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(G
G

), hom
opolym

eric M blocks (M
M

), and hctcropoly- 
m

cric sequentially alternating blocks (M
G

). The reactivity 
w

ith calcium and the subsequent gel form
ation capacity is 

a direct function of the average chain length of the G
 

blocks. H
ence, alginates containing the highest G

G frac­
tions possess the strongest ability to form gels. This ini­
tially arises from the ability of the divalent calcium cation 
to lit into the guiuronatc structures like eggs in an “egg 
box junction.” C

onsequently, this binds the alginate chains 
together by form

ing
 junction zones, sequentially leading to 

gelling of the solution m
ixture and bead form

ation. W
hen 

an aqueous solution of sodium alginate is added dropw
ise 

to an aqueous solution of calcium chloride, it form
s a 

spherical gel w
ith regular shape and size, also know

n as an 
“alginate bead.” A

lginate beads have the advantages of 
being nontoxic orally and having high biocom

patibility.6 
A

nother advantageous property is their inability to rcsw
cll 

in acidic environm
ent, w

hereas they easily rcsw
cll in an 

alkaline environm
ent, so acid-sensitive drugs incorporated 

into the beads w
ould be protected from gastric juice.7 

Therefore, alginate is used as an entrapm
ent m

atrix for 
cells and enzym

es, as w
ell as for pharm

aceutical and food 
adjuvants. In the past, conventional cross-linked calcium

- 
aiginatc beads have been investigated for the developm

ent 
of a m

ultiple-unit drug-delivery system
.8'11 H

ow
ever, not 

even a single reference could be cited in the literature to 
date for entrapm

ent of papain in alginate beads for im
pro­

visation of shelf-life.
N

eural netw
ork (N

N
) m

odels m
ight generalize better than 

regression m
odels, because regression analyses arc depend­

ent on predeterm
ined statistical significance levels (ic, less 

significant term
s arc not included in the m

odel).12’13 W
ith 

the N
N m

ethod, all of the data arc used, potentially m
aking 

the m
odels m

ore accurate. H
ence, N

N w
as selected as a 

m
odeling and evaluating tool in this article. The use of at 

least 
1 hidden layer enables the N

N
s to describe nonlinear 

system
s.12 O

ne layer is usually sufficient to provide an 
adequate 

prediction, 
even if continuous 

variables 
arc 

adopted as the units in the output layer. A
dditionally, there 

is a little evidence to suggest that a larger num
ber of hid­

den layers im
proves perform

ance.14

The m
ultilayer pcrccptron (M

LP) w
ith back propagation 

algorithm is one of the m
ost w

idely im
plem

ented N
N

 
topologies and 

is 
im

portant in the study of nonlinear 
dynam

ics. Tw
o im

portant characteristics of the M
LP arc 

its sm
ooth nonlinear neurons (sigm

oidal function) and its 
m

assive intcrconncctivity.
N

N has been successfully applied to m
any pharm

aceutical 
areas in rcccnt.ycars,15 such as quantitative structure activ­
ity relationship analysis and drug m

odeling,16 pharm
a­

cokinetics-pharm
acodynam

ic studies,18 optim
ization and 

pharm
aceutical form

ulation developm
ent,14 pow

der flow
,19 

com
pound determ

ination using high-perform
ance liquid

chrom
atography, ' analysis of nuclear m

agnetic resonance 
spectra,21 prediction of

 drug release profile 22 prediction of 
physicochem

ical properties,23 prediction of oetanol-w
atcr 

partition coefficient,24 prediction of solubility
25 and so 

forth.

M
a

ter
ia

ls a
n

d
 M

eth
o

d
s

M
aterials

H
am

m
ersten-type casein U

S Pharm
acopeia ([U

SP] H
tm

e- 
dia Laboratories Pvt Ltd, M

um
bai, India) and trichloroace­

tic acid 
(98.0%

, 
Q

ualigcns 
Fine C

hem
icals, 

M
um

bai, 
India) 

w
ere used as 

received. 
Purified 

papain 
Indian 

Pharm
acopeia (IP), sodium alginate IP, calcium chloride 

dihydrate 
(98.0%

), dibasic sodium phosphate 
(99.5%

), 
disodium 

cthylcncdiam
inctctraacctate 

(99.5%
), 

cystcin 
hydrochloride (99.0%

), and citric acid (98.0%
) w

ere pur­
chased from S. D

. Fine-C
hem

 Ltd (M
um

bai, India). A
ll of 

the other chem
icals and solvents w

ere of analytical grade 
and w

ere used w
ithout additional purification. D

eionized 
double-distilled w

ater w
as used throughout the study.

Preparation of
 Beads

C
oncentrated sodium alginate solution in distilled w

ater 
w

as prepared w
ell before required. The required quantity 

of
 the enzym

e (200 m
g of papain in 50 m

L of final sodium
 

alginate solution) w
as dissolved in a sm

all quantity of 
w

ater and m
ixed w

ith concentrated sodium alginate solu­
tion. 

