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The diffusion characteristics of sucrose, a nutrient, and 
yohimbine, a secondary metabolite, in alginate gel beads, 
wi th  or wi thout entrapped periwinkle (Catharanthus 
roseus) or apple (Malus dornestica) cells, were investi- 
gated. Effective diffusivities of both solutes in the gel 
beads were determined by two different methods from 
transient concentration changes in well-stirred solutions 
where the beads were suspended. The linear plot method 
developed in this work is easy to use and requires no 
data from the initial periods of diffusion experiments. It 
was found that while the cell-free beads provided only 
minor diffusional resistance to  both solutes, the effec- 
tive diffusivities of  both solutes decreased significantly 
with the presence of cells in the beads and the amount 
of reduction was proportional to the amount of cell load- 
ing. Further, the effective diffusivity of sucrose appeared 
to be slightly larger than that of yohimbine under identi- 
cal conditions. It was also observed that permeabiliza- 
tion of apple cells wi th dimethyl sulfoxide (DMSO) led 
to an increase in effective diffusivity wi th  the effect 
being more significant for yohimbine. 

INTRODUCTION 

Various methods for the immobilization of plant cells 
have been reported in recent years.'-5 Among them, en- 
trapment by calcium alginate gels is generally considered 
as one of the most appropriate means of immobilizing the 
usually larger and more sensitive plant cells. Calcium algi- 
nate gels are block copolymers composed of P-D-man- 
nuronate and a-L-guluronate residues. They can be easily 
formed into near spherical beads by simply dropping small 
amounts of sodium alginate solution discretely into a cal- 
cium chloride solution. The three-dimensional gel matrices 
thus created are biochemically inert, and the gelatinating 
procedure can be readily modified to immobilize cells, 
subcellular organelles, and enzymes in the interstitial 
spaces of the gel beads. Furthermore, alginate is accept- 
able as a food additive. 

The diffusion characteristics of several solutes in Ca al- 
ginate gels have been reported recently. Cheetham et a1.6 
found that the diffusion rate of sucrose into gel pellets was 
increased by a reduction of the concentration of alginate or 
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CaCI, and also by the presence of entrapped active yeast 
cells. Kierstan et a].' demonstrated that diffusion of NAD 
(MW 663) in alginate beads was unaffected by alginate 
and CaCl, concentrations, although the diffusion of much 
heavier hemoglobin (MW 64,500) was influenced by algi- 
nate concentration. The diffusion patterns of both solutes 
were found to depend on the sizes of the gel beads. Tanaka 
et al.' reported that the diffusion coefficients of low- 
molecular-weight solutes such as glucose and L-tryptophan 
(MW 204) into and from Ca alginate gel beads were al- 
most the same as their values in water. The diffusion rates 
of both solutes were not changed by increasing the alginate 
concentration (from 2 to 4% w/v) or CaCl, concentration 
(from 0.05 to 0 . 5 M )  used in the prcparation of gel beads. 
However, the values of diffusion coefficients of high- 
molecular-weight solutes, such as albumin (MW 69,000) 
and fibrinogen (MW 340,000), diffusing from the gel beads 
into the solution were smaller than their values in water. 
They also found that these high-molecular-weight solutes 
could not diffuse from the bulk solution into the gel beads. 
Nguyen and Luong' investigated diffusion of glucose into 
spherical K-carrageenan gel beads and found that the effec- 
tive diffusivity data obtained were smaller than that of the 
molecular diffusivity of glucose in water. indicating no- 
ticeable diffusional resistance inside the cell-free beads. 

The purpose of this article is to report some of the re- 
sults of our ongoing investigation concerning the diffusion 
characteristics of yohimbine (an alkaloid product found in 
Catharanthus roseus cells) and sucrose (a major carbon 
source for plant cells) in calcium alginate gel beads with or 
without the entrapment of periwinkle or apple cells. 

EXPERIMENTAL 

Plant Cells and Media 

Suspension cultures of apple (Malus dornrrticu) cells 
were established from friable callus and grown in 250-mL 
culture flasks placed on an orbital shaker rotating at 110 rpm. 
The shaker was kept in the dark under room temperature. 
Murashige and Skoog's (MS) medium, adjusting to pH 5.7- 
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5.8 prior to autoclaving and containing 1 ppm NAA and ki- 
netin, was used. Subculturing was conducted every 2 weeks. 

Catharanthus roseus cell cultures were maintained by 
subculturing every 2 weeks in freshly prepared MS media 
under periodical light (every 12 h) and at temperatures 
-27-30°C. The culture media, adjusted to pH 5.8 for cal- 
lus and 5.2 for suspension, were supplemented by 0.2 ppm 
2,4-dichlorophenoxyacetic acid and 2 ppm kinetin with the 
addition of 3% (w/v) sucrose. Suspension cultures were 
cultivated in 500-mL Erlenmeyer flasks (containing 250 mL 
culture media) and placed in a shaker rotating at 110 rpm. 

