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Summary. Plant cells, entrapped in agarose or 
alginate, were permeabilized in a new procedure that 
retain cell viability, permitting the possibility of 
reusing biomass after release of intracellular prod- 
ucts. Dimethylsulfoxide (DMSO) was used to make 
the cells permeable. The activity of isocitrate dehy- 
drogenase, an intracellular enzyme, was used as an 
indicator of plasma membrane permeability. Cells 
from three plant species require different concentra- 
tions of DMSO for complete permeabilization (i.e., 
for maximal isocitrate dehydrogenase activity). Cells 
of Catharan thus  roseus  permeabilized with up to 5% 
DMSO remained viable, and released 85-90% of the 
intracellularly stored products (ajmalicine isomers). 
In model production systems, C. roseus  cells entrap- 
ped in agarose or alginate beads were intermittently 
permeabilized for release of products in a cyclic 
process. An increase in product yield was observed 
for each cycle because of increase in biomass (cell 
growth) within the beads. 

lntroduclion 

The production of commercialIy significant biochem- 
icals by submerged cultures of plant cells is a 
technique of great biotechnological potential (Barz et 
al. 1977; Staba 1980). A wide variety of secondary 
products, many of which are of commercial interest, 
have been isolated from plant tissue cultures (Zenk 
1978; Kurz and Constabel 1979). A major problem in 
producing such substances in a biotechnological 
process is, however, the low yield of the target 
substance. Although selected cell lines, i.e., 
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high-producing clones, may be used to increase the 
yield (Ogino et al. 1978; Deus and Zenk 1982; 
Yamamoto et al. 1982), the generation of biomass, 
which is slow and expensive, limits at present the 
applicability of plant cell cultures on a commercial 
basis. Thus, it appears to be of importance to utilize 
the biomass over an extended period of time. We 
have been investigating the feasibility of using 
immobilized plant cells for this purpose (Brodelius et 
al. 1980; Brodelius and Mosbach 1982; Brodelius 
1983) and have observed a production phase that is 
longer for immobilized plant cells than for freely 
suspended cells. 

Products of commercial interest are often intra- 
cellular and so we have focused on methods to release 
products without affecting the viability and biosyn- 
thetic capacity of the immobilized cells. In an initial 
study (Felix et al. 1981) on the permeabilization of 
immobilized plant cells, we used relatively harsh 
methods to make cells permeable that resulted in cell 
death. In this paper we report on a method for 
reversible penneabilization of immobilized plant 
cells, that means render cells permeable for the 
release of intracellular products without destroying 
cell viability and permitting the reuse of biomass after 
product isolation. This method may be of funda- 
mental importance for the development of an eco- 
nomically feasible process for the production of 
biochemicals with cultivated plant cells. 

Materials and Methods 

Chemicals. Agarose (type VII), NADP, and D,L-isocitric acid 
(trisodium salt) were obtained from Sigma (St. Louis, MO). 
Sodium alginate (Manucol DH) was from Alginate Industries 
(Girven, UK). Tryptamine and DC-Alufolien (Kieselgel 60 F254) 
were obtained from Merck (Darmstadt, FRG) and (2A4C)-tryp - 
tamine from NEN (Boston, MA). Ajmalicine was purchased from 
Roth (Karlsruhe, FRG). Secologanin was kindly provided by Dr. 
C. R. Hutchinson, University of Wisconsin, Madison, WI. All 
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other chemicals and biochemicals were of analytical grade and 
were purchased from commercial sources. 

Cultivation of Cells. Plant cells were cultivated at 26~ in 
suspensions on a rotary shaker at 100 rpm in the following media: 
Catharanthus roseus: LS-medium (Linsmaier and Skoog 1965) 
supplemented with 2,4-dichlorophenoxyacetic acid (2.2 mg/1) and 
naphtaleneacetie acid (1.86 mg/1), pH 6.0 (medium A). Daucus 
carota Ca68 (this cell line was kindly supplied by Dr. I. A. Veliky, 
National 1~esearch Council Canada, Ottawa): 71v-medium (Veliky 
and Rose 1973) supplemented with 2,4-diehlorophenoxyacetic acid 
(1.5 rag/l), indoleacetic acid (1.0 rag/l), naphthaleneacetic acid 
(0.1 nag/l) and kinetin (0.25 mg/1), pH 5.0 (medium B). Datura 
innoxia: SH-medium (Schenk and Hildebrand 1972) supplemented 
with 2,4-dichlorophenoxyacetie acid (0.5 mgfl), kinetin (0.1 rag/l) 
and p-chlorophenoxyacetic acid (2.0 rag/l), pH 5.8 (medium 
C). 

