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Abstract

Diffusion of glucose oxidase within calcium alginate gel capsules has been assayed and the experimental data fitted to a simy
semi-empirical power equation, which is used to analyse the solute release from polymeric devices. It was found that an increase in t
concentration of sodium alginate and calcium chloride gives rise to a reduction in the enzyme leakage. This was verified when gluco:
oxidase (GOD) diffusion percentages were compared in capsules with thicknesses of the same order of magnitude but obtained un
different experimental conditions. So, the use of sodium alginate and calcium chloride solutions of concentrations 0.5% w/v and 2.6% w/
respectively, lead to a diffusion percentage of22. This percentage was reduced ta=8 when sodium alginate and calcium chloride
concentrations were fixed at 1% w/v and 4% w/v, respectively, even though the thicknesses of the capsules were of the same order
magnitude. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction possible to control easily some of the capsule characteris-
tics, such as the thickness [5—7] and permeability to differ-
Industrial development of enzymatic reactors requires ent substrates of the gel membrane [8-12]. However, sev-
the use of immobilized enzymes in cases in which the cost eral disadvantages are also associated with this method,
of the biocatalyst is high. To a large extent this procedure namely the low stability (affected by substances such as
prevents enzyme losses due to washout and, at the sameitrate, lactate, and phosphate) and the high porosity of the
time, maintains high concentrations of the biocatalyst [1]. It membrane [13,14]. The latter characteristic limits the appli-
is well known that the effective immobilization of biocata- cation of calcium alginate gel capsules to high molecular
lysts can be achieved using several technigues, one of whichweight compounds and whole cells or organelles [15-18].
is encapsulation within a gel matrix. This immobilization As regards this problem, pore size is a critical parameter in
technique consists of enclosing the biocatalyst, in an aque-selecting a matrix for a particular enzymatic immobilization
ous solution, inside a semipermeable membrane capsule [2]process. Low molecular weight substrates and products can
There are two main advantages inherent in this immobili- easily diffuse into or out of a matrix with large pores and
zation method: the particle structure allows contact betweenlarge pores can also cause problems by allowing the immo-
the substrate and biocatalyst to be achieved in an appropri-bilized enzyme to leak out. However, there are very few
ate way and, in addition, it is possible to immobilize several studies that take into consideration the enzyme leakage and
enzymes at the same time [3]. practically none that discuss this phenomenon in terms of
Encapsulation in calcium alginate gels is characterised diffusion in porous materials [19-21]. In this context, the
by the very mild conditions in which the immobilization main objective of this work was to study the diffusion of an
procedure is carried out and by its low cost and ease of useenzyme of high molecular weight out of calcium alginate
[4]. Moreover, by changing the gelation conditions it is gel capsules, obtained under different experimental condi-
tions (i.e. at various sodium alginate and calcium chloride
concentrations). Based on the results obtained, the diffu-
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addition, the experimental data for enzyme leakage werecapsules in the anionic solution in order to ensure that

adjusted to a semiempirical equation, derived by Peppas etcapsules were all formed over the same period.

al., that describes the solute release from polymeric devices Once the CaGICMC/GOD solution had been dropped

[22,23]. Glucose oxidase (GOD) was chosen as a modelinto the alginate solution, a capsular membrane formed

enzyme in this study. instantaneously around each droplet due to the cross-linking
of the interfacial alginate molecules by calcium cations. The
gelation time, or period in which capsules were formed, was

2. Materials and methods one hour in all cases. This gelation time was selected be-
cause no significant changes were observed in the mem-
2.1. Experimental methods brane thickness when longer gelation times were employed,
indicating complete utilisation of calcium for the cross-
2.1.1. Materials Materials linking of alginate.
Alginic acid salt, obtained from brown algakaminaria Before the removal of capsules the sodium alginate so-

hyperboreg, was purchased from Fluka BioChemika |ytion was diluted more than four-fold by adding the appro-
(Fluka art. n® 71238, Switzerland). A medium viscosity priate amount of distilled water. This dilution of the alginate
sodium salt of carboxymethylcellulose (CMC) was obtained gqytion outside the capsules reduces the possibility of cap-
from Fluka BioChemika (Fluka art. n® 21902). Anhydrous g jes sticking together when they are in close contact and
cglcmm chloride (pur|33|mum_ grade) was used as the cal- 5 54 helps to stop the gelation process.
cium salt for capsule formation (Panreac art. n® 141219, = ager diluting the sodium alginate solution, the capsules
Spain). . ) were filtered off using a Behner funnel. With the aim of
Glucose omdaseﬁ(—o—glucose:oxyg_en—l—o_mdoreductase, stabilising the calcium alginate membrane, the capsules
EC 1.1.3.4.) Type X-S fromAspergillus nigey 128 000 were immediately transferred to a 1.3% w/v calcium chlo-