Cell Size Measurement 

A microscope (200x)  equipped with a micrometer was 
used to measure the sizes of the cells involved in this 
work. For each type of cells, three samples randomly cho- 
sen from the suspension cultures were measured. The 
equivalent diameters of the cells were found to be approxi- 
mately 30-40 p m  for the C. roseus cells and 50-70 p m  
for the apple cells. 

Cell Immobilization 

The procedure used for immobilization of plant cells 
was similar to that of B r o d e l i u ~ . ~  Fourteen-day-old cell 
suspensions were pipetted into several 15-mL centrifuge 
tubes and centrifuged at 50-75 g for 10 min. After care- 
fully pipetting out the clear solution above the sedimented 
cells, the remaining cells were then washed with double- 
distilled water and centrifuged again. This procedure was 
repeated 3 times in order to remove any residue nutrients 
in the cell suspensions. For immobilization, 10 mL cell 
slurry containing either 3.3 or 5 mL washed cells, mea- 
sured as packed cell volume (PCV), was first mixed with 
30 mL 2% (w/v) sodium alginate (Polysciences, Inc.) so- 
lution to give a solution containing 8.25 or 12.5% (v/v) of 
cells initially. The resulting slurry was then pipetted by a 
5-mL plastic pipette with an orifice of 0.16 cm i.d. and ex- 
truded out as discrete droplets into O.1M calcium chloride 
solution. After curing in the solution for approximately 1; h 
to form spherical beads, the average diameter of the beads 
was then measured by lining up about 20 beads along a 
ruler. The average value of 3.6 ? 0.2 mm from three such 
measurements was used later to calculate diffusivities. 

Diff usivity Measurements 

Diffusivity measurements were conducted at room tem- 
perature (25°C) in a cylindrical plastic vessel (70 mm di- 
ameter and 75 mm height) with two baffle plates (7 mm 
width and 12 mm height). The solution was agitated by a 
Teflon bar (32 mm length) on a magnetic stirrer set at 
250 rpm. Yohimbine solution was prepared from yohim- 
bine hydrochloride (U.S. Biochemical Corp.), and its con- 
centration was determined by a spectrophotometer (Bausch 

& Lomb, Spectronic 21) set at 254 nm.” Sucrose concen- 
tration was determined by using an Abbe refractometer. 

Two types of gel beads, cell free and entrapped with 
cells, were used in the diffusivity measurement experiments. 

(A) Cell-free gel beads: (1) diffusion of solutes into 
the beads, 15 mL beads added to 37.5 mL yohimbine solu- 
tion (C, = 0.16 g/L) or sucrose solution (C, = 30 g/L); 
(2) diffusion of solutes away from the beads, 15 mL beads 
containing yohimbine (C,, = 0.064 g/L) or sucrose (C,, = 
30 g/L) added to 37.5 mL distilled water. 

(B) Beads entrapped with plant cells: (1) same as A l ,  
except the gel beads contained 5 mL (PCV) entrapped cells 
as described in previous section. (2) same as A l ,  except 
the gel beads contained 3.3 mL (PCV) entrapped cells as 
described in previous section. (3) same as B1, except cells 
permeabilized (before immobilization) with -2% (v/v) 
dimethyl sulfoxide (DMSO) were used. (4) same as B2, 
except cells permeabilized (before immobilization) with 
-2% (v/v) DMSO were used. 

For each experiment, the transient concentration change 
of the target solute in the solution was determined and the 
effective diffusivity calculated by the methods to be dis- 
cussed in the next section. 

METHODS FOR DATA ANALYSIS 

When spherical beads free of solute are suspended in a 
well-stirred solution with an initial solute concentration C,<, 
and the external mass transfer resistance surrounding the 
beads is negligible, the transient concentration change of 
the solute, C,( t ) ,  is given by Crank” as follows: 

6(1 + a)  exp(-D,q;t/a’) 
C,( t )  = - 

l + a  n = ,  9 + 9a + qia2 

where a is the diameter of the bed; t is the diffusion time; 
a is the ratio of the volume of the solution, excluding the 
volume occupied by the beads, to the volume of the beads; 
n is the number of the beads; D, is the effective diffusivity; 
and q, is the positive nonzero root of 

3qn 
3 + aq; 

tan q, = 

For diffusion time, t = 0 at the instant the beads are 
dropped into the solution. 

