO A7dgt - DO &AAFt X (0.002 * exp (0.035 =

HEES Atk =

)] + A FHEEL Je Al o3 2d dHE HAESSI. Fig 3280 Alztel Wdid ds
AE3e 79, exponential IS HEWUE 452 H&E2 WIS YEtldo wjFAZe] tha g
F2 A48E 4920 exponential FFE HEF F¢7t g S HEES Holm® HAAG B @
= FEAA 2% 2

3

2 2 ZAst AdE sttt DOZF A% + 5% WelA =4dEglom (Fig 3.
29), T3k AE FX9} oxygen transfer rate®] pattern®] exponential phaseol| 4 H] il Zﬂ AX6l= o=
et (Fig 3.30). 228X % 2 ZASdx= AUt DO 20| o]FojxA] grolx A a7 A
st Ao 2 dAdEo], PI controllerE E9ste] A3 ASEE F7HA 7] Lzt E}%J’} 2

& 5t A ok

5 g o

454 ¥EE ¥ 4 9% AoR guHA. o 4% He & WAE BuA DO
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Fig 3. 28 Comparison of application rate Fig 3. 29 Dissolved oxygen profile when
(factor) when a linear function and a the following exponential control equation
exponential function of the cultivation time was applied: [set value of DO - (current
were applied respectively. value of DO x 0.002 exp(0.035 t)) +

currently supplied amount of oxygen].

—— OUR
—e— Cell density

Oxygen uptake rate(x10 ‘402mollhr/L)
Cell concentration(x10  Scells/mi)

Time(hr)

Fig 3. 30 Time-course profiles of cell
concentration and oxygen uptake rate measured
by computer system (DO was controlled by
applying the sameexponential control equation as
described in figure 3-31).
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) PI controllere] 2% DO control

AR AxE F7/HAZE BHom e A4S #ASFH programel EZAIA AHS st
P.(O2y mfc) = Py1(O2p-1 mfc) + [(DO,-1-DO,) + (DO set-DO,) * 20/3500)]. &1 714 Kc= 0.002, 28] 1L
I & 350002 o]|A data®] 4ol os] 24" Ftolu. Fig 3.319] PI controllerd] 23| 48 &S W3}
Al Wkl A, DOE 80% = FAAIZ A9-2 DO profile YEM AT o 7)o AAlE wle} Zo] DO
7F A+ 2%l A ARLSA 2-EHE, vl FEE wel A9E A4S 4 v =3 DOE E3)
Lol % (Fig 3.32), PI controllerE A}83}# &gw ool Axlet

SENE TR 60%= 243 A =
4o x, DO AAg £ 1% ol WA &E4ks w%7F v AL 2dds #7285+ 3
ATt o]9} o] &FEAA LU AWSIA ZAFUOE R Fig 3.33¢] ERE H}Q} o] A5}
AaETE (OUR)Q %ﬁ EHEJO] ok d 7)7F (%7] adaptation 717F A 9ol AA FFoHA AX =
Aoz Yetwth Y OUR=, X5& AEs=E= AAste] 7] dHol8E v plottingdt 23}, vi-¢-

5% AA4s 25 F dAqG (Fig 3.34). o] Ao 7|&7|2FEH E Ao AH&¥ Vero cell?

specific OURS] 3t 3ko] °F 0.13x10 mmol Oycell/hr 9& Bnad R34 248 4 dArh. = PI
controller® =¢3te] DO %A 3t Ade A2 Husl A7l 23 OUR =4S 8 Axs =
g Asoz A Ao FAT F de FEAEHNG AsIA2EE FES F AdASS FET T
a=
100
= - § ®1
9o ©
® 2
[}
% 60 I 7
N <
g g
o >
§ 4w 3 40
s ®
2 =
35 [=}
2 %
A 204 a 209
0 : : : : ‘ 0 : : : : :
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Fig 3. 31 DO profile when PI control system Fig 3. 32 DO profile when PI control system

was applied (DO controlled at 90% saturation). was applied (DO controlled at 60% saturation).
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= e % <

Y 15 g 41
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Fig 3. 34 Plotting of oxygen uptake rate as

Fig 3. 33 Time-course profiles of cell a function of cell concentration (The slope of
concentration and oxygen uptake rate measured by the regressed linear line represents the
computer system (DO was controlled by applying specific oxygen uptake rate of the Vero
PI control system). cells).
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Fig 3. 35 Formation of forms when air was supplied continuously
by the microsparger in 2 liter bioreactor system (Left: when
antifoam agent was not supplemented; Right: when antifoam agent
was supplemented).
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Fig 3. 36 Dissolved oxygen profiles recorded in chart paper when air
was supplied by the microsparger in 2 liter bioreactor system
(Without antifoam: when antifoam agent was not supplemented; With
antifoam: when antifoam agent was supplemented).
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o R

