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Abstract--Tholictrum rugosum :ells were immobilized iu calcium alginate, where they omtirmed to 

live with their biological activity. The immobilized livi:ng cells performed the production of berberilm in both 
shake flasks and an airlift bit, reactor. Berberine formation was growth associative a[:d most of the berberine 
produced was stored intracellularly. Rapid hydrolysis of sucrose and preference of glucose over fructose dur- 

ing the growth stage was observed. Phosphate-delicient media increased berberine production and prevented 
the dissolution of alginate beads. The behavior of immobilized cells grown in an airlift reactor was oJmpared 

with that of the corresponding shake flask culture with respect to growth and berberine production. The rate 
of cell growth and berberine production in an airlift reactor operation was higher than Ihose in packed- 

cotum.n reactor operaHon due to a better oxygen transfer 

INTRODUCTION 

Plant cell and tissue.culture technique has beez~ 
developed as an attractive alternative for the produc- 
tion of valuable compound instead of agricultural 
(farming) techniques. "['he major valuable chernicals 
from plant cell culture are the secondary metabo]iles, 
which are biosynthetically derived from the primary 
metabolites. Though plant tissue culture techniques 
have been developed since 1940, the significal~t ad- 
vances have been done in the last decade for the large 
scale commercial productiop, of valuable compom~cls 
from plants in a ferruentatic, n type environment. 

lmmobilizati~)[~ of plant cells oiW.; a suitable carrier 

has received i[wreasing attention as an alternative to 
suspension cell culture to provide for faw~rable cell dif- 

ferentiation, to give the advanlage of ease of process- 
ing in a bioreautor operatio[~ and to i.qlprove the pr~J- 
duclion of seo,ndary metabolites [1-3]. Immobilized 
plant cells give an advantage of case of con rol over the 

size of aggregates and cell concentration compared 
with suspension celt culture. Adverse shearing effec s 
imposed b,. fluid motions are also elimina ed or grea,/- 

ly reduced v, hel~ cells are protected by immobilizatiun. 
The protection against high shear stress resulted in in- 

creased celi densities aud made the cells stable m al~ 
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otherwise shear-sensitive plap.1 cell line [4]. Another 
advantage is the possibility of reusing the biocatalyst. 
Immobilization of plap.t cell helps decouple the growth 
arid product formation phases, which allows Ihe bio- 
catalvsl (immobilized plant cells] tu be recycled. The 
cop.linuous flow-through process can be achieved by 

immobilization uf plant cell without complete washt,ul 
and may be used at dilution rates in excess of the max- 
imum specific growth rate of the culture. This is vet> 
important consideration of plant cells that, in general, 

grow very slowly. From a process engineerip.g perspec- 
tive, the most important advantage of the use ,~f iron i,,- 
bilized plant cells is the case of processip.g in a large 
scale production. 

Since the immobilization of plant cells was inlr,~- 
duced as a bel~eficial aid Mr the production of secou- 
dary metabolites, many kinds of imnlobi]ization tech- 
rHques have be(if investigated. The predominant im- 
mobilization medluds are the entrapment of cells with- 

in. gels or nlembrap.es, adsorption and covalent liuk- 
age of cells on the surface of polymers and encapsula- 
lion [1,3]. These methods enable the inmlobiliza/i~u~ 

of plant cells to be carried out under mild conditions sr 
as to minimize the damage. Gel entrapment has been 
a widely used type of immobilization method m plaE~t 
cells because eulrapment process is easy and there is 
no chemical modification of the cell wall with furma- 
ti,~n of the gel structure around the cell [1,2]. The 
water soluble substrates and nutrients can pass fred', 
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through the gel to provide the cells with essep.tial ml- 
trients. 

