
International Journal of Pharmaceutics, 97 (1993) 183-193 
0 1993 Elsevier Science Publishers B.V. All rights reserved 037%5173/93/$06.00 

183 

IJP 03226 

Calcium alginate matrices for oral multiple unit administration: 
II. Effect of process and formulation factors on matrix properties 

Tone @stberg a, Lisbeth Vesterhus a and Christina Graffner a,b 

a Institute of Pharmacy, Department of Pharmaceutics, University of Oslo, P.O. Box 1068 Blindern, N-0316 Oslo 3 (Nonuay) and 
’ Astra Liikemedel AB, S-15185 Sijdertiilje (Sweden) 

(Received 21 December 1992) 
(Accepted 15 February 1993) 

Key words: Alginate; Calcium-induced gelation; Factorial design; Oral drug delivery system; 
Extended release; Theophylline 

Summary 

Small calcium alginate matrices were prepared by ionotropic gelation of droplets of an alginate solution containing dispersed 
theophylline, followed by air-drying of the gel beads. The effect of various production factors on the size, composition and drug 
release properties was investigated in two separate studies. A 23 factorial design and a 25-l fractional factorial design were 
applied. The size of the matrices was controlled mainly by the coaxial airstream applied during droplet production. However, the 
alginate concentration and the calcium concentration used for gelation also appeared to have a significant influence. The latter two 
factors, together with the amount of drug dispersed, determined the matrix drug content. The calcium concentration and the 
amount of drug affected matrix calcium content the most. The amount of drug also affected the moisture content. The calcium and 
alginate concentrations, the gelling time, the drug addition and the alginate G content affected the drug release rate in water. An 
increase in the level of all these factors caused a retardation in release. Several synergistic two-factor interactions were also 
observed. 

Introduction 

Gel beads of calcium alginate can be produced 
by adding droplets of a sodium alginate solution 
into a calcium chloride bath. The droplets instan- 
taneously form gel spheres, entrapping material 
formerly dispersed in the alginate solution. The 
gelling properties are strongly dependent on the 
alginates’ proportion of guluronic acid, G, and 

Correspondence to: T. Cktberg, Institute of Pharmacy, Depart- 
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Blindern, N-0316 Oslo 3, Norway. 

mannuronic acid, M, residues and block structure 
(Skj?tk-Brzek et al., 1986; Smidsrod and Haug, 
1968). The physical characteristics of calcium al- 
ginate gel beads are also influenced by the algi- 
nate concentration and molecular size, the cal- 
cium concentration and gelling time (Yotsuyanagi 
et al., 1987; Martinsen et al., 1989). 

All these factors can also affect the properties 
of solid calcium alginate matrices, which are pro- 
duced by drying the gel spheres. Both the calcium 
concentration (Badwan et al., 1985; lbstberg and 
Graffner, 1992) and the alginate concentration 
(Salib et al., 1978; Badwan et al., 1985; Kim and 
Lee, 19921 appear to influence the release rate of 
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(FGG, FMM, 
disintegration of the matrices in simulated intesti- FOM and F& were determined as described by 
nal fluid is reported to depend on the alginate Grasdalen et aI. W79). The average Iength of the 
viscosity grade, the calcium concentration and the 
gelling time (Bodmeier et al., 1989). 

G-blocks j&#&1 was calculated from so = 

Fe/F,,+ 
In a previous study (0stberg and Graffner, 

1992), a small scale method was investigated for 
its ability to produce solid calcium alginate matri- 
ces containing the model drug th~phyIline. The 
aim of the present work is to evaluate the effect 
of some process and formulation factors by using 
experimental designs. Matrix size, composition 
and release rate in water are considered. 