Immobilization of Plant Cells. Cells of C. roseus, D. carota, and 
D. innoxia were immobilized by entrapment in agarose according 
to a newly developed procedure (Nilsson et al. 1982). The cells 
(2.0g wet weight) were mixed with agarose (8 g of a 5% w/v 
solution) at 40 ~ C. The suspension was subsequently poured into 
soy oil (50 ml) also kept at 40 ~ C under continuous stirring. When 
agarose droplets of appropriate size (diameter approximately 
i mm) had formed, the whole mixture was cooled on an ice bath 
until the agarose solidified. The beads containing the immobilized 
cells were collected and washed. 

Cells of C. roseus were also immobilized by entrapment in 
calcium alginate as previously described (Brodelius et al. 1979). 
The cells (15 g wet weight) were mixed with sodium alginate (35 g 
of a 5% w/v solution) and the suspension dripped into medium A 
containing 50 mM CaC12 (200 ml). After 30 min the beads were 
collected and washed with medium A containing 5 mM CaC12. 

Permeabilization Procedure. Freely suspended or immobilized 
cells were permeabilized by incubation in medium A containing 
various concentrations of DMSO on a rotary shaker (100 rpm) for 
30 rain. A 10:1 ratio of medium to beads was used unless 
otherwise stated. 

Biosynthetic Studies. The synthesis of ajmalicine isomers from 
tryptamine and secologanin by agarose- and alginate-entrapped 
cells of C. roseus with intermittant product release was studied 
over a period of 12-14 days (see Figs. 6 and 7). The growth phase 
was carried out by incubating the immobilized cells (2.0 g agarose 
or 5.0 g alginate beads) in medium A (10 ml). Before transfer to the 
production phase, the beads were washed (1 x 10 ml) with an 
"alkaloid-producing" medium (Zenk et al. 1977) modified by 
obmitting the hormones (medium D). The beads were then 
transferred to medium D (5 ml) containing 14C-labelled tryptamine 
(0.5 raM) (350,000 dpm/~tmol) and secologanin (0.5 mM). After 3 
days the beads were collected and washed with medium D (2 x 10 
ml) and then placed in medium D (10 ml) containing 5% (v/v 
DMSO for 30 min. The DMSO-containing medium was then 
removed, and the beads were washed with medium D (2 x 10 ml) 
and transferred to medium A (10 ml). The growth/production cycle 
was then repeated with subsequent permeabilization. The media 
collected were combined, adjusted to pH 10 and extracted with 
methylene chloride (3 x i0 mI). The extracts were analyzed for 
radiolabelled ajmaliciue by TLC-chromatography (Brodelius and 
Nilsson 1980). 

Analytical Procedures. Isocitrate dehydrogenase activity within 
immobilized permeabilized plant cells was determined as has been 
described (Felix et al. 1981). 

Cell growth was determined by following the increase in dry 
weight as a function of incubation time. Samples were collected on 

preweighed dry filter papers and dried at 60~ until constant 
weight. 

The integrity of the plasma membrane was studied by the 
fluorecein diacetate staining technique (Widholm 1972). The cells 
(0.2 g wet weight) were incubated in medium A (5 ml) containing 
fluorecein diacetate (0.1 mg/ml) for 30 min and then observed in a 
fluorescence microscope. 