. . X .
gi}mg _S°||'dc(69A) protesl?),Lwa_s pmghaaesifr%m;flel&gl?a ride solution and incubated for 15 min. Finally, the capsules
emical Company (St. Louis, ' ' ). Its were rinsed with distilled water to remove excess calcium

molecular weight was 152 000 Da. . .
. . chloride. All of the above procedures were carried out at
Calcium acetate 1-hydrate (for analysis) was used for the
e . 25°C.
diffusion assays (Panreac art, 121211, Spain). Ten of the capsules were separated from the rest to
Lowry Reagent, modified for use in the determination of erform the exte?nal diameter aF;ld membrane thickness
total protein concentration, was purchased from the Sigmap .
Chemical Company (SIGMA, P 5656). measurements. The remainder of the capsules were used for
' the diffusion and encapsulation efficiency assays.

2.1.2. Enzyme encapsulation . .
Calcium alginate capsules were prepared by extrusion2'1'3' Diameter and membrane thlt_:kness measurements
using a simple one-step process similar to that described by Measurement of the external diameter of the capsules
Nigam et al. [2]. Several sodium alginate solutions of dif- as carried out by using a caliper after the surface of the
ferent concentrations were prepared, as appropriate for thec@Psules had been dried with filter paper. The membrane
particular experiment to be performed, and were used asthlckr)ess was studied by cu.ttmg the capsule; in half and
anionic solutions. For the preparation of the cationic solu- C&rTying out measurements in at least four different loca-
tions, CMC was dissolved in different solutions of Ca@  tions on the membrane. Use of the image processing soft-

give a 3% w/iv CMC solution. CMC was used as a non- Ware MIP 4 ADVANCED allowed us to measure the mem-
gelling polymer to modulate the viscosity and density of brane.thickness on an image of ea(?h half capsulg, captured
cationic solutions to ensure the spherical shape of the cap-by a video camera connected to a microscope. Calibration of
sules. The enzyme was dissolved in the cationic solution to the system was carried out using the same software on an
give a final concentration of 5ag/ml. image of a Neubauer chamber of 0.0025 fnm

Droplets of the cationic solution (10—20 ml of CaCl
CMC/GOD solution, depending on the number of capsules 2.1.4. Diffusion assay
to be obtained) were dropped through a silicone tube, using T assess glucose oxidase diffusion out of the calcium
a peristaltic pump, into 200 ml of sodium alginate solution. alginate capsules, a number of capsules were placed in a 100
The sodium alginate solution was maintained under con- ml Erlenmeyer flask with 50 ml of 50 mM calcium acetate
stant stirring (330 rev./min), using a magnetic stirrer situ- buffer (pH 5.1). The number of capsules employed for these
ated at the bottom of the vessel, in order to keep the dropletsexperiments was selected by maintaining a constant rela-
from sticking together and to minimise the external mass tionship between the total volume of all the capsules and the
transfer resistance. A dropping height of 10 cm was used tovolume of buffer solution. The buffer solution was agitated
ensure that spherical droplets were formed. The inner di- at 600 rev./min with a Teflon bar on a magnetic stirrer. It
ameter of the silicon tube was 1.6 mm. The total dropping was confirmed from preliminary experiments that the liquid
time was kept lower than 1% of the residence time of the film resistance around the capsule could be neglected at the
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stirrer speed employed. The temperature was kept constant is the release timds, andk, are two kinetic constants with
at 25°C. units oft "™ andt ™2™, respectively, andh is the diffusional
The percentage of diffusion of glucose oxidase was cal- exponent for solute release, which typically varies from
culated from the measurement of protein concentration 0.43 to 0.5 depending on the geometry of the device. Eq. (3)
within the core of the capsules both before and after the is a short-time approximation and is only valid when
diffusion experiments. These measurements were carriedM/M,, < 0.60.
out by placing five capsules in five test tubes, one per test The values of the two kinetic constants @ndk,) were
tube, along with 2 ml of buffer solution in each. The cap- determined by a nonlinear regression method based on the
sules were then cut in half in order to dissolve their contents. Marquardt algorithm [25]. The coefficiemh was deter-
The protein concentration in each sample was assessed bynined graphically from the aspect ratio diameter/thickness
the Lowry technique, as modified by Peterson [24], and the of the capsules [23]. The total amount of enzyme in the
mean percentage of diffusion calculated. solution after infinite timeM.,, was determined according
to the equation:

. . [GOD]cor t22’1)
ercentage of diffusior (1 ——— 222,100
g J [GOD]core,t=0h N47TR2 Y/
oVL
- M,=——" "= 4)
Moreover, samples of 1 ml were periodically taken from V. + N 4R
L

the well-stirred buffer solution in order to analyse the pro-

tein diffusion profile, replacing the liquid removed during ) ) ) o
sampling. Each protein concentration determination was where R is the radius of the capsulg, is the initial enzyme

carried out in triplicate. Diffusion of glucose oxidase from concentration in the capsule, N is the number of capsules

the capsules was analysed during 22 h of the process. and V| is the volume of the solution excluding the space
occupied by capsules.

2.1.5. Enzyme encapsulation efficiency
To assess the enzyme encapsulation efficiency, it was
necessary to measure the protein concentration in the cat-3- Results and discussion
ionic solution and within the core of the capsules before the
diffusion experiments. Measurements of protein concentra- 3.1. Effect of gelation conditions on the percentage of
tion in the cationic solution were carried out by adding five diffusion of GOD
droplets of this solution to five test tubes, one drop per test
tube, each containing 2 ml of buffer solution. The protein The results obtained, which demonstrate the influence of
concentration in each sample was assayed. The proteinsodium alginate concentration and calcium chloride concen-
concentration within the core of the capsule was determinedtration on the capsule characteristics and on the percentage

according to the method described above. of diffusion of GOD, are represented in Table 1. It can be
seen, that on increasing the sodium alginate concentration of
encapsulation efficiency 100- _[GOD]Cmet:Oh ) the solutions used for capsule formation, the thickness of the
[GODlgrop membrane and the diameter decrease for a given calcium
chloride concentration. On the other hand, on increasing the
2.2. Mathematical model calcium chloride concentration the thickness and diameter

of the capsules increase for a given sodium alginate con-

The data for the enzyme concentration measured in thecentration. However, the core diameter—obtained from the
well-stirred buffer solution were adjusted to a simple semi- external diameter and membrane thickness of the capsule—
empirical power equation [23]. This equation can be used t0 \yas always of the same order of magnitude (5.9.1) and
analyze the solute release from any polymeric device irre- \yas independent of the operational conditions (data not
spective of its geometric shape. According to this equation, reported).
the solute release from polymeric devices can be written in - on the other hand, the use of concentrated calcium chlo-
terms of the Fickian diffusional release, which occurs by the rige solutions reduces significantly the percentage of GOD
usual molecular diffusion of the solute due to a chemical that diffuses out of the capsules. So, irrespective of the
potential gradient, and the relaxational release, which is dueggdium alginate concentration assayed, the use of 1.3% w/v

to the swelling in water of hydrophilic polymers: CaCl}, solutions causes an enzyme leakage of around 40%;
M however, this percentage is considerably reduced when 4%
M—t =Ky t"+ Ky 12 3) w/v CaCl, solutions are used. In the same way, the concen

tration of the biopolymer solution affects the diffusion of

In this equation the first term on the right-hand side is the the enzyme. It can be observed that the main restrictions to
Fickian contribution and the second term is the relaxational the enzyme flux occur when high concentration solutions of
contribution;M,/M., is the fractional release of the solute; the bipolymer are employed.
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Tablel _ concentration of the solutions used in the capsule formation,
External diameter of capsules, thickness of gel layer capsules, the thickness of the membrane decreases for a given cal-
lation effici d t f diffusion of GOD from th . . . . X
encapsuiation efliciency and percentage of aiiusion o oM M€ cium chloride concentration. This effect is presumably due
capsules obtained under different gelation conditions . . .
to the fact that on increasing the number of biopolymer

[Sodium alginate] 0.5% wiv molecules per unit solution volume, in the vicinity of the
[CaCl) core capsule, the number of binding sites fof Ceons also
1.3% wiv 2 6% Wiv 2.0% wiv increases. As a result, a more densely cross-linked gel

structure will probably form and, consequently, it will have

Diameter (mm) 6.4- 0.1 7.4 0.1 8.4+ 0.2 ; ; ;
a lower thickness. This would explain the fact that the
Thickness (mm) 0.3% 0.01 1.03+ 0.03 1.50+ 0.04 e P o .
Encapsulation 94+4 87+ 4 87+ 4 percentage of enzyme diffusion decreases with increasing
efficiency (%) alginate concentration, for a given calcium chloride concen-
Diffusion (%) 45+ 4 25+ 2 21+5 tration, due to the dense membrane in the capsules. In

connection with this phenomenon, we observed qualita-

[Sodium alginate] 0.75% wiv tively that the capsules obtained form 1.0% w/v sodium