Viscosity measurements 0.02-0.1 g/100 ml so- 
lutions of sodium alginate in 0.10 M NaCl were 
analyzed at 2O.O”C in a Ubbelohde capillary vis- 
cometer (type no. 5310lfOa; S&Ott-GerZte 
GmbH, Germany). The specific viscosity, qlsp, was 
determined according to Eqn 1: 

Materials and Methods 

Materials 

Sodium alginate isolated from ~~~~~~ria iray- 
p&mea stipe (Protanal LF lO/@$ and blades 
(Protanal LF 10/4O RB) was a gift from Pronova 
Biopolymer A/S, Norway. The chemical compo- 
sitions, determined by ’ H-NMR spectroscopy, and 
the intrinsic viscosities of the two grades are 
given in Table 1. 

where V~ and v. are the kinematic viscosities of 
the alginate solutions and the solvent, respec- 
tively. The intrinsic viscosity, Iql, was determined 
by means of Iinear regression, according to the 
equation of Huggins (1942): 

where C is the polymer concentration and k ’ 
denotes the Huggins constant. 

TheophyIline monohydrate (Ph. Eur.1 was pur- 
chased from KnoIi AC, Germany. Al1 other 
chemicals were of analytical grade. Deionized 
water was used throughout the study. 

Production of calcium alginate matrices 

Charucterbtion of the alginates 
NMR spectroscopy ‘H-NMR spectra were 

recorded at 92°C using a Jeol FX-100 spectrome- 
ter (Jeol Ltd, Japan). The monomer compositions 

Calcium alginate gel beads were prepared 
analogously to the main method described ear- 
lier, using the same equipment f0stberg and 
Graffner, 19921. The suspension of theophylline 
monohydrate in 250 g sodium alginate solution 
was forced out of a cylindrical container through 
10 cannulae, and the droplet size was controlled 
by applying a coaxial airstream over the cannulae. 
After gelation in 5OO ml calcium chforide solu- 

TABLE 1 

Compositional characteristics and oiscosity data for the alginates used 

Alginate Monad 
frequencies 

FG FM 

Bad 
frequencies 

%G F MM 

Average length intrinsic 
of G-bkxks viscosity 
- 

F GM=FMO ’ 
&i (100 ml/g) 

LF lo/60 0.68 0.32 0.56 0.20 0.12 5.7 6.70 
LF lo/40 RB 0.51 0.49 0.34 0.32 0.17 3.0 6.68 

a Valid for long chains where the contribution from end-groups can be neglected. 
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TABLE 2 TABLE 3 

Leueis of the factors studied in the Z3 factorial design MatFir of the 2$- ’ design, defining relation I = ABCDE 

Factor Level Treatment Factor 

-1 +1 A B C D E 

A: alginate concentration (%Io) 1.5 2.25 
B: suspension flow rate (ml/min) 28 48 
C: coaxial airstream (I/min) 2.2 7.2 

tion, saturated with drug, the beads were washed 
and dried at room temperature. 

Expe~mental resigns The effects of the algi- 
nate concentration, suspension flow rate and rate 
of the coaxial airstream on matrix size were stud- 
ied in a conventional 23 factorial design (Mont- 
gomery, 1991). The transformed levels of the 
investigated factors are depicted in Table 2. 3.0 g 
of theophylline monohydrate was dispersed in the 
alginate (LF lo/40 RB) solution. The suspension 
droplets were gelled in 0.10 M calcium chloride 
for 30 min. All the experiments were performed 
in duplicate to allow estimation, of the experimen- 
tal error. 

The effects of the calcium concentration, 
gelling time, alginate concentration, amount of 
drug dispersed and alginate type on matrix size, 
matrix composition and drug release were studied 
in a 2$- ’ fractional factorial design (Mont- 
gomery, 7991) (Tables 3 and 4). The drug suspen- 
sion was dripped into the calcium chloride solu- 
tion at a flow rate of approx. 30 ml/min, while 
the total coaxial airstream was kept at 7.2 l/min. 
In order to estimate the experimental error, five 
replicates of an experiment with one factor (al- 
ginate type) at the - 1 level and the other factors 
at the 0 level were performed. 

