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Activity of
Immaobilized Cell

Secondary metabolite

production

— Carbon catabolite
regulation

- Nitrogen regulation

- Phosphate regulation

- Inhibition of growth
and product formation
by end product

- Growth rate control

Immobilization Methods and Materials

Factors sffecting mass transfer limitations
- Effective diffusion coefficient
« Bulk liquid concentrations
« Particle size and shape
on of im| lized cells
+ Cell age and viability prior to and after immobilization
« Growth of immobilized and freely suspended cells

+ Mai energy req
+ Death and autolysis
» Switch in metabolism
Immobilizstion methods and materiais on the activity of immobilized cells
- The toxicity of materials
- Permeability of carrier matrix to substrates and products
« Mechanical strength of carrier matrix (particle break-up)
- Compressibility and swelling
- Heat effects, e.g. heat of polymerization
- Strength of immobilization (cell leakage)

Fig. 1. Interrelationships of the major factors affecting the ac-
tivity of immobilized cell systems.
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Fig. 2. Mass transfer limitations in immobilised cell systems.
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‘Table 1. Effects of bead size and diffusion coefficient on the performance on the immobilized Tolypocladium inflatum cells. X*'=0.5
ix DCW/g celite, K,=13.2 g/l, p,=0.0757 hr' and Y,,=0.35 g DCW/g glucose)

Radius De=6.9x10°(cm’s)  De=4.83x10°(cm’/s)  De=3.45x10°(cm’/s)  De=2.07x10"(cm’s)  De=0.69x 10°°(cm’/s)
fem) o N S¢S o n_ S/S, ¢ n Sy b n_ S¢S 0 N SyS
001 0.13 100 0997 016 1.00 099% 0.19 100 0994 024 1.00 0991 041 099 0972
003 039 099 0975 047 099 0964 056 098 0950 072 097 0919 124 091 0.783
005 066 097 0932 078 096 0905 093 095 0870 120 092 079 2.07 080 0.53]
010 131 090 0762 157 087 0.684 185 083 059 240 075 0441 414 055 0.132
020 262 072 0384 313 066 0274 370 059 0183 478 050 0080 828 032 0.00-
030 393 057 0154 470 050 008 556 044 0043 717 036 0011 124 022 0.000
050 655 039 0019 783 033 0006 926 029 0002 120 023 0000 207 014 0.000
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PARTICLE RADIUS (cm)

Fig. 3. Relationship between effectiveness factor and particle ra-
dius with varying immobilized biomass density for D,=4.83x 10
cm’/sec K,=13.2 g/L, um,1=0.0757 hr' and Y.,=0.35g DCW/g
slucose.
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Fig. 4. Immobilization by surface attachment.
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beads coated beads Ceramics Coupling
Celluloses Epoxy resin Clay Agents
Collagen Nylon Coal
DEAE-dextran Polyacrylate Fluoroapatite
Fibronectin- Polymethacrylate Glass Aminosilane
coated beads Polyester Pumice stone oxides Carbodiimide
Gelatin Polylysine~coated Pyrite Zirconium Diisocyanate
Gelatin-coated beads Quartz oxides Glutaralde-
beads Polypropylene Sand hyde
Heparin-coated Polystyrene Silicates
beads Polystyrene- Stainless
Laminin-coated divinylbenzene steel
beads Polyurethane Zeolite
Lectine-cell Polyvinylchloride Vermiculite
adsorption Polyvinyltoluene L /
Quaternary
amine coated
dextran
Sugar cane
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~
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A8l A}, & Hujok 1w v)E, bulk wizjellA] Al
7hA &) A% gzz EAAG A, 7|AA A% §7], wiR] 25E]
Ao} A E Bele] fo)Al, 7|29 uha FME ALE 75

el FA M4 S27) AE2gs W =24 attach-
ment to a surface, entrapment within a porous matrix, con-
tainment behind a barrier, seif-aggregation[28]& ¥-F-4 4 9
o1}, o] At AabE AYakg 23 37_7“]§]—‘”'”\j‘°_ F2 surface
attachment X3= pore entrapment ¥ 8- AH8-3] 3k}, Fig. 49}
5el o] F7kx]9] A sl AHSEE HAL] Al 2 FF-
ofl ehaf g stsdrH27].
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Entrapment within
porous matrices
Gel Preformed
Entrapment Support
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Cellulose
Ceramics
Copoly(N- Collagen
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Epoxy resins Cordierite
Methacrylates Cotton cloth
Photo-cross-linkable Gelatin
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Photosensitive Natural sponge
resin prepolymers Polyethylene
Polyacrylamide Polyester foam
Polyacrylamide- Polymethane+PVC
hydrazide Polyphenyleneoxide
Polyurethane Polystyrene
Polyvinyl alcohol Polyurethane
Radiation polymers ) Porous glass
Stainless steel
particles