Plant cells are sensitive to shear which can result iu 
l',,'~is of cells duriug fermentation. To overcome this 
barrier, development of bioreaetors wLich focus u[: 
mininnzing mechanical shear stress has bee[: iuvesti- 
gated for large scale cultivation of plant cells. Several 
types of bioreactors have been used in plant cell col- 
lure. Stirred-jar bioreactors, frequently used for micro- 
bial fermentations, can cause damage to plant cells be- 
cause of high shear [4]. Airlift reactors have the advan- 
tages of low shear, low energy requirement, good mix- 
ing, easy scale up, and avoidance of complex seals and 
glands ~,4,'hlch increases the reliability in sterile t:undi- 
~ion [3,4]. Because {.,f these advap.tages, airlift reactt~rs 
have been used fur various plant-cell-s(tspensk~n cub 
tures such as strawberry cells [5], Heha~thus cmnuu,', 
[6] and Cdthorunthus mseus [7]. 

In this study, the model system was berberip.e pru- 
duction from cultured fhohclrum rugosun~ cells. Ber- 
berine, a yel low quaternary isoquinoline alkaloid, has 
been used as ap, inteslinal antiseptic agent, and as a 
fluorescence marker in several area of medicinal re- 
search [8]. The cells were immobi l ized in calcium 
alginale beads and the produclion of berherine was in- 
vestigated in shake flasks and in an air i f l  reactor. 

MATERIALS AND METHODS 

1. Plant cell  culture and culture media  
Thahctrum rugosunl cultures '~eIe provided by Dr. 

Peter Brodelius (D.slitute of Plant Biology, Ur~.iversily' 
of Zurich. Switzerland). Cell suspension cultures have 
been maintained on Murashige a:~d Skor (MS) medi- 
um prepared from MS salt mixture (GIBCO Lal)oralu- 
ries, Grand Island, NY) wi',h Ihe addition ot 2 ~M 2,4- 
D vilamin stock solution and 30 glL of .~;LiCrl.,se as car- 
bu]'~ source. The pH of n/edium was adjusted It) 6.0 be- 
h,re autoclaving. After auloclaving, Ihe pH of mediuu~ 
became 5.8. Cell suspel~skm cLOture were cultivated 
(,r! a rolaD' shaker al 180 rpm al!d 2 5 C  in n~.~r[l~ai 
r~Jon! light. The pH of mecliuul was adju'.,led to 60  he- 
fore autoclaving. 

2. Immobil izat ion of  plant cel ls  
Thafictrum mgosum cells were immobilized hv 

using calciunl alginale. The folluwing pr,,cedures ~,,et~, 
dune under slerile condititms. Five-day-r (:ells ~cte  
sieved through a nyiou i!et of 1 rim/ mesh size,. Tiw 
sieved cells were washed wilh calcium-free Jl~ediuuL 
r a ceramic filter. Cells (21) g fresh weighl) ,.,~t.lt, 
mixed wifh 3% alginate solutkm (80g)in cuhu,e med- 
ium. Atgir:ate beads of 3.5-4 mrn in diameter were 

made by dropping the alginatelcell suspension into 
medium fortified with 50 mM CaCI 2 solution. The 
beads were kept in the solution for 30 rain and thee 
rinsed with culture medium before experiments. 

3. Cell concentration measurement  
When the samples were taken, the alginate beads 

were separated from the liquid medium and suspend- 
ed in 50 m/0.1 M sodium citrate solution (pH 6.0). The 
heads were fully dissolved after shaking the suspen- 
siui~ for 30 rain on a rotary shaker. The cells 'were col- 
lected by filtration and dried for dry weight rneasure- 
nlent. 

4, Alkaloid analys is  
lntraceltular berherine was extracted with HPLC- 

grade methanol A 20  gram of beads by fresh weight 
in 20 m/of  methanol was sonicated at 125 W for 1 hr. 
A filtered sample (10,u.,') of extract or medium was in- 
jected into an HPLC system. Quantitative berberine 
analysis was carried out by HPLC system, Spectroflow 
400 (Kratos Corp., Ramsey, N J), under the following 
condilions; Column : SUPERCOSIL LC-18-DB (Supelco 
Inc., Beliefoute, PAt, 15 c m x  4.6 ram. Flow rate: 2 ml/ 
rain. Mobil phase: 1 mM tetrabutvl ammoifium phos- 
phate in water, adjusled to pH 2 with phosphoric acid 
(60%) and acelomlrile (40%). Detection : 271 nm wilh 
a U\/de/(clot  (Kratus Corp., Ramsey N J). 