Results and Discussion 

Moni tor ing  o f  Permeabi l i ty  

V a r ious  e n z y m e  act ivi t ies  wi th in  p l an t  cells can be  
e m p l o y e d  for  m o n i t o r i n g  the  p e r m e a b i l i t y  of  the  
p l a s m a  m e m b r a n e .  E n z y m e s  requ i r ing  nuc leo t ide  
c o e n z y m e s  such as N A D P ,  A T P ,  or  C o A  are  
conven ien t  to  use  for  this p u r p o s e .  T h e s e  coenzymes  
canno t  p e n e t r a t e  an  in tac t  p l a s m a  m e m b r a n e  and  
thus  no e n z y m e  act ivi ty  is exp res sed  unless  the  
p l a s m a  m e m b r a n e  of  the  cell  has  b e e n  m a d e  
p e r m e a b l e .  In  our  ini t ia l  s tudies  (Fel ix  et  al. 1981) on  
the  p e r m e a b i l i z a t i o n  of  i m m o b i l i z e d  p l an t  cells,  we  
inves t iga t ed  a n u m b e r  of  enzymes ,  inc luding  hexo-  
k inase ,  g lucose -6 -phospha te  d e h y d r o g e n a s e ,  isoci- 
t r a t e  d e h y d r o g e n a s e ,  mal ic  e n z y m e ,  and  c i t ra te  
syn thase ,  and  f o u n d  essen t ia l ly  no e n z y m e  act ivi ty  
unless  the  cells were  p e r m e a b i l i z e d .  

In  the  p r e s e n t  s tudy we have  used  i soc i t ra te  
d e h y d r o g e n a s e  ( I C D H )  to m o n i t o r  the  p e r m e a b i l i t y  
of  the  p l a s m a  m e m b r a n e .  T h e  i m m o b i l i z e d  cell  
p r e p a r a t i o n s  we re  i n c u b a t e d  in a so lu t ion  con ta in ing  
the  subs t r a t e  wi th  cons tan t  s t i rr ing.  T h e  s u p e r n a t a n t  
was r ec i r cu la t ed  with  a per i s ta l t i c  p u m p  th rou gh  a 
f low cuve t te  in a s p e c t r o p h o t o m e t e r  and  the  absor -  
b a n c e  at  340 n m  was r e c o r d e d  cont inuous ly .  T h e  
o b s e r v e d  changes  in N A D P H  concen t r a t i on  ove r  
t ime  a re  i l lus t r a t ed  in Fig.  1 for  u n t r e a t e d  and  
D M S O - t r e a t e d  (5%)  cells of  C. roseus. U n t r e a t e d  
cells show a re la t ive ly  low I C D H - a c t i v i t y ,  whi le  cells 
t r e a t e d  with  D M S O  for  30 min  express  a high act ivi ty.  
This  ind ica tes  tha t  D M S O  has r e n d e r e d  the  cel ls  
p e r m e a b l e  to  i soc i t r a te  and  N A D P ( H ) ,  a l lowing the  
d i rec t  assay of  an in t r ace l lu l a r  enzyme .  

Ef fec t  o f  D M S O  Concentrat ion on Permeabi l i ty  
and Viabili ty 

A wide  var ie ty  of  subs tances  can be  e m p l o y e d  for  the  
p e r m e a b i l i z a t i o n  of  i m m o b i l i z e d  p l an t  cells (Fel ix  et  
al. 1981). D M S O  was se l ec t ed  as the  pe rmeab i l i z ing  
agen t  in this s tudy  s ince t r e a t m e n t  wi th  this subs tance  
resul ts  in p r e p a r a t i o n s  wi th  re la t ive ly  high e n z y m e  
act ivi ty  exp re s sed  (Fe l ix  et  al. 1981, Fe l ix  and  
M o s b a c h  1982). F u r t h e r m o r e ,  D M S O  is wide ly  used  
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to pretreat cells (both plant and animal) before 
freezing (cryopreservation) in order to lower the 
detrimental effect of ice crystals (Dougall and 
Wetherell 1974; Bajaj 1976). From cryopreservation 
experiments it can be concluded that the cells remain 
viable after treatment with DMSO. 

In order to determine the optimal time for 
permeabilization, immobilized cells of C. roseus were 
treated with 5% DMSO for various periods of time 
with subsequent assay of ICDH activity. The immo- 
bilized cells appeared to be fully permeabilized 
(maximal ICDH-activity reached) after treatment for 
5 rain as shown in Fig. 2. The immobilized cell 
preparations were, however, usually treated for 30 
rain in order to assure maximum permeabilization. In 
this context it should be pointed out that increasing 
the concentration of DMSO from 5 to 10% does not 
result in any further increase in expressed ICDH-ac- 
tivity (c.f. Fig. 3). 