The 
final 

concentration of sodium alginate 
w

as 
adjusted in the range of 1% to 2% w

/v and w
as used after 

being degassed under a vacuum
. The beads w

ere prepared 
by dropping the sodium alginate solution (10 m

L) contain­
ing papain from the dropping device, such as a syringe 
w

ith a 26-gauge X 0.5-in flat-tip hypoderm
ic needle, to a 

m
agnetically stirred calcium

 chloride solution (40 m
L) at a 

rate of 5 m
L/m

in and w
ere allow

ed to harden for specific 
tim

e. D
ifferent levels (Table 

1) of sodium alginate, cal­
cium chloride, and hardening tim

e w
ere selected. The 

beads w
ere collected by decanting the calcium chloride 

solution, w
ashed w

ith deionized w
ater, and dried to a con­

stant w
eight in vacuum desiccator (Tarsons Products Pvt 

Ltd, K
olkata, India) at room tem

perature for 36 hours.

Factorial D
esign

In this study, a 3
3 full-factorial design w

as used to deter­
m

ine the effect of the sodium alginate concentration, the 
calcium chloride concentration, and the hardening tim

e. 
B

efore the application of the design, a num
ber of prelim

i­
nary trials w

ere conducted to determ
ine the conditions at 

w
hich the process' resulted to beads. The m

atrix of the 
experim

ents and the results of the responses are listed in
E210
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rm
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w
w
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Table I. Process V
ariables and Their Levels for 3

3 Full-Factorial 
D

esign

H
ardening lim

e (m
in)

C
alcium

 chloride (M
)

Sodium
 alginate (%

 w
/v)

Factors

20
. 0.05 ©

Low
Level

25

or
o

u

M
iddle

Level

30
0.15
2.0

H
igh

Level

m
ents w

ere 85,88 ± 
1.02%

, 15.57 ± 0.28 m
in, 82.43 ± 

0.33 m
in, 261.1 ± 0.9 p,m

, and 20.61 ± 0.29°, respec­
tively. The above-m

entioned values show
ed good reprodu­

cibility
 of

 the process.

Table 2. To determ
ine the experim

ental error, the experi­
m

ent at the center point w
as repeated 5 tim

es at different 
days. The m

ean (±SD
) percentage of entrapm

ent, tim
e 

required for 50 (T
50) and 90 (T

90) percent of enzym
e 

release, particle size, and angle of repose of these experi-

NN
 Software and

 Network Topology 
The M

icrosoft W
indow

s-based N
N softw

are N
curoSolu- 

tions V
ersion 4.24 (N

curoD
im

ension, Inc) w
as used. The 

M
LP w

ith single hidden-layer architecture w
as chosen. 

The experim
ental m

atrix of
 32 input-to-dcsircd output data 

sets (Table 2) w
as introduced in to the m

odel, w
ith 3 input 

neurons (process variables), 
1 hidden layer, and 5 output 

neurons (response variables). V
arious adjustable param

c-

Tabie 2. M
atrix of

 the Experim
ents and R

esults for the M
easured R

esponses

27

<©
24 c; Ov - w

t-j
O' *

23 wo ■U
NJ
OC

w to
o v»

20

- to

25

OS •o

22

sO o -
pi
V)
*

2.0 NJ
©

2.0
2.0
2.0
2.0
2.0
2.0
2.0

* L Li i/» L * L i/i Vt L u © o o o © O o © ©

N
a A

lginate 
(%

 w
/v)

Factors/ Levels

0.15
0.15 © p

o

0.10 or
o o

©

0.05
0.05
0.15
0.15
0.15 p

o or
o p

© or
o p

o or
o

or
o

or
o 0.05

0.05
0.05
0.15
0.15
0.15 or

o ©
© or
o 0.05

0.05
0.05

C
alcium

 
chloride (M

)

30 25 20 30 25 20 30 25 20 30 25 20 30 25 N>

25 25 to

25 20
' 

30 25 20 30 25 20 30 25 20 30 25 s

H
ardening 

Tim
e (m

in)

73.70
76.60

"si
j©

©

84.00
86.00
88.40
88.50 

'
91.39
94.40
72.00
75.30
77.30
83.50
85.80
86.78
84.35
85.06
86.29
87.01

00

o

88.00
90.80
93.40
65.28
67.79
68.80
80.71
82.60
85.00
86.20
89.00
91.80

%

Entrapm
ent

22.80
20.40
19.40
20.20
18.60
17.70
18.60
17.05
15.90
19.30

O'
sO
O

15.55
16.80
15.50
15.70
15.80
15.20
15.90
15.30
14.35
16.30
14.45
13.35
12.05 o

Lj
o

8.60 ©

©

9.10
7.80
9.35
8.30
6.50

97.20
96.30
95.60

-D
O'

lr>

94.20
90.80
95.60
91.50
83.80
86.50
83.50
80.55
87.65
82.60
82.30
81.90
82.40
82.90
82.50
75.00
57.40
57.40
48.00
59.25
39.00
34.60
34.00
30.55
27.50
28.40
25.70
23.80