Fig. 5. Immobilization by entrapment in porous matrices.
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S BEAA AEAFe] B F3el Alztzltk(non-
growth associated production mode). o]2]§F £ 0 2 Q13 o]
AAME2 A Z1Ee Al T4 & 24 A
T TS AXFA S=E 8 dufeke] ARtERE wiap
wash-out &Abe] velulAl €c}29]. 34 set foAujekg
#J (suspended fed-batch cell culture)}S #-8-8 79 AlxbctA| o]
A AT 28 = o, FARA AR A
Fouljoke]l 1% #HAF 9 non-Newtonian EA1 0 2 23l &
AAdDGEEe] FAT 7k AT Aoz gL A7t
o Aol g gl IR wE At Y
el olB| 9 241 ¥ v AEAL A A5t
AL A EZH 49 4 9lck. 53] non-growth as-
sociated mode 2 A== FAAIl A A A uloke A
AHF2] specific growth ratee} ¥h-3-7]¢] )4 <: % (dilution
rate)s A2 Fe2l XA A4 4= (decouple) Qlo2 g wAA)
vk 9] ol o] g FAEAIC) F vtadd w A
oo} AardAle A B ml A S TF3A A, ARA
L2 FHYoEA A Al oA AMIEY AHA
HAIE 2] A17)7] 9% ohekst mAjahlokye] A x| gt
t}. o)== A AloFol 23t o] AALE AR Wil$- =& 3
&R x nAdAge] = A WIHFFE YENS
7] el #2141 4= ¢l7] a2l 7F5slc}. & d) 2 Dalilig}
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Chau[8}+= air-lift fermentorel] 23} S. parvullus®] AA; A4
sl ool ] catabolite repressiond A4S FB5L7] el wf->- A8k
= AE-9] wix](starvation medium)E Z-FF 24 actinomy-
cin D2} A4t o] 7181988 B walgdr). & Berk(30] &
& fluidized-bed reactorZ- ©]-8-3F -4} P. urticae?] el
= dguokellA] Ao FEE Ao =N AEA
¢ S FE 207 §3(0.05 g/19] yeast extract I-F)
A7) Aol AAEAS] pawlin A 528 & A7) F
23k ghetw yhglc) vl AAde] s Ay wix|
< 3% 9 patulin®] PAILE HXZE FaHE Aoz
ebdc}31]. Phosphater} A wix]E ZF3Fo 24 pen-
icillin®} candicidin AJ4HFA ] APA FH& FFA2 A=)
& %= 9lr}. Fluidized-bed reactorE o]-8-35F whE-Al S )
%F(repeated fed-batch culture)ol|*x] 1434; P. chrysogenum?)
A FEF2E 2438)7] 818 morphology2] AW &z} A
2] 52| phosphateE #|gFA1Z] A} penicillin®] J4teko] 2
Z o= Zrlslede}[32]. 3t Constantinides®} Mehta[33]= &
3] A)zE bubble column reactorol|A] FAAF S. griseusol)
2J3} candicidin A<4AYALA] 73A| A 0 2 phosphate F 52 HF
= AgrA)17] A2 (operation with forecd periodic cycling of
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growth limiting nutrient, phosphate), candicidin®] AJ4tefo] Z
7Vek g Bk o2t A AT A o] A7)
7t A& Aok dRxsidc). o] 52 AT AAba}
candicidin AJgAdoll W&k modelA] & A F o] o]L-3}o
cheft 7149 Algt 274 BRI 3 TH B
P22 AT A A3k