The experiments were performed in a random- 
ized order in both factorial designs. The re- 
sponses are given as mean values where replicate 
measurements were run on each batch. The esti- 
mated effects of increasing the factors from a low 
to a high level were tested for significance by 
analysis of variance. 

Characterization of the matrices 
Particle size The size distribution of the ma- 

trices was determined using an Image Analysis 
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System (IBAS 2000; Kontron Bildanalyse GmbH, 
Germany). The solid matrices were spread on a 
dull, iIluminated glass plate and images were 
recorded with a video camera equipped with a 
macro lens. 

The maximum diameter Cd,,,) of about 1000 
matrices from each batch was measured. The 
mean d,,, (am,,) was used as a response param- 
eter in the factorial designs. This parameter was 
regarded as rather insensitive to variations in 
matrix roundness and orientation. The solid ma- 
trices were mostly rounded with a flattened shape. 
When spread on a plane surface the matrices 

TABLE 4 

Levels of the factors studied in the 2:-I fractional factorial 
design 

Factor Level 

-1 0 +1 

A: calcium concentration (M) 0.03 0.065 0.10 
B: gelling time (min) 15 30 45 
C: atginate concentration (% w/w> 1.5 2.0 2.5 
D: amount of drug dispersed (9) 1.5 3.25 5.0 
E: alginate type (low G/high G) LF LF 

lo,‘40 RB lo/60 
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tended to become oriented with the flattened 
face upwards. 

Content of drug, moisture and calcium The 
amount of drug, moisture and calcium in the 
matrices was determined as described earlier 
(0stberg and Graffner, 1992). Two replicates were 
performed for the calcium determinations, while 
the others were made in triplicate. The matrix 
drug content was given as wt% theophylline 
monohydrate. Drug crystal water was not in- 
cluded in the matrix moisture content. 

Release rate The release rate of theophylline 
in water was determined as described earlier 
(0stberg and Graffner, 1992). Three replicates 
were performed on each batch. The times for 
50% (t,,,) and 80% (t,,,) of the drug to be 
released were used as response parameters. 

Scanning electron microscopy (SEM) Morpho- 
logical examination of the matrix surfaces was 
carried out using SEM as described in a previous 
study (Ostberg and Graffner, 1992). 

Results 

The characteristics of the matrices produced in 
the two separate factorial designs are listed in 
Tables 5 and 6. The mean effects of increasing 
the investigated factors from a low to a high level 
are shown in Tables 7 and 8. 

Matrix size and shape 
Air-drying of the gel beads gave small, rounded 

matrices with a flattened appearance on two sides. 

TABLE 5 

Mean size of the matrices produced in the 2” factorial design 

Treatment Z.,. (mm) 
Parallel 1 Parallel 2 

(1) 1.41 

T, 1.40 1.52 

ab 1.34 

C 1.15 
ac 0.96 

bc 1.17 
abc 1.16 

MS,,,,, 0.0083 

1.38 
1.36 
1.24 
1.43 
1.04 
1.05 
1.13 

1.31 

The degree of flattening was dependent on the 
amount of drug dispersed in the alginate solution 
and on the calcium concentration. At the high 
levels of these factors, matrices of a more spheri- 
cal, less flattened shape were produced. 

The size of the matrices was mainly controlled 
by the flow rate of the coaxial airstream passed 
over the cannulae during droplet production and 
by the calcium concentration used for gelation. 
The mean effect of increasing the airflow from 
2.2 to 7.2 I/min was a decrease in the average 
maximal diameter, d,,,, of 0.26 mm. A decrease 
of 0.14 mm was observed when the calcium con- 
centration was increased from 0.03 to 0.10 M. 
The latter result is possibly due to the more 
extensive gel bead shrinkage observed during 
gelation in a more concentrated CaCI, solution 
(Martinsen et al., 1989; 0stberg and Graffner, 
1992). An increase in alginate concentration from 
1.5 to 2.25% (w/w) did not affect the matrix size 
when investigated in the 2’ design. However, 
when the alginate concentration was increased 
from 1.5 to 2.5% in the 2;--’ design, a significant 
increase of 0.14 mm in d,,, was observed. The 
more viscous suspension possibly gives larger 
droplets under the given flow conditions, result- 
ing in a higher d,,, of the dried product. Gel 
beads of a higher alginate concentration may also 
shrink less during air-drying than those of a lower 
concentration. 