The effect of DMSO concentration on the 
permability of the plasma membrane of various 
immobilized plant species was investigated. Figure 3 
shows that the sensitivity of the plasma membrane to 
DMSO differs considerably for the three species 
studied. Cells of C. roseus appear to be completely 
permeabilized after treatment with 5 % DMSO, while 
cells of D. carom and D. innoxia require around 10% 
and 25% DMSO, respectively, for complete permea- 
bilization. These differences may be due to differ- 
ences in the morphology of the cell aggregates or in 
the composition of the plasma membranes and/or cell 
walls. The effect of DMSO on the plasma membrane 

of Catharanthus roseus was also studied by staining 
with fluorecein diacetate. Few cells (less than 10%) 
appeared to have an intact plasma membrane after 
treatment with 5% DMSO. Further studies are in 
progress to determine how large a fraction of the cell 
population is actually affected (permeabilized) by the 
DMSO treatment and whether a single permeabilized 
cell can recover and divide. 

The lowest concentration of DMSO required for 
full permeabilization can easily be estimated from 
experiments of this type. It is of importance .to 
determine this concentration, i.e., the mildest con- 
ditions for maximal effect, since it can be expected 
that the viability of the treated cells is highly 
influenced by the DMSO concentration used. To 
verify this, suspensions of C. roseus cells were treated 
with various concentrations of DMSO, washed free of 
the DMSO and incubated in growth medium (me- 
dium A). The increase in dry weight as a function of 
incubation time is shown in Fig. 4. The cells treated 
with 2%DMSO grow at approximately the same rate 
as untreated ceils. On the other hand, the cells 
treated with 5 or 10% DMSO show a lag phase of 
approximately 2 and 8 days, respectively, before 
growth occurs. Catharanthus cells can apparently 
tolerate treatment with up to 10% DMSO for 30 rain 
without loss of viability, and it appears possible to 
permeabilize the plant cells while preserving viablity. 
Whether the long lag phase observed for the cells 
treated with 10% DMSO is due to survival of only a 
few cells or to slow recovery of the treated cells has 
not been determined. It may, however, be pointed 
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Fig. 1. Time course of the isocitrate dehydrogenase reaction in 
agarose-entrapped cells of C. roseus. The reaction mixture (5 ml 
substrate solution plus 1 g of wet beads) was monitored continuosly 
at 340 nm by pumping the supernatant through a flow cell at a rate 
of 5 ml/min. No reaction could be observed without isocitrate 
(result not shown) 
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Fig. 2. Relative isocitrate dehydrogenase (ICDH) activity as a 
function of permeabilization time. 100% ICDH activity is defined 
as the maximal amount of enzyme activity observed. Agarose-en- 
trapped cells of C. roseus (1 g of wet beads) were treated with 5% 
DMSO in medium A (10 ml) for the times indicated and then 
washed rapidly and assayed as described in the legend to Fig. 1 
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Fig. 3. Relative isocitrate dehydrogenase activity as a function of 
DMSO concentration. 100% ICDH activity is defined as the 
maximal amount of enzyme activity observed for each cell 
preparation. Beads (1 g wet weight) were treated with the DMSO 
concentrations indicated in medium A (10 ml) for 30 rain then 
washed and assayed as described in the legend to Fig. 1. ( - O - )  
C. roseus, (-I-) D. carota, ( - A - )  D. innoxia 
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Fig. 4. Dry weight of various preparations of freely suspended cells 
of C. roseus as a function of incubation time. The cells were treated 
with the DMSO concentration indicated for 30 min before 
inoculation into growth medium (medium A) 

out that  a relatively high cell density is normally 
required for the survival of plant cells in suspension 
after t ransfer  to a fresh medium because the medium 
has to be  condit ioned by the cells, which argues for 
metabol ic  activity of a relatively large number  of cells 
also after t rea tment  with 10% DMSO.  