[CaCl] alginate solutions were more resistant, from a mechanical

1.3% wiv 2.6% wiv 4.0% wiv point of view, than those obtained from less concentrated

Diameter (mm) 6.1+ 0.2 71+ 01 77+ 0.05 solut!ons. In fact, the capsules formed from sodium alginate
Thickness (mm) 0.34 0.01 0.86+ 0.07 1.26+ 0.02 solutions of concentrations lower than 0.25% w/y had
Encapsulation 68+ 3 91+3 85+ 5 poorly gelled and sticky surfaces and were very fragile and
efficiency (%) difficult to handle. Therefore, it can be stated that the use of

Diffusion (%) 49+ 4 29+3 205 concentrated sodium alginate solutions results in a less

[Sodium alginate] 1% wiv porous gel and justifies the supposition outlined above.

On the other hand, on increasing the calcium chloride

[CaCt] concentration, the thickness of the membrane increases for
13% wh  2.6%wh  4.0%wh  55%wv a given sodium alginate concentration. This kind of behav-
Diameter (mm)  6.0:0.1 6.8+0.1 7.4+0.05 7.8+ 0.05 iour confirms that the membrane thickness increases con-
Thickness (mm) 0.24 0.01 0.61* 0.01 0.98+ 0.02 1.15* 0.02 tinuously until complete consumption of the calcium ions
Encgp_sulatiO(r;) 70=x2 71+5 85+ 4 954 contained in the core of the capsule has been achieved. As
efncienc (! H H H
Diffusion (32)) 30+ 4 3+ 83 4so expected, the percentage of GOD diffusion decreases with

increasing calcium chloride concentration, for a given so-

Statisticsie = 0.05;n = 10 for measurements of diameter and thickness djum alginate concentration, due to an increase in the dif-
of capsules;n = 5 _for measurements of encapsulation efficiency and fusional resistance that enzyme molecules suffer in their
percentage of diffusion of GOD. .

flow through a thicker gel membrane.
From the results obtained it seems clear that diffusional

The enzyme encapsulation efficiency, i.e. the percentageproperties of calcium alginate capsules depend on gelation
of enzyme contained within the core capsule in relation to conditions (sodium alginate and calcium chloride concen-
the initial amount employed for the capsule formation, was trations). This can be verified when GOD diffusion percent-
higher than 70% under all the experimental conditions ages are compared in capsules with membrane thicknesses
tested. of the same order of magnitude but obtained under different

All these results can be explained by taking into consid- experimental conditions. Thus, the use of sodium alginate
eration the gel formation process, which is assumed to be anand calcium chloride solutions of concentrations 0.5% w/v
almost instantaneous and irreversible process that is gov-and 2.6% w/v, respectively, leads to the formation of cap-
erned by the diffusion of the two components involved in it: sules with a gel film thickness of 1.08 0.03 mm and a
sodium alginate and G4 ions. In this respect, the fact that diffusion percentage of 2% 2. However, this percentage is
the metallic cation has a smaller size than the polymer reduced to 8- 3 when sodium alginate and calcium chlo-
molecules means that it is mainly the cation that diffuses ride concentrations are fixed at 1% w/v and 4% wl/v, re-
between the alginate chains, binding to unoccupied binding spectively, even though the thickness of the capsules is of
sites on the polymer. Thus, once the cationic solution is the same order of magnitude (0.980.02).
dropped into the alginate solution, a capsular membrane All of these results confirm that capsules obtained from
forms instantaneously around the droplet. This membraneconcentrated biopolymer and cation solutions present a gel
will then grow from the flux direction of the G4 ions. This network that is more densely cross-linked and, therefore,
explains the fact that the diameter of the core capsuleshas a smaller matrix mesh size. In this way, the combination
remains constant in all the assays performed. When theof 1% w/v sodium alginate solutions with 4% and 5.5% w/v
mass of the calcium ions contained within the core capsule calcium chloride solutions leads to percentage enzyme
is exhausted, the gelation process finishes. losses of 8= 3 and 4 £ 2, respectively. Clearly, the