o| YA LTSGR fungi, actinomycestes =2
streptomyces, Bacillius)®] 1Az ojF-E AlAGA Z
spore® HASHE FFel FEY ALt BYE olga
o] FoJATH3). & vegetative cellZHE] ¥ PAHF9)
spores A A A 9] v}-g-A3 2] networkell wA3IA 71 1A
A 22 dolsle] o] XiAMHE AjHA ol FestA Hr}. o)
g HIHY olHL AA e abdAlY) AEE 74
A7 o) ofel A-g FHA| Yotk = Holr}). Deost
Gaucher[34}:= ol23t Wb o2 P. chrysogenum®] conidios-
poreE k-carrageenan HAol| A3} A7) A3}, fluidized-bed
reactor-& ©]-8-3 wtad Sl of(replacement culure)d} A<nfof
oAl A Al oko] setul|okel| vl penicillin 2343 2] half-
life7} 9ulv} F7hstsdvhs B slgdet. o] & ik 2 vy
©2 P. urticaed FA3A7) F AL Ay wiz|ol4] semi-
continuous shake flaskwleFA] pautulin 2§42} half-life7} 3-42)
oA 1642 Z7}s19 3-8 BT 35]. 2 oxytetracy-
cline(OTC) AAHE- $]3} periodic batch cultureel}A] S. rimosus
2] spore = 10| A #}3k vegetative cellS- inoculum © 2 o]
48 nAguF A, IAFNEZE 40d0] AT w7}z
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 FEA 2= 28%0] AF kAL A
ghAdo] hAlE] HE 2 oZ vebstri{36].

thekit vl R 33 A= o.2 A&uof = HidLuleke] 4
A 299 < Y= wPE T oL HAZ 2 deri
vative®] < B3] A SAoF Qs AAAe] AA
“yienamycind AJArsHEd 5435 F831c) ket thien-
smycin® Wz o] 4R B BEF) PAE hAHET )
- wzbatA whgsle] BalEl= Aol glr] ofterh18].
Haker[37] 52 celited Aol 243 S. carrleya®] thienamy-
cin HEAA 65 o] AT thienamycin AFHA] T3 o]
)& sivkn 2oskedch =3 Acuri[18] 52 10 liter bub-
ble column reactorel|A] S. cattleya®] 7352 glgl ekl o]
AE ZFAad Aol thienamycin A F7}el] vl od gk
“Nal] Aslgdtt. 283 total medium change-over A=A E
YA PPN Z, 2F B2 A
asye AT A AWl B 2 Axvskre] 27t
i Ql3 thienamycin®] B3] AAlAle] Z718lel& s W sty
cH7). 9 o) ZpAaES] A APdE oAl pilot-scaleol] T
s A oo g2 %L ZleE FetHEgn. g A=
Wang[38] Sl 2|3} 200 liter pilot-scale tower fermentorel| 4]
celite Gl A SE P. chrysogenum2- o]-8-3}o] {72 u)
ool 213t penicillin®] MAto] A=E| ). o] 5L vz 24
el A ReEise aAGAE 545 o)A, Wik T
o] AR wFAE ML wiA| 2= ZAF22H penicillin A
A717bE 25 7HA) AR = qlled, =3 AEHA St
5 ARG ASR Q3] 2 7|l E penicillin A4
o) kol B 7Eedc). Keshavarz[9] S5 A celited A =
ARg-s A 250-320 liter 2 %-5]2] air-lift fermentor& ©]-§-3}
of P. chrysogenumoll 2]3} pilot-scale penicillin AAFZA]-S
S-slsdeh. =R o] 52 vl & Fell penicillin AAHS 913 3
z) AbuloF&- air-lift fermentor2] scale-up A A A s8d o} 2+
4= AR S = 83 vl QleH39].

g B Ao e A dztell AX dAbEA F8e]
¢ AEUYe) &A= oA} thAFAFE-(intracellularly produced
sccondary metabolite)S A&A4kslr] A} Ax2A TAA
A EZ o] 43= perfusion Sl efA] A8l (Immobilized Per-
fision Reactor System, IPRS)}S =19 A Al cyclosporin A
(CyAydAkel] Ag-al ot A A Z 23k Al E2] EH] o]
3t AM4EE-(extracellularly produced secondary metabolite) <1
+-44b A A, wAdTAS #= g2 (overgrowth) E
o 2 Qs gAZRE oldse fElHNEE AT 2949F
HAE e 7R ZAHo2 Qe Wejasz AgIluR[18,
35, 40], ZAAAEA ZRE FelA 2t ol EE A WA
817] 918 hokRt 2o TS A ma] Shet(9, 34] b
IPRSFA L | xAMHEo] A 2ol 424 WAE =