Drug content 
The matrix content of theophylline monohy- 

drate was mainly dependent on the alginate con- 
centration and drug content of the suspension 
used for gel bead production. A significant nega- 
tive interaction between the two factors indi- 
cated, however, that the effect of adding 5 g drug 
instead of 1.5 g was smaller when the alginate 
concentration was at the high level. 

The matrix drug content was lowered when the 
suspension droplets were gelled in the more con- 
centrated calcium chloride solution. This was 
consistent with observations made in our pilot 
study, where an increase in calcium concentration 
was shown to reduce drug encapsulation effi- 
ciency (0stberg and Graffner, 1992). The lower 
encapsulation efficiency was explained by the 
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TABLE 6 

.Meastcred responses in the 25- ’ design and the fit$e replicates of an experiment with the factors A-D at 0 leoef and factor E ar the - I 
let tel (puraltel l-51 

Treatment 

e 

6 
abe 
c 
ace 
bee 
abc 
d 
ade 
bde 
abd 
cde 
acd 
bed 
abcde 

Parallel 1 
Parallel 2 
Parallel 3 
Parallel 4 
Parallel 5 

MSwr 

Response 

d-,;,, 
(mm) 

1.12 

0.92 1.01 
0.94 
1.29 
I .07 
1.24 
1.09 
1.10 
1.10 
1.15 
0.99 
1.25 
1.13 
1.28 
1.11 

I .03 
1.03 
1.00 
1.07 
1.07 

0.0009 

Drug Calcium Moisture 
content content content 
(%) (%) (%I) 

23.2 5.6 11.1 

21.3 19.7 6.3 7.1 9.7 7.6 
19.7 7.5 8.0 
18.7 5.1 10.3 
16.2 7.1 9.7 
17.0 5.8 9.9 
14.5 6.9 8.5 
55.5 3.8 2.8 
50.0 5.0 3.2 
52.7 4.1 3.4 
SO.8 4.4 4.0 
42.8 3.9 5.3 
40.6 5.1 4.6 
42.6 4.3 3.7 
39.6 5.0 5.3 

34.0 5.6 5.2 
33.6 5.6 5.3 
33.6 5.h 5.8 
33.9 5.6 5.9 
32.4 5.5 8.9 

0.41 0.002 2.34 

rsw% tsw% 
(min) (min) 

12 37 

11 7 82 28 
13 67 
4 10 

18 248 
11 29 
20 116 
I8 51 
46 213 
42 170 
35 137 
13 25 
36 160 
11 24 
90 456 

23 103 
21 91 
22 94 
25 111 
27 123 

5.80 169.8 

higher degree of gel bead shrinkage in more 
concentrated calcium chloride. Bead shrinkage 
can be observed as a loss of water from the beads 
to the gelling solution. The lost water is saturated 

TABLE 7 

Mean effects on mean matrix diameter of increasing the factors 
of the 2” factorial design from a low to a high Ieuel 

Factor/interaction Effect on J,,,,, (mm) 

A: alginate concentration 0.00 
B: suspension flow rate 0.07 
C: coaxial airstream - 0.26 a 

Interaction AB 0.05 
Interaction AC 0.00 
Interaction BC 0.07 
Interaction ABC 0.04 

’ Significant, a = 0.01. 

with drug which originally dissolved in the sus- 
pension medium. 