5. Sugar analys is  
A HPLC svstenl was used for the simultaneous 

analysis o[ sucnJse and its hydrolyzed products, glu- 
cose and fruduse under the following conditions; Col- 
unto: SI.IPELCOSIL LC-NH2, 25 c m x  4.6 ram. Flow 
rate: 2 m//miv_. Mobile phase: 75% aceton~trile and 
25% water. Dote(lion: refractive index (RI) detectr 
(Perkin-Elmer Corp., Wilton, CT). 

6. Airlift reactor 
An :fiflifl I~.rmo~tor [Model 580 Series, LH Fermc, J+- 

lall,,J~, h~(.. F2!g[aRd) was used k~ produce seconda~ 
melaholiles {torn immobilized plant cell culture (lqg. 
1). The vessel was made of glass with a permar~.em 
water jacket and the working volume was 2.4 liter. A 
waterbalh (Haake-Buchler Instrument, lnc, Saddle 
Brook, N J) which has both a coolip.g unit and heater 
,,,,'as used [u~ temperature control by' circulating 
Ihrr Ihe waler jackel of the fermentur. The mixing 
and aeration were dune by sterile gas from an ah 
t)ump through a fh:v, reeler and av. air filter (Balsh:n. 
Ltd.. Maids(one, EJ~gland). Dissolved oxygen (DO) v, as 
ctmlrulled by a l)()cu~Hroller, f"oam was con rull(,d b,. 
the addition o[ autifoam, DCA (C'erex Corporat ion ( ;aJ- 
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Fig. 1. The configuration of an airlift reactor system. 

thersburg, MD). A cell scraper was installed to pre- 
vent lhe accumulation, o[ cells al the interlace and lu 
give better mixing. The innoculation was performed 
through a Iarge openin.g on a headplate by pouring it: 
the h,_,ud. Samples were taken by a hooded sampler 
which was attached to a sampling tube that extents tu 
the top of liquid medium in the vessel. 

RESULTS AND DISCUSSION 

1. Batch c u l tu r e  in s h a k e  f l a s k s  
Calcium alginate-enlrapped Tholiclrum rugosum 

cells were cultured with the standard culture medium 
(See lVlaterials and Methods) in a shake flask with a 
working volume of 50 mL to invesligate the effect r 
aggregation on berberine productiom Figure 2 shows 
the change in dl T cell weight and sugar (:ol!sumpliuH 
in T. rugosum cells. The cells entrapped ill algip.ale 
were somewhat restricted in growth. Dry ('.ell weigh{ 
was maximum at the 15th day of culture, which ~as  
twice as long than in suspension culture [9]. Front liw 
pattern of extracellular sugar depletion and conver- 
sion, sucrose, the only carbon source, was found lu be 
hydrolyzed quickly Iu glucose and fructose, derm~u- 
slratiP.g the exislence of an. exlracellular-acling i~:vert- 
ase, as shown il~ Figure 3. Just 2 hours after inucula- 
lion, the conversion of sucrose to its monoineric s'(Jg- 
ars was significant. The preference of glucose over 
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Fig. 2. Time course chauge of dry cell weight and 
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Fig. 3. Hydrolysis of sucrose and the sugar con- 
sumption of immobilized cells in shake 

flasks. 

[ruct,ase during the growth stage was observed. Fruc- 
tose was formed in the medium through the hydroly.'.,i:-, 
o| sucrose, and scarcely decreased during the cell 
gruwlh. This result suggests that the entrapped cells 
seem lu utilize no fructose derived from sucrose as a 
carbon source. 