Similarly, when spherical beads with a uniform initial 
concentration of solute C,, are suspended in a solute-free 
solution, the transient concentration change of the solute in 
the solution, C,(t), is given by 

6 a ( l  + a)  exp(-D,qtt/aZ) 
9 + 9a + q;a2 

Two methods were used to estimate effective diffusivity: 
nonlinear and linear fitting. 

1. Nonlinear fitting method. For a given set of a ,  a ,  
and C, or C,,, C,(t)  or C,(t) can be calculated easily from 
equations (1) and (2) by a computer once a value is chosen 
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for D,. The sum of the squares of the discrepancies be- 
tween the experimentally measured data and the calculated 
data, i . e . ,  

N 

s = c (C,(t,)“”’ - C,(t, )(exp’)2 (3) 

can also be computed for each D, value. The value of D, 
corresponding to the smallest S for each set of experimen- 
tal data is then taken as the value of the effective diffusiv- 
ity corresponding to that particular experimental condition. 

2. Linearfitting method. When the diffusion time t is 
large, the terms corresponding to n 2 2 in equation (1) or 
(2) are negligible. Under this condition, both equations can 
be converted into the followiIlg linear forms: 

,=I 

DIFFUSION AWAY FROM CELL-FEE BEADS 

A (A21 sucrose 

tA2) Yohimbine - 
A 

(4) 

( 5 )  
Hence a plot of the left side of equation (4) or (5) vs. t 

should yield a straight line with a slope equal to D,q:/a*. 
The value of the intercept is fixed once a is determined. 
By drawing a straight line from the intercept to fit experi- 
mental data of larger t ,  the effective diffusivity corre- 
sponding to a particular set of experimental data can be 
determined from the slope of the straight line. Since all the 
experimental runs were conducted with a = 2.5, the values 
of the intercepts for equations (4) and ( 5 )  are - 1.619 and 
-0.703, respectively. 

It is worthwhile to mention that the linear plot method is 
simple and straightforward to use and requires only data at 
larger t (clo5er to equilibrium). Hence this method would 

- 0.703 - -1.0 
sl 

I - -2.0 - 
C 
-I 

-3.0 

be most suitable for systems whose equilibria are reached 
quickly, thus making it more difficult to obtain accurate 
data at small t .  

Both methods are based on equations (1) and ( 2 ) ,  which 
are valid only if the external mass transfer resistance sur- 
rounding the beads is negligible and the solute is not con- 
sumed inside the beads. The first assumption is confirmed 
for the system of this work by following the procedure rec- 
ommended by Hamott,” and the detail of the calculation 
is given elsewhere. l 3  It is reasonable to expect that yohim- 
bine is not consumed by either type of cells and that the 
amount of sucrose depleted by the cells during the period 
of the diffusion experiment is negligible. 

0.3 
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0 
v) 
v) w 

0.1 
0 
v) z 
w 
I 
5 0. 

TIME (M I N) 

Figure 1. 
beads 

Diffusion of yohimbine and sucrose away from cell-free gel 

DIFFUSION AWAY FROM CELL-FREE BEADS 

A tA2) sucrose :;:_: 0 (A21 Yohimbine r t 
0 10 20 30 40 50 60 70 

TIME (M IN) 

Figure 2. 
ear plots). 

Diffusion of yohimbine and sucrose away from cell-free gel beads (lin- 
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RESULTS AND DISCUSSION 

Some of the transient concentration data obtained in this 
work are presented in Figures 1-6. Examples of linear 
plots corresponding to Figures 1 and 3 are shown in Fig- 
ures 2 and 4. More data are given elsewhere.” The solid 
curves in these diagrams were obtained from equation (1) 
or (3) using the D ,  value corresponding to the minimum S 
for each case, as mentioned in the previous section. The 
effective diffusivities D, determined by the methods de- 
scribed are expressed as the ratio D, / D ,  , where D,n is the 
molecular diffusivity of the solute (presented in Table I). 
The value of D,, for sucrose’4 (MW 342) in water at 25°C 
is taken as 3.36 x lo-‘ cm2/min, whereas that of yohim- 
bine (MW 354) is calculated” as 2.65 x cm’/min. 

- 1.0 

Table 1. D,/D, ratios determined. 