Calcium content 
The calcium content of the matrices was influ- 

enced by all the factors investigated in the 2-E;’ 
design. The factors either gave significant main 
effects, participated in significant two-factor in- 
teractions or both. The calcium concentration 
used for gel&ion and the amount of drug in the 
suspension had the greatest effect. An increase in 
the calcium concentration from 0.03 to 0.10 M 
gave matrices with a higher calcium content. Dis- 
persion of 5 g drug instead of 1.5 g had the 
opposite effect. The increase in gelling time and 
alginate G content resulted in the binding of 
slightly more calcium to the gel beads. 

The five replicates from one experiment, per- 
formed to estimate the experimental error of the 
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TABLE 8 

Mean effects on matrix properties of increasing the factors in the 2 :-’ design from a low to a high level 

Factor/interaction Effects on 
_ 

?kl 
Drug Calcium Moisture *SOS tF301 

content content content (min) (mitt) 
(%I (%I (%) 

A: calcium concentration -0.14 il -2.8 a 1.15 LI -0.1 19 a 138 a 
B: gelling time - 0.02 -1.1 0.20 a -0.8 9” 25 
C: alginate concentration 0.14 S -7.6 a - 0.08 0.9 2 35 a 
D: amount of drug dispersed 0.05 28.0 a - 1.98 a -5.3 a 24 ” 77 a 
E: alginate type (low G/high Gl 0.02 - 0.3 0.13 a 0.6 13 a 80 a 

Interaction Al3 
Interaction AC 
Interaction AD 
Interaction AE 
Interaction BC 
Interaction BD 
Interaction BE 
Interaction CD 
Interaction CE 
Interaction DE 

a Significant, LY = 0.01. 

0.00 0.6 -0.33 a 0.4 3 -7 
- 0.03 0.3 0.10 -0.1 12 a 85 a 

0.02 -0.3 -0.30 a 0.6 12 a 36 B 
0.00 0.3 0.15 a -0.7 3 43 il 
0.02 0.1 0.00 0.2 6 iI 20 
0.01 0.3 -0.20 a 0.9 7a 59 a 
0.00 0.3 0.00 0.1 8” 25 

- 0.03 -3.2 a 0.33 a 0.4 0 - 12 
- 0.05 0.1 - 0.03 0.2 2 32 B 

0.01 0.8 -0.03 -0.1 10 a 43 a 

2c-l design, produced matrix batches of ex- 
tremely reproducible calcium content. The value 
of the error mean square for this response was 
very low and even minute effects and interactions 
thus appeared significant. 

Louvre content 
The increase in level of drug addition also 

reduced the amount of moisture retained in the 
matrices, 

Release rate 
Different drug release rates were obtained 

from the different matrix formulations. The time 
taken for 50% (t,,,) and 80% (t,,%,) drug disso- 
lution in water ranged from 4 to 90 min and from 
10 to 456 min, respectively. Three of the formula- 
tions (treatments cde, bed and c in the 2c-l 
design) swelled visibly in the dissolution medium. 
The other remained as small, dense particles 
which gradually became more transparent as the 
incorporated drug particles dissolved. None of 
the matrix compositions disintegrated. 

All the factors investigated in the 25;’ design 
had a significant effect on either t,,, or tsoTl, or 
on both. An increase to the higher levels of 
calcium concentration, gelling time, alginate con- 
centration, amount of drug dispersed and algi- 
nate G content caused a slower drug release rate. 
The first and the last two factors had the greatest 
estimated effect on t,,, and t,,,. Several syner- 
gistic two-factor interactions were also observed, 
the most important one being between the cal- 
cium-and the alginate concentration. 

Discussion 

Choice of experimental designs 
The effects of a total of seven process and 

formulation factors were investigated in two sepa- 
rate factorial designs. Variables considered likely 
to interact were studied in the same design. The 
two process factors coaxial airstream and suspen- 
sion flow rate were only expected to affect the 
size of the matrices. It was also considered un- 



189 

IikeIy that they would interact with any factors 
other than the alginate concentration. Hence, the 
effect of these three factors on matrix am,, were 
investigated in a 23 factorial design. 