T FEY] SAS AENSY] R Alx FuE FAsked vle eFQl 840 kA o
2 AAEFFE (OUR) B olitsterx A S (CER)S S48t 7Hd 234 WHE AENS7] W=
SwEHol AMAEF o] o] &HE F HiEHE= TVt T AR F9E At W AAEE A
W (oxygen-balance method) 2.2 L&A Ut} o] S8 AP ALrS4H AEANLSE AadE
&5 T Zo] Ao & dFS A= dHolHE HFHE Sl AR FA 2HFoREH
HA ] Y FHE AERSTIE 4% 5 Aok F8F wdw T 28 ASS 8 M F8A
Y= OUR % CER 9 34& va9 7t dFAAd 93 +2 =+ U}
OUR= OTRZNAZMIX/ “( Q”TD;‘YZ'— Q"‘};?O' Lo (12)

7.32x10° , Q- P;. C; Q,. P, - C,

CER - 72 S S A (13)
N4 : oxygen transfer rate (OTR) (mmol/L/hr)
Q=Q,=Q : volumetric air flow rate (L/min)
P, P, : total pressure of inlet and outlet air (atm)
Y: Y, : mole fraction of oxygen at inlet and outlet air
T;, T, : temperature at inlet and outlet (K)
Ci, C, - mole fraction of carbon dioxide at inlet and outlet air
7.32x10° : conversion factor [PV=nRT]

(60min/1hr) + [mole/22.4 liter (STP)] - [273K/latm]

(2) 1A OUR k] ZAel ok AEWE7] v Axss F42 g9

ARl AEWETI] A, AN o]Fdd ARE AFHsY AEFEE FAT & AAT,
scale-up® industrial plant®] A% AIRE AFHE7] oy Hol Auf TS MEFEE FHs=d A
Tt A7kl A8 5= 3G (microcarrier culture) ¥ 22 A S-ols Wi T AR MYFE
& FAstE Aol A9 EVFedtth WA ol g A AENRET] oA Axe] A A=E AAZE
O

FAet7] Yste] o 2o o] 224S gyletgl
) AEFAE 93 AAT 48 (maintenance term)S FA 8= 49

OUR=Y, dx _ 1 dx

e dt Yy, dt (14)
o] A& g WE st ME AFEEE e 22 2oz & F
% Y.(OUR) (15)

fo dx=1Y,, j(:(OUR)dt, at t=0, x=0
~ Yx/o ;O(OUR)At

X(t) = Yx/o : SOUR( t) (16)
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o] 7] A
X(¢) : calculated cell concentration by use of OUR (g/L)
X : real cell concentration from experiment (g/L)

Y. : cell yield based on oxygen (g cell/mmol Oo)

ot
)

SOUR({) = SOUR(1—1) + %[ OUR(t—1) + OUR()14t

(8) 17)

o171 A

OUR(t) : current oxygen uptake rate (mmol/L/hr)

OUR(t-1) : last oxygen uptake rate (mmol/L/hr)

SOUR(¢t) : total oxygen consumed until time, t (mmol/L)
SOUR(t-1) : total oxygen consumed until time, t-1 (mmol/L)

() AEFAE Y3 AT 54 (maintenance term)S 18 dh= 4%
A ET o] FAE B2 AEY fXd ol&E Atie & ABTE, 49 SOURS
o]%‘?} /‘ﬂfl—i_ %Eiﬂ -_[2—7(6].‘(_2__ _1?_;{6]@'_%

[e) =

= T

7hedol Evh wEA §EALS EAFA ] AEe] {4
(maintenance) 2 $13F A2 EFFES nddoF &, o= v A3 2ol ( m

B 4 Ak

dC uX
g = OTR=OUR - OTR=(Ty7n it m %) (18)
dc .,

7} A4 (pseudo-steady state)@i 7FAE A -G dt =0 olmz (18) A9 H$ WS AxH
Eiasl

7R _

( Yoo + m )X=0UR (19)
S At oo dHS AE FEQ XE UFH,

_p _ OUR

R (20)

=5
o
i)

dx 1
7h HH, oA 7IA R AEES pe A ek, p= g x olEE, (200 A2 ted #2o
T At

f% = Y. 0,(OUR— m X) 1)
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POzy sparger — POZ, out+ PL

P; = pgh (hydrostatic pressure at the sparger)