SUCROSE INTO BEADS / C. ROSEUS CELLS 

- A ( ~ 1 )  cell-free 

Nonlinear Linear 

Yohimbine Sucrose Yohimbine Sucrose 

Cell free 
Into beads ( A l )  
Away from beads (A2) 

12.5% cell (BI) 
8 .258  cell (B2) 

12.5% cell (B1) 
8.25% cell (B2) 

12.5% cell (B3) 
8.25% cell (B4) 

C .  roseus cells 

Apple ( M .  dornestica) cells 

Permeabilized apple cells 

0.89 0.88 0.89 0.87 
0.82 0.84 0.83 0.89 

0.23 0.25 0.15 0.18 
0.47 0.51 0.42 0.50 

0.12 0.13 0.18 - 

0.28 0.33 0.21 0.25 

0.19 0.21 0.15 0.14 
0.38 0.35 0.33 0.28 

1.0 

0.10 SI 

0.9 

ci z 
0 
0 
cn 
A z 
cn z w 

0.8 

0 

z 
n 0.7 

- SUCROSE INTO BEADS / C. ROSEUS CELLS 

A ( ~ 1 )  cell-free 

0 (61) is.5oxcell 

(62)  1.95% Cell 

- 

@ 1I 1 3 l  Y w I) I@ 
TIME (MIN) 

Figure 3. 
C .  roseus cells. 

Diffusion of sucrose into gel beads with or without entrapped 

0 (61) 19.50% cell I 

t - 
C 

0 10 20 30 40 50 60 70 
TIME [ MI N1 

Figure 4. 
cells (linear plots). 

Diffusion of sucrose into gel beads with or without entrapped C. roseus 
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YOHlMBlNE INTO BEADS / C. ROSES CELLS 

A ( A l )  cell-free 

(61) is.5owcell 

( ~ 2 )  o.nrxcell 

a 0.7- a 
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Figure 5. 
trapped C. roseus cells. 

Diffusion of yohimbine into gel beads with or without en- 

1.0 A ( A l )  cell-free 
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(83) 19.50% m C e l  
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0 10 2 0  30 40 50 60 70 
T I M E  (MIN) 

Figure 6. 
apple cells 

Diffusion of sucrose into gel beads with or without entrapped 

Clearly, the D, obtained from both methods of data analy- 
sis are reasonably close, particularly for cell-free beads. 

The data in Table I indicate that the cell-free alginate 
beads provide only minor diffusional resistance to both su- 
crose and yohimbine diffusing into and away from the 
beads. We can also see from the table as well as from Fig- 
ures 2-6 that in the case of beads with entrapped C. roseus 
or apple cells, the diffusion rate of yohimbine or sucrose is 
reduced significantly due to the presence of cells, and the 
amount of reduction is proportional to the amount of cell 

loading. This is to be expected since the cells, singly or in 
aggregates, invariably occupy the originally empty pores 
in the gel beads, leading to larger diffusional resistance. 
Furthermore, in the case of apple cells, permeabilization 
with DMSO before immobilization appears to increase the 
effective diffusivities of sucrose and yohimbine, with the 
effect being more significant for yohimbine. 

More specifically, when solutes diffuse into the beads 
with 12.5% (v/v) entrapped C. roseus cells, D,/D, was 
0.23 for yohimbine and 0.25 for sucrose. As the cell load- 
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ing decreased to 8 . 2 5 % ,  D , / D ,  increases to 0.47 for 
yohimbine and 0.51 for sucrose. A similar trend can be 
observed in the case of beads with entrapped apple cells. 
When apple cells permeabilized with -2% (v/v) DMSO, 
D,/D,  is increased from 0.13 to 0.19 (12.5% cells) and 
from 0.28 to 0.38 (8.25% cells) for yohimbine. However, 
only slight increases (from 0.18 to 0.21 and from 0.33 to 
0.35) are observed when the solute is sucrose. 

Yohimbine, an indole alkaloid, is one of the many 
secondary metabolites produced by C. roseus cells. ''.I5 On 
the other hand, sucrose is a major nutrient of both plant 
cells. It is reasonable to expect that the viable cells en- 
trapped in the pores of the beads have a natural tendency 
to inhibit the penetration of yohimbine through the plasma 
membrane of the cells. This may be the reason why the ef- 
fective diffusivity of sucrose under identical conditions 
(nonpermeabilization) appears to be slightly larger than that 
of yohimbine. This may also explain the fact that perme- 
abilization of the cell membrane leads to a more significant 
increase in the effective diffusivity for yohimbine than for 
sucrose. The data shown in Table I also suggest that, for 
the same solute, the value of the effective diffusivity also 
depends on the type of cell entrapped, with C. roseus cells 
providing less diffusional resistance compared to apple 
cells, perhaps due to their smaller size. 
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diameter of gel bead (cm) 
initial concentration of solute in beads (g/L) 
concentration of solute in bulk solution (diffusing away from 

initial concentration of solute in bulk solution (g/L) 
concentration of solute in bulk solution (diffusing into beads) 

effective diffusivity (cmz/min) 
molecular diffusivity (cm*/min) 
number of beads 
eigenvalue defined by eq. ( la)  
diffusion time (min) 
volume of bulk solution excluding gel beads (mL) 

beads) (g/W 

(g/L) 

Greek Letter 
a ratio of v to total volume of gel beads 
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