The effect of changing the calcium concentra- 
tion, gelling time, alginate concentration, amount 
of drug dispersed and alginate G content on 

&XXV matrix composition and drug release were 
subsequently studied in a 2$-’ reduced factorial 
design. 

I = ABCDE was used as the defining reIation 
for the design, giving a design of resolution V 
(Whitwell and Morbey, 1961; Montgomery, 1991). 
The main effects and the two-factor interactions 
are thus only confounded with the four-factor 
and three-factor interactions, respectively. Inter- 
actions between three factors or more were as- 
sumed to be negligible. Consequently, all the 
main effects and two-factor interactions could be 
estimated. 

Choice of the factor levels 
Since the study was intended only to screen for 

the most important production variables, each 
factor was studied at two levels. The responses 
were thus assumed to be approximately linear 
over the factor levels chosen. The levels of the 
quantitative factors in the experiments performed 
to estimate the error mean square of the 2c-l 
design were selected in the central region. The 
variance was supposed to be constant over the 
entire experimental area. 

The levels of the factors studied in the 2” 
design had to be chosen within a comparatively 
small experimental area due to limitations in the 
production equipment. To achieve reproducibIe 
droplet formation at the given alginate concentra- 
tions, the flow rate of the suspension and of the 
coaxial airstream could only be varied within re- 
stricted limits. In the 2$-i design these two fac- 
tors were kept constant and it was possible to set 
the upper level of the alginate concentration 
slightly higher. 

The gel beads were allowed a maximal 45 min 
stay in the calcium chloride solution to keep the 
time for manufacture at a reasonable level. Other 
studies have shown that a reduction in the gel 
bead volume (Yotsuyanagi et al., 1987; Martinsen 

et al., 1989) can continue for a longer time pe- 
riod. However, maximum mechanical strength of 
the wet gel beads is reported to be reached 
within 1 h (Martinsen et al., 1989). 

Our earlier pilot study (0stberg and Graffner, 
1992) indicated an increase in drug release rate 
from the matrices when the calcium concentra- 
tion used for gelation was increased from 0.05 to 
0.20 M. As the retardation of drug release was 
our objective, the lower and upper levels of cal- 
cium concentration in the present study were set 
at 0.03 and 0.10 M, respectively. 

The levels for the amount of drug dispersed in 
the alginate solution were set rather low. This 
was carried out to give a relatively high coat to 
core ratio in ail the formulations as it was intu- 
itively expected that this might lead to better 
retardation of drug release. 

The drug, calcium and water content of the 
calcium alginate matrices were influenced by sev- 
eral formulation factors. When the weight per- 
cent of one component is changed due to varia- 
tions in production conditions, the relative con- 
tent of the other components is affected in turn. 
Hence, an increase in drug addition results in a 
higher matrix drug content, but also displaces 
calcium and moisture in the matrix on a weight 
percent basis. 

Drug release 
An increase to the high level of all the factors 

investigated in the 2;~r design caused a decrease 
in the release rate of theophylIine from the matri- 
ces. Many of the factors showed synergistic inter- 
actions and the highest t,,,, and t,,, values 
were achieved when all the production factors 
were kept at their upper level (treatment abcde). 

An increase in the calcium concentration of 
the gelling solution from 0.03 to 0.10 M resulted 
in retardation of drug release from the matrices. 
Our exploratory study (0stberg and Graffner, 
1992) suggested the opposite when the calcium 
concentration was increased from 0.05 to 0.20 M. 
A direct comparison between the two experimen- 
tal series is not possible due to variations in other 
production conditions. However, the results might 
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Fig. 1. SEM pictures of matrix formulations produced in the 2$-’ design: (a,b) treatment combination c, containing 18.7% drug; 

(c,d) treatment combination abcde, containing 39.6% drug. 