W) AENS7] DA GFAA 7oA FH o|22 HEE

A7V A FEheE o] 242 MAAALS Y3 FEAME ujF 2H Hgslr]o kA, wjgEstrI v b
9 MRS Aspergillus sp. MES] 1A YTA (microcarrier culture)oll thal Al AEA|Fo R
A, 71 A ERst o2 AE oRE JstnAt Tt S5 AAAETY 13 wiF Al Al
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EF9] HAdFEE (specific growth rate) (1) 52 WY T8 HFE (5 8442 (DO), AA2ETE
(OUR), o|2t3tet 29t A8 (CER), 4255 (SOUR), Eo)43tets wjl& % (SCER), MAaddAS
3 s A A

(kra), AXFTE &) 2HgAddA A SAHT 5+ Ade 2719 o4& A wid T4 A &3}
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Fig 3. 38 Photograph of on-line measurement system for the estimation of cell
cultivation parameters.

(1) 22E5% (OUR) 2 ol Astead e (CER)S £ehal 24

AEFFEE F2RA7E ol gote] YRNS/ZVE WEHE /t2E olgstel RAssit W
He 7k AR & UEd Autolab V209 A4S Fig 3390 AAsEAT AR EFFE] SAS
dste] ABWSIIZTE WEHE i RE o Mata W Ak FES AT YBUI2Y
H oS e BEsb ghashs AZIsh ol aEheasl Busk Fobshe AV UAZ dAskc
(Fig 340). ol AE7b FF5E A4S AZdAbe] 303 ol §ahuA dAERA o 4Eeas ¥
Fah QYA Aotk FW AUVl o3 MY F LBAAOE A A5 HAFFES Y
A% Fek AAEZTE] GAPFEE e FE Fa® Axolth EE WP A7 B tAE AAF
FEERE F ARLRFS ANSE A, @20 8 Ax NAREE =G 3] slsEnm
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Fig 3. 39 Table of data aquisition and parameter analysis system.

- 127 —

1T
fretgeestat



g 21.6 &\O,
n
g ©
g o
21.4 - | -
3 06 2
E= 5
=
° c
£ 212 =
oN
N
8 0.4 8
o S
c 210
c
o o
© s
© 8
“= 208 - 02 O
. L
K [
o ©
= =
20.6 - |
- 0.0 |
|

0 24 48 72 96 120 144 168 192 216 240

Culture time (hr)
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Fig 3. 41 Time-course profiles of oxygen uptake rate (OUR) and
carbon dioxide evolution rate (CER) in the immobilized cell cultivation

performed with cells (5 L bioreactor used).
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7ol 93] AlLte F AAETH (Fig 342)S o] &3t AXnAddEEsE 4393, 1 235 Fig
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Fig 3. 42 Time-course profiles of summation of OUR and
CER in the immobilized cell cultivation performed with cells

(5 L bioreactor used).
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Fig 3. 43 Time-course profile of specific growth rate in the
immobilized cell cultivation performed with cells (5 L

bioreacto used).
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Fig 3. 44 Comparison of cell concentration estimated based on the on-line

data of yield factor ( Y, ,,) and maintenance coefficient ( m ) against
actual dry cell weight in the immobilized cell cultivation performed with cells
(5 L bioreactor used).
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Fig 3. 46 NCD virus production in fed batch culture
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Fig 3. 47 Glucose concentration change for fed batch operation
Ammonia concentration for fed batch in spinner flask
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Fig 3. 48 Ammonia concentration change for fed batch operation
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Fig 3. 49 Lactate concentration change for fed batch operation
13) T EAXE 8T F 9 Modelling ¥ simulation
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observed rate
rate with no conc. gradient in bead
transfer rate of trate on rf.
rate at bulk conc.
V D (ﬁ) r=R
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= — 5 (ISKK,) (30)
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Fig 3. 50 Profiles of glucose concentration inside a microcarrier (bead).
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Fig 3. 51 Profiles of glutamine concentration inside a microcarrier (bead).
(A) De = 69¢° cm?/s
(B) De = 1.4e® cm%/s

- 137 —



Table 3-4. Lists of parameters for modelling and simulation..

Yxss 45 10" cells/g-glucose

Yy 19.2 10° cells/mmol-glutamine

Kss 1.0 g/L

Ksa 0.15 mM

B 0.045 hr'!