At stated previously, on increasing the sodium alginate employment of sodium alginate solutions of concentrations
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o 06 o 06 Table 2
a 2 ’ Effect of sodium alginate and CaGtoncentrations on the estimates of
2 051 2 < 051 b the diffusional exponents and kinetic constants for release of GOD from
5 0.4 A 04 calcium alginate gel capsules
3 03 3 03 , : .
P 0a % o [Sodium alginate] [CaCl 1.3% wiv
2o e 0. - -
.2 . m m
£ 01 g 01 k(™™ k() m P
=0 — = 0 - 0.5% wiv 0.25 0.02 0.48 0.84
) 1.0% wiv 0.07 0.02 0.49 0.83
Time (h) Time (h)
[Sodium alginate] [CaG] 2.6% wiv
30 ke (™ Ky (W) m P
0.5 ¢
o U
[ 0.4 0.5% wiv 0.11 k <<k, (n.s.) 0.47 0.83
g8 " 0.75% wiv 0.11 k<< k, (n.s.) 0.47 0.89
S 03
G
g 02 [Sodium alginate] [CaC] 4% wiv
8
g 0! k(™) k(™) m P
= 0 —
0.5% wiv 0.07 k <<k, (n.s.) 0.46 0.92
0 4 8 1216 20 24 0.75% wiv 0.06 k<< Kk, (n.s.) 0.46 0.93

Time (h) —
n.s.: non-significant value.

Fig. 1. Effect of calcium chloride and sodium alginate concentration on
fraction of GOD released from capsules. a, 1.3% w/v Galgl2.6% wiv
CaCl; ¢, 4% w/v CaC}. Symbols®, 0.5% w/v sodium alginates , 0.75% rate indicating the so-called “burst” effect. This effect prob-
wiv sodium alginatea, 1.0% wiv sodium alginate. ably results from the incorporation of the enzyme within the
capsule membranes during their formation. This may arise
because, when gelation occurs, water is expelled from the
capsules because the gel contracts during crosslinking. Wa-
ter migrates to the bead surface and this flux may carry
enzyme molecules that will become trapped in the gel mem-
brane of the capsules. After this first stage, the diffusion rate

higher than 1% w/v would have further diminished the
fraction of GOD leakage. However, the technique of cap-
sule formation limits the biopolymer solution concentration
that can be employed. In this respect, it was found that the

capsules stuck to each other when 1.5% w/v sodium alginate - e
. . . .~ decreases with time because of the greater diffusional path-
solutions were used because of the viscosity of the solution. length

Moreover, In the_se cases It was necessary to_ increase the It can be seen that the rate of enzyme release at a given
CMC concentran_on of the cationic solutions in order to time and CaGJ concentration depends on the sodium -algi
ensure the spherlcal_ shape_ of the capsules, with the CONS€hate concentration and thus on capsule membrane thickness
quent problems of dissolution. and degree of crosslinking. On increasing the alginate con-
centration, the number of apparent cross-linking points in-

3.2. GOD diffusion studies creased, resulting in the decreased mesh size within the gel,
a factor that affects GOD leakage.
With the aim of modelling the kinetics of enzyme diffu- The kinetic constants that were determined and the dif-

sion from the capsules, the experimental data of GOD con-fusional exponent in the capsules, as a function of sodium
centration, measured in the well-stirred buffer solution, alginate and CaGlconcentration, are given in Table &s
were adjusted to a simple semi-empirical power equation shown in Table 2, the values for the kinetic constanare
derived by Peppas et al. [23] to describe the process ofalways higher than fok,, indicating that the diffusional
solute release from polymers. As an example, the theoreticalmechanism predominates. Hence, the molecular relaxation
predictions and the measured values of fraction of GOD in the polymer contributes to a small extent to the enzyme
released versus time, for a number of different gelation diffusion. Once again the dependency that exits between the
conditions, are shown in Fig. 1. As can be seen, the modeldiffusion of GOD and the capsule characteristics was con-
fitted the experimental data well. Moreover, diffusion pro- firmed. In this respect, the employment of more concen-
files of GOD were similar regardless of the alginate and trated biopolymer and cation solutions reduces the percent-
CaCl, concentrations used in the preparation of the-cap age of leakage of GOD from the capsules and, therefore, the
sules. The diffusion of GOD from the capsules is charac- value ofk, decreases. This suggests the possibility of tai
terised by a very high initial rate and, after this first stage, loring the diffusional properties of the capsules by altering
the diffusion rate decreases. This release profile is charac-appropriate formulation conditions such as sodium alginate
teristic of reservoir systems, with an initially high release and calcium ion concentrations.
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