Figure 4 shows the productkm a~:d distribuliun uf 
berberine. Cell concentration increased steadily for the 
initial growth phase, but the berberine cop.cef~trati~.,u 
did not follow the cell growth. After the 4th day uf col- 
lure, berberine production increased as the celt cr 
ceHtratiot~ mcreased. Bul berberine formation be.came 
steady at the last part uf the cell growth. Berberme I.~,- 
duction in inunobilized cells was slightly growth as~r 
c-ialed bul thai in suspen.ded cell was highly growth 
assot.Jaled [9i. Must uf the berberine was releasecl iJllt!~ 
mucu]alion and then lhe cells took up the exlracellular 
berberiP.e After thal, a small amount of berberine ex- 
isted in the medium. This result suggested thai imm~,- 
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Fig. 5. Cell  growth  of immobi l i z ed  ce l l s  in phos-  
phate-def ic ient  med ium.  

bilized Thalictrum rugosum cells have a capacity to 
store the berberine in the vacuole space and to marl> 
tain an intracellular accumulation system. 

2.  E n h a n c e m e n t  o f  b e r b e r i n e  p r o d u c t i o n  b y  
p h o s p h a t e  l i m i t a t i o n  

The concentration of phosphate in the medium is 
very important both for cell growth and product forma- 
tion in plant cell culture. In addition to the carbon al~d 
nitrogen source, phosphate is one of Ihe key sub- 
stances controlling cell metabolism. When the phos- 
phate was removed from the medium in suspended 7~ 
rugosum cell culture, cell growth was very low a~d 
berberine production increased, but cell growth aud 
berberine production were constant at levels higher 
than 1.75 mM phosphate concentration [10]. This re- 
sult suggested that there exists phosphate inhibition 
effect on berberine production. Berlin et at. [11] re- 
ported that suspension cell culture of 7~ rugosum re- 

leased protoberberine alkaloids into medium when. 
cells were transfered to fresh medium lacking phos- 
phate. Phosphate and chelating ions in the medium 
dissolved calcium alginate beads, resulting in tim re- 
lease of the released free cells from beads as the ex- 
periment proceeded [9]. 

In order to investigate the effect of phosphate, 
phosphate-limited condition was tested for calcium 
alginate entrapped T. rugosum cell. Phosphate defi- 
cient medium was used for cell culture but a growd~ 
medium with 1.75 mM phosphate concentratiun was 
used to make calcium alginate beads. Total phosphate 
concentration for the culture was 0.5 mM including 
beads and medium. Berberine production and cell 
gq.,wlh are shown in Figure 5 and 6, respectively. Dry 
cell weight iu phosphate deficient medium was nearly 
lilt same as that in growth n-tedium, but berberine pro- 
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Fig. 6. Berber ine  product ion  of immobi l i z ed  ce l l s  in 

phosphate -de f i c i ent  medium.  

duction in phosphate deficient medium increased 
significantly more than two times after 8th day of cul- 
ture. Extraceliular berberine levels were nearly the 
same as that in growth medium. In order to clarify the 
effect of repeated use of a phosphate deficient me- 
dium, mediums for both cultures were replaced at the 
12th day of cu!ture. Dry cell weight in phosphate defi- 
cient medium increased until the 27th day of culture 
after medium replacement, but that in growth medium 
increased only until the 23rd day of culture and then 
decreased as shown in Figure 7. Figure 8 shows ber- 
berine production in phusphate deficient medium in- 
creased continuously, but that in growth medium in- 
creased and then decreased. This might be ciue to the 
effect of released free cells as shown in Figure 9. The 
amounl of released free cell from beads increased m 
both cultures but the amount of released free cell in 
phosphate deficient medium was significantly less 
than that in growth medium as shown in Figure 10. 
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These results suggest that phosphate-limi!ed condi- 
tions increase berberine production and prevent the 
beads from dissolving. The reason for the enhance- 
ment of berberine production might be that limiting 
the concentration of phosphate can cause the use of a~ 
intracellular phosphate pool, which in turn stimulates 
the berberine production if a phosphate inhibitiop, ef- 
fect on berberine production exists. 