Des 14e° ~ 69¢° cm”/sec

De 14e® ~ 69¢° cm’/sec

pp 1.02 g/mL

Table 3-5. Thiele modulus according to Table 3-6. Thiele modulus according to
microcarrier diameter (glucose). microcarrier diameter (glutamine).
diameter [um] Thiele modulus [-] diameter [um] Thiele modulus [-]

50 0.174 50 0.687
100 0.348 100 1.375
150 0.522 150 2.063
200 0.696 200 2.752
250 0.870 250 3.439
300 1.044 300 4127
350 1.218 350 4.815
400 1.392 400 5.503
450 1.566 450 6.191
500 1.740 500 6.878
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Table 3-7. Lists of modeling parameters.

parameter value unit
P 0.048 1/hr
Kea 0.15 mM
X 10° cells/mL
ka 0.0048 1/hr
Ka 26 26mM’
aa 7x10 " mmol hr'/cell
aa 5x10" mmol hr '/cell

o AARAR 3 FEAHEAF kinetics AT
(D) AE st 2 gol o3 Az Yk

Z7] 27§58 3 mME dto] Ax nAgsh MEs FAEAS el WAL AAE Fig 354
of HeRIth Fig 354014, 715 A3 dolHE, dde B d3AS depin. £ Al vehd
xo] ®Ho] Vero Al 324 wids vl A ZARES o = dfidh

60

50 o

40 A

30 4

20 4

Viable Cell [X10* cells/mL]
Ammonium ion conc. [mM]
@

0 20 40 60 80 100 120 0 20 40 60 80 100 120

Time [hr] Time [hr]

(a) cell growth (b) ammonium ion concentration

Fig 3. 54 Vero cell growth and ammonium production Kinetics in batch culture.

(symbol: experimental data, line: estimated value by modelling)

(2) 27 2FE FEo] BE AL BF % JRF ole 54
TR o8 AYTE drweleel AL Yol ojud
Kol X

g dFe MAL ARws] 9d 27
BR ¥EE 37 15 mMZA ASA A 82w

At Fig 3555 B4, ZFEH
E7F 6 mME Yol Axze] Aol AAHL, 15 mMS Yo Aol Ao o]Fo]xA] &

I %
b 4 oglth oleld 4 AslE 4043hE ol sbiA #als] s, of o guEeles
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mM)EA dRFo|29 FTE7F 20 mMS Yo AZAA A7 dojdS & 4 At uelA] d=2gm
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Fig 3. 55 Vero cell growth kinetics according

to initial glutamine concentration in batch

Fig 3. 56 Vero cell growth kinetics according

to initial glutamine concentration in repeated

cultures. fed-batch cultures.
(3) REE-3] A n kel 28t Vero ME9 g% vk

Sl Ao A FRFole FE7F 2 mMES Ao A A Asi7 B, ek S F dRE
o]0 ¥t 2 mMe HAS w wiAE wEeto] RFolRd wE AHE fFAste WSR2
ko] BHAY F ASFS & F AT WHEI AN FAA Fag dA A= 7] SFEHY sk
e, H4 SFEY =5 37 S 27 SFHY =5 17 8 mM=E 22 st WHEI A GS
a9,

Fig 3560 AAl® wpel o] wjxe] wAS Faf dgol2ol o3 Aals addow 2
Uars & T Avh EIEANYGS S AEF R AE AMEES 249 FEAIE 5 AT (Table
3-8).

Table 3-8. Comparison of maximum Vero cell concentration and cell productivity between batch

culture and repeated fed-batch culture.

maximum cell ..
. . cell productivity
operation mode concentration [x10* cells/ml./hr] remarks
[x10* cells/mL]
batch 3150 0.64 initial glutamine concentration:
6 mM
initial glutamine concentration:
repeated 8 mM
fed-batch 196.26 1.55 numbers of repaeated
fed-batch run : 43]
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singular problem< d|A3}7] 9138 W A|Z=7F o] FoJA gho}, tiFE LAl HHeR e A
Abgko]l o sto] AAAQ] A &o] o] FoAA] Fa = AAolth E AFdA = EFEHAE FEE

2] Helo A AeJstaA Vero ME A4S =
Vero A3 ujfol A vk 2FER &
¥ ol AZtE 4

dG I

T V(GF—G)—kGG—QGX =0 (40)
WelA o] u | AFHEEE
= (keG+aqcX)V
o Gr— G (41)

PR A O] AFEEE of 2] iy M5t 84 2315 Table 3-9° WERH ST

Table 3-9. Modelling parameters used in fed-batch cultures.