191 

indic sate a non-linear relationship between the 
calci mm concentration and the responses t,,, and 

t80% obtained in the investigated experimental 

Fig. 1 (continued). 

area. Further investigations on the effect of the 
calcium concentration on drug release rate she ,uld 
therefore be performed using more than two fac- 
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tor Ievels. In a similar study with encapsulated 
sulfamethoxazole, the rate of drug release in 0.1 
M HCI was shown to decrease when increased 
calcium concentrations were used for gel bead 
production (Badwan et al., 1985). 

Scanning electron microscopy (SEMI was ap- 
plied to visualize the surface structure of the 
different matrix formulations. More drug crystals 
appeared on the surface of those matrices which 
were low in drug content (Fig. 1). Where the drug 
content was greater, the drug crystals seemed to 
be more extensively covered by the alginate. 
Hence, drug encapsulation appeared to be im- 
proved when the matrices were produced from a 
more concentrated drug suspension. This might 
partly explain the greater retardation of drug 
release from matrices of higher drug content. 

Alginate honorer composition 

The suspension droplets form gel beads in the 
calcium chloride bath due to the binding of cal- 
cium ions to the alginate and formation of inter- 
chain bridges mainly between the G-blocks of the 
polymer chains (Grant et al., 1973; Smidsrod, 
1974). Two alginates which differ in G content 
and length of G-blocks, but which have a similar 
viscosity grade (Table 11, were chosen as levels 
for the qualitative factor alginate type in the 25;-’ 
design. 

Alginates rich in G residues, with long G- 
blocks, have been reported to shrink less during 
gelation and to provide wet gel beads with greater 
mechanical strength and higher porosity than al- 
ginates containing more M residues ~~artinsen et 
al., 1989). Proteins have been shown to diffuse 
more readily from gel beads made of a high G 
alginate (Martinsen et al., 1992). High G algi- 
nates also have a stronger tendency to build inho- 
mogeneous gels with a greater polymer density 
near the gel surface (Skj&k-Braek et al., 1989). 

The reported variations in the properties of 
wet gel beads are difficult to relate to the dried 
product. The higher porosity reported for high G 
alginate gel beads, for example, was not reflected 
in a higher drug release rate from the solid matri- 
ces. In contrast, matrices made from alginate of 
68% G content gave a slower drug release than 

matrices consisting of an aiginate with 51% G 
content. 

Dried beads made of high G alginate are re- 
ported to swell only slightly in water due to the 
build-up of a stronger gel network during produc- 
tion (Smidsrod and Skjlk-Brzk, 1990). Only a 
few of the investigated formulations swelled visi- 
bly in the release medium. Nevertheless, a possi- 
ble difference in re-uptake of water might con- 
tribute to variations in drug release from matrices 
made of different alginate types. 

Conclusions 

The process and formulation factors are of 
utmost importance for the size, composition and 
release properties of solid calcium alginate matri- 
ces containing theophylline. 

The size of the matrices is mainly determined 
by a coaxial airstream that regulates the size of 
the suspension droplets gelled in the calcium 
chloride bath. In addition, a decrease in particle 
size is mediated by lower alginate concentrations 
or higher calcium concentrations. 

The amount of drug suspended in the alginate 
solution and the alginate concentration are the 
main factors controlling the drug content of the 
matrices. An increase in the calcium concentra- 
tion used for gelation reduces the drug content of 
the matrices. The moisture content is only depen- 
dent on the amount of drug added during pro- 
duction. When more drug is dispersed, the rela- 
tive amount of both polymer and polymer bound 
moisture in the matrices is reduced. The addition 
of drug and the calcium concentration have the 
greatest effect on matrix calcium content. 

The release of theophylline monohydrate from 
the matrices is influenced by the conditions used 
for gelation, the type and concentration of algi- 
nate and the amount of drug dispersed. A rela- 
tively good retardation of drug release in water 
can be achieved when the matrices are produced 
from an alginate of high G content and the cal- 
cium concentration, the gelling time, the alginate 
concentration and the drug addition are kept at 
high levels. 
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