AHAE WFEAe 28 a1

FANDALe] g FHI] A& nBE AT A
A o]&k, Be]=]o] IPRSE] Z-F-(outlet stream)itol|A] 8=] =
2E8A ] FEIAEE o|AALE JdEAAES HH o]4sk=
A AHolt), CyA AAMEFR) T. inflatum-2- celite'd Aol w4
3}sle] IPRSE 5=3J3F A7}, stirred-tank ¥H3-7] el f2]3
TEEEF 50 g} mAHATAE WY 22 HHEGEAALE
FEAZE Aitsidie AZg71e] JES FF3 ¢4
Fom, d&H o2 fEE 1FE CyATH FAXE
CyAE A&AAbsled o83 4 gvh?21,41]. ol=idt
IPRSFA 29L& vHAAAE wifdoghe] 8§40z
28] X 7]+= decanting column®] 7t2 sl eni[41], o]
& 712e] A&l TAAEHAD 2 &=
ol412] wash-out@dio] S52 & glch = FEH= &
2} 28} morphology S 332} conidiosporer} ZA] F-xj=
mycelial cell2 A=) mjokde] rheology7} E-f33H
4 QIEE IPRS 3AHE 29T IH, 71E] FAA vA
Eo| dehokA] Ve wefdoiA el EAAR Zpadat
o] T2 51 /NAP-e HAL 4 9ldcH21]. Fig. 6 IPRS ¢
theFgt BAFE(EpdlM HHEEC B CyAs] Ak
(volumetric productivity, Q,, mg CyAlliter/houryg 2AFRE 23}
oEH42]. 7| 2e) elsehujere] A Y& 3415wl 0.3
hr'el) 2] Z73] wash-out @Ake] wbdshl, IPRSS] 7% o &
L SMEEME o]2d Fate] AAYUA] 7] Wi o]
2 Q3§ CyA A4k St = AR 2ig 7l vepyt
t}. 53] 02 hr'uc) whE wele] XM &Eelr] CyAs] A4k
Aol mkg7IHel mAAIFA Tl o8 Br} s e
A, AR o)z’ 208 ¥her)9 $xe] Ho]}A o]
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Fig. 6. Perfused CyA productivity as a function of dilution rate
with varying bead concentrations in IPRS for X;=0.5 g DCW/g
celite, S;,=30 g/L, pp=0.52 g/mL, K,=13.2 g/L, li,n;=0.0757 hr",
K,=27.5 g/, Mn,=0.0583 hr', o;=8.0mg CyA/g cell, 0,=9.5

mg CyA/g cell and Y,,=0.35 g DCW/g glucose.
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S AP EY oldASMFTH, F A M 2
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SYMBOLS

D dilution rate (1/hr)

DCW Dry Cell Weight (g/liter)

De Effective diffusivity of glucose (cm?/s)
IPRS Immobilized Perfusion Reactor System

BEAY

2

Ky Monod equation constant for glucose in immobilized
cells (g/liter)

K., Same symbol as K,

K, Monod equation constant for glucose in free cells (g/liter)

Q, Volumetric productivity of CyA by released-free cells
(mg CyA/liter/hr)

R Radius of biosupport particle (cm)

S, Glucose concentration at the center of biosupport (g/liter)

S, Glucose concentration in bulk (g/liter)

Sin Glucose concentration in the inlet liquid phase (g/liter)

X"  Biosupport cell loading capacity (g DCW/g biosupport)

X*  Same symbol as Xl1sat

Y, Glucose yield for cell mass (g DCW/g glucose)

Greek Letters

o Growth-associated product constant for immobilized
cells (mg CyA/g DCW)

o, Growth-associated product constant for free cells (mg
CyA/g DCW)

v Thiele modulus defined as R (V,,/D.K;)"”

Vaax ~ Maximum glucose uptake rate for immobilized cells (g
glucos/liter/hr)

n Effectiveness factor

Mm;  Maximum specific growth rate of immobilized cells (1/hr)

W.. Maximum specific growth rate of free cells (1/hr)

Mo same symbol as p,;

Ps Bead concentration (g biosupports/liter of reactor work-
ing volume)

P Density of biosupport particle (g/cm’)
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