X [x10" cells/mL] 1
Go [mM] 3
Vo [L] 1L
Vi [L] 2L
Fumax [L/hr] 0.01 L/hr
Gr [mM] 50

AEREg7Ige SFE FE7F 9A §A8 de SR AE Fge] o]FgA A FA i, vF
= FAE we pREol2e A o AlE Aol AsHER HH FFEN set pointE
Aol Fasitt wetd mjIFrIue SFEY FEE 1 mM T 156 mME A frrAu A H A
STEY s R el Fig 357 By w7l 58§27 7 mMZAHA = 2FEY §
E7b eRpEes AlE Aol FokxAy, o F e3lg Aol dass As A9 = Aok /71
2l st S22 de] A% Table 3-10001 g A, FrHAm s S8 AxF= 1580, AE A
A 13 FEAR F dEE E Al

FEHY set pointE 7 mME ZA3st9S u wl profileS Fig 3580 YERNQATH 712 vl kol
o3 IS A FHAZE F Aoy, E A=FOA fFrbAwEe] A Lo tha SAVE EAg

=
o SFELY] A4, mAlEQ] dREolZe QS s HE  la, GRFolZS A o)

=
hats Al Fovm® Ax wdrIdel AL SFHEY. 5 Rl AL o] FAAA FE FF A
g = FAE & el itk webd AlE7E S22 AEE ¢ e EFEY sEE fA
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Table 3-10. Comparison of maximum Vero cell concentration and cell productivity between batch

culture and fed-batch culture.

maximum cell .
. . cell productivity
operation mode concentration [X104 cells/mL/hr] remarks
[x10" cells/mL]
initial glutamine concentration:
batch 81.50 0.64 &
6 mM
initial glutamine concentration:
fed-batch 128.89 0.84 3 mM
glutamine set point : 7 mM
10
140
viable cell =
120 s =
) £
E c
3 100 o
2 le s
5 ol S e £
g glutamine /o .' yd g
g 604 e e s <
““““““ @
- , L Q
% - ammonium ion £
S 40+ e @
> — L, 3
o O
20 + =
0 s ; ; ; ; ; ; 0
0 20 40 60 80 100 120 140 160
Time [hr]

Fig 3. 58 Concentration of profiles of vial cells, glutamine and

ammonium ion in fed-batch culture (Gset = 7 mM).

(5) perfusion Hjekol| 93t Vero A E Hj

Perfusion ¥ koAl A E} 71d wdH & EAFXAE ofgel o] et
b AEAH L = (k)X
(h) 714 2m]
FFE %7? = £V(GF— G) — keG—acX (43)
(th =#H& At
o A — G+ aax—Fa
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sEAMS 27 dEFO)L 57 2 mMS 9 A AX AFo] AIAEHJLER, dEFOIE &
2 2 mM=Z FA3H7] 93 JMEE DeE N oE2HH 22 & AY

A F

E _ ) _ (kGtasX)

Vv A

AAMEZE 0.002 T 0.01 hr iz HPHZUJ] perfusion ¥l %S F3yst A Th. AARALY] ALESE ZAELS

Table 3-11°] AAlstF o, ZF 3L o] WE Vero A¥E AAA S Fig 3599 YeEH At} Fig 3.59
oA & & Ad%o] perfusion FlFo A= =83 SFEIY Tt HH3 dLnFolL =5 TAJ T
ZEAD ¢ Qgorug =0 AMAALE AL £ 9t}

200
180 D=006/ /p=002 Table 3-11. Modelling parameters used in
160 perfusion cultures.
E 1401
% ] D=oot Xo [x10* cells/mL] ]
o 100+
X -
3 ® p=o Go [mM] 3
s
40,
] Vo [L] 1L
0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
D [1/hr] 0.002 - 0.01
Time [hr]
Fig 3. 59 Vero cell growth kinetics according Gr [mM] 10

to dilution rate (D).

< Table 3-12°] A @3t t}. Perfusion B A ¥x7

FAs AHEHow FET & Ade M BIFAIF ash), qrEIE v Bt
5
=

_]
AE Ak e 2o Fd4d S BokS o addd & Ao

Table 3-12. Maximum Vero cell concentration and cell productivity obtained according to various
operation modes in cell cultures.

i 11 ..
axium ce cell productivity

operation mode concentration 100 remarks
10 11 L/h
[x10" cells/mL] [ cells/mL/hr]
batch 81.50 0.64 initial glutamine concentration: 6 mM
fed-batch 198.89 0.84 initial glutamine .conf:entrationi 3 mM
glutamine set point : 7 mM
repeated 196.96 155 initial glutamine concentration: 8 mM ]
fed-batch numbers of repaeated fed-batch run: 43]
perfusion 198.52 1.62 dilutaion rate : 0.06 hr '
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