3. Air l i f t  r e a c t o r  o p e r a t i o n  
To study the large scale performance of cell growth 

and berberine production with immobilized ceils, an 
airlift reactor was operated with calcium alginate eta- 
trapped T. rugosum cells. Experimental conditi<Jns 
were as follows: working volume; 2.4 L, air flow rale; 
100 cc/min and initial loading amount of beads; 350 g 
(20% cell loading based on fresh cell weight). 

Figure 11 shows the variation of cell g.)wfl~ and 
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Fig. 9. Effect of re leased cell  from bead on berberi- 

ne production in the second culture. 
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Fig. 10. Effect of phosphate-deficient medium on the 
re lease  of cell  from bead in the second cul- 

ture. 

sugar consumption. Immobilized cells grew well and 
continued to live with their biological activity in an air- 
lift reactor. But cell growth was slower and the final 
cell density was lower than those fur cultures in shake 
flasks. The sugar consumption pattern was almost the 
same as that in shake flasks but the consumption rate 
was low because of the low cell growth rate. Figure 12 
shows that the production and distribution of berberi- 
ne during the experiment. The distribution of berberi- 
ne shows that small amounts of berber[ne exist in me- 
dium. The immobilized culture of T. rugosum has a 
capability to store the berberine produced inside the 
cells in an airlift reactor system. Growth associative 
product formation was observed like in shake flasks, 
btll rate of berberine production was lower than If:at m 
shake flasks due Io low cell growlh rate. Similar Iu,.~, 
rate of cell growth and production, in an airlift reacl.r 
was rep~Med by Scragg el a]. [7] in serpentine fornla- 
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Fig. 12. B e r b e r i n e  product ion  of i m m o b i l i z e d  ce l l s  in 
an airlift f ermentor .  

tie n by suspension cultured Catharanthus roseus cells. 
They suggested that carbon dioxide and ethylene, 
which could be easily stripped out by air sparging, has 
been shown to affect plant cell physiology. The k~w 
rate of cell growth and production of secondary me- 
taholites by plant-cell-suspension culture in an airlift 
reactor mighl be due to stripping of same imporlaul 
factors, gases and volatile compounds, f,:Jr ceil grr 
and product formation by co[~tinuous {eeding of air t~ 
achieve the circulation of cells [10,12]. This interpte- 
ta:iun might be applied to immobilized plant cell cul- 
ture in an airlift reactor. To increase the production of 
secondary metabolites by immobilized plant cell cul- 
ture in a large scale the stripping effect of air in hio- 
reactors should be investigated more. 

In order to check the aeration effect, an airli[t reac- 
tor was operated with 50 cctmin air flow rate which 
was half of the air flow rate used in the previous ex- 
periment. Figure 13 shows the variation of cell growth 
and berberine production�9 As ceils grew inside tile 

beads, the density of the beads increased until the 
beads could nor. be circulated with 50 ec/min air flow 
rate. The beads settled at the 7th day of operation. 
After the beads sank, packed-column reactor operation 
started and the cell growth rate decreased. This might 
be due to less oxygen transfer of packed-column reac- 
tor operation since entrapped cells inside the beads re- 
quired a high amount of oxygen compared to the sus- 
pended cells [13]. Berberine production rate also de- 
creased because of low growth rate. These results sug- 
gest that airlift reactor operation might be be~:ter than 
packed-column reactor operation due to better oxygen 
transfer in immobilized plant cell culture. 

Since berberine produced in immobilized Thalic- 
trum rugosum cell was stored intracellularly as found 
in the above experiments, permeabilization process to 
secrete the intrace[lularly stored berberine for the 
repeated use of cells, and #t s#u product separation 
process to separate the berberine secreted and to en- 
hance berberine formation are needed. An integrated 
process with permeabilization using permeabilizing 
agent and k7 situ product separation using immobilized 
adsorbents in an airlift reactor is developed by Chui 
[9]. 
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