T h e  approach for establishing the minimal con- 
centration of D M S O  required for maximal effect as 
outlined above may also find applications in cryo- 
preservat ion experiments to increase the survival rate 
of preserved cells. I t  appears  that the concentrat ion 
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Fig. 5. Schematic diagram of a process for the production of 
intracellular plant biochemicals using intermittant product release 
from immobilized plant cells 

of DMSO used in such experiments has not been 
optimized. In one study, it was concluded that for 
growth of carrot  cells after freezing and thawing, 5 or 
10% DMSO was superior to 0 or 15% DMSO 
(Dougall  and Wetherel l  1974). These results are in 
agreement  with our findings that 10% DMSO 
permeabil izes carrot  cells (Fig. 3). 

P r o d u c t  R e l e a s e  

The synthesis of the indole alkaloid ajmalicine f rom 
distant precursors was used as a model  production 
system for plant biochemicals. Agarose-ent rapped 
cells of C. r o s e u s  were incubated in a medium 
containing two precursors - t ryptamine (labelled 
with 14C) and secologanin - and after 3 days of 
incubation, the cells were analyzed for ajmalicine 
isomers. One sample of immobilized plant cells was 
made  permeable  to ajmalicine with a 5% D M S O  
treatment  in medium D and a parallel sample was 
extracted with methanol  in a Soxhlet apparatus for 
total ajmalicine. In the DMSO treated ceils, 8 5 - 9 0 %  
of the total intracellular ajmalicine was released due 
to permeabil izat ion of the ent rapped cells. Quanti- 
tative release of products is thus possible under 
conditions where the viability of the immobilized cells 
is not affected to any great extent. 
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Fig. 6. Ajmalicine production by 
agarose-entrapped cells of C. roseus. The 
cells were intermittantly permeabilized 
(arrows) as described in the methods 
section 
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Fig. 7. Ajmalicine production by 
alginate-entrapped cells of C. roseus. 
The cells were intermittantly 
permeabilized (arrows) as described in 
the methods section 
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Intermittant Release of Products." 
A Model Production System for Plant Cell 
Biochemicals 

The results of the experiments discussed above 
suggest, in principle, that it would be possible to 
intermittantly release intracellular products by per- 
meabilization of the immobilized cells as schemati- 
cally illustrated in Fig. 5. The cycle, including an 
optional growth phase, a production phase and a 
permeabilization procedure, may be repeated several 
times. 

We have carried out some model experiments 
according to the procedure outlined in Fig. 5. The 
synthesis of ajmalicine isomers from tryptamine and 
secologanin was studied with immobilized cells of 
C. roseus. The results have been summarized in Figs. 
6 and 7. Cells entrapped in agarose (Fig. 6) or calcium 

alginate (Fig. 7) could intermittantly be treated with 
DMSO to release the produced ajmalicine isomers. 
No significant difference was observed between 
agarose- and alginate-entrapped cells in these bio- 
synthetic studies. A hormone-free medium was used 
in the production phase in order to limit growth. The 
increase in product yield observed in both experi- 
ments was most likely due to the increase of biomass 
due to the growth of cells within the polymer beads. 
Growth occured not only in the growth medium 
(medium A) but also to some extent in the 
production medium (medium D). For a steady state 
production optimization of the cycle has to be carried 
out. At present such studies are being carried out in 
our laboratory. The extension to de novo synthesis of 
secondary products from a simple carbon source with 
subsequent release by permeabilization is also in 
progress. 



280 P. Brodelius and K. NilssOn: Immobilized Permeabilized Plant Cells 

Conclusions 

T h e  resul ts  p r e s e n t e d  in this r e p o r t  c lear ly  d e m o n -  
s t ra te  tha t  it  is poss ib le  to  r e l ease  p roduc t s  s t o r ed  
wi th in  i m m o b i l i z e d  cells by  a p e r m e a b i l i z a t i o n  p ro -  
c e d u r e  tha t  does  no t  affect  the  v iab i l i ty  and  b iosyn-  
the t ic  capac i ty  of  the  cells.  A con t inuous  p rocess  
b a s e d  on  i n t e rmi t t an t  r e lease  of  p roduc t s  has b e e n  
d e v e l o p e d  tha t  can be  of  f u n d a m e n t a l  i m p o r t a n c e  for  
the  fu tu re  d e v e l o p m e n t  of  the  p r o d u c t i o n  of  bio-  
chemica l s  with cu l t iva ted  p l an t  cells s ince the  b i oma ss  
can be  reu t i l i zed  in such a process .  
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