R
esponses

662.7
668.2
673.5
671.9

Os

682.7
701.3

-0
©
o

715.3
246,0
252.7
258.2
255.4
261.3
262.0
261.9
260.3

IO
l/l
pbe

261.5 O'
O'

285.5
291.6
297.0
S69.7
171,4
176.0
178.3
181.1 oo

UJ

202.6
207.3
211.1

Size
((ini)

oo
eg

18.56
18.03
17.77
17.26
17.00
16.87 A

o

16.14
22.20 oc

21.20
20.97
20.58
20.89
20.44
20.98
20.20

. 
20.56
20.27
20.02
19.76
19.50
26.33
24.94
24.07
24.15
23.75
23.39
23.27
22.88
22.62

7S >

*3 *2. 
o n 
a o

*ES indicates experim
ental sequence.
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noticed from the pores on the bead surface (Figure 2) cre­
ated by the w

ater-soluble m
acrom

olcculcs both because it 
affected the calcium

 alginate netw
ork form

ation during the 
unit preparation and because it w

as leached from the m
em

­
brane into the m

edium
.26 Loss of surface enzym

e w
as 

found to be proportional to the degree of
 cross-linking. In­

crease in viscosity w
ith an increase in sodium

 alginate con­
centration retarded penetration of

 calcium to the interior of 
the bead, resulted in decreased cross-linking (also de­
creased surface roughness and porosity; Figure 2A

-C
), and 

increased entrapm
ent efficiency. D

egree of cross-linking 
increases w

ith an increase in calcium concentration and 
contact tim

e;27 hence, entrapm
ent efficiency decreased.

A
s show

n in Figure l A
, C

, and E, all 3 of the factors had 
significant positive (ic, response increases w

ith increase in 
factor 

level) 
effects 

on 
the 

response 
value. 

H
ow

ever, 
im

m
ediate release of enzym

e for quicker onset of action

and, hence, shorter T
5

q w
as the desirable criteria for the 

optim
um form

ulation; hence, low
 value of

 all 3 of
 the vari­

ables resulted in the beads w
ith T

50 as low as 6.5 m
inutes 

(experim
ent 1, Table 2). T

50 w
as found to be proportional 

to the particle size and degree of
 cross-linking. A

s the con­
centration and, hence, the viscosity of alginate solutions 
increases, larger beads (discussed under 

‘‘Particle Size,” 
below

) w
ith less surface porosity (Figure 2A

-C
) w

ere 
obtained, w

hich took a long tim
e for com

plete dissolution 
and resulted in higher T

50 (16 to 23 m
inutes; Table 2). 

H
igher calcium concentration and hardening tim

e caused 
penetration of calcium to the interior of the bead, resulted 
in increased cross-linking

27 (also increased surface rough­
ness and porosity; Figure 2D

-F), and delayed dissolution 
(hence, higher T

50).

T90

A
s w

ith T
5
Q
, all 3 of the factors had positive effects on this 

response, w
hich can be observed in Figure IB

, D
, and F.

E214

Sodium
 alginole concertltation

 (%
 w

A
i)

{B
>

{i
V

M
 %

) u
o;

j*
W

»o
uo

? 
um

tp
«s

Sodium
 atglnata eone«nlr»i!on(%

*v/«)

uu
ftw

ju
ao

ua
s a

pp
om

s u
in

pi
so

Figure I. C
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Figure 3. (A
) The effect of

 pH on the release profile of
 papain in different buffers sim

ulating the hum
an gastrointestinal tract; 

(B) In vitro release profile of optim
ized batch in sim

ulated intestinal fiuid w
ithout enzym

e.

8.0) buffers sim
ulating the hum

an gastrointestinal tract is 
given 

in Figure 3A
. R

elease profile of optim
ized batch 

in sim
ulated intestinal fiuid w

ithout enzym
e is show

n in 
Figure 3B

. G
enerally, higher m

olecular w
eight and poorly 

w
ater-soluble drugs arc not released from calcium alginate 

beads because of stability and nonsw
clling property 

in 
the acidic environm

ent, w
hereas sw

ell and disintegrate is 
found 

in intestinal fiuid.7-2* This w
as additionally con­

firm
ed by the very low am

ount of papain release in the 
acidic m

edia (pH 
1.2, 4.0, and 5.4) because of higher 

m
olecular 

w
eight. 

The 
sw

elling 
and 

disintegration of 
calcium alginate beads arc dependent on com

positions of 
dissolution m

edium
, for exam

ple, sodium and phosphate,

and  solubility of drug entrapped into alginate beads.29 The 
sw

elling and disintegration of alginate beads in intestinal 
fluid (pH 6.8) w

ere attributable to the affinity of calcium
 to 

phosphate and sodium
/caicium exchange. H

ow
ever, the 

com
plete release profile w

as delayed up to 6 hours as the 
pH increased (7.4 and 8.0) despite the presence of sodium

 
and phosphate. This study confirm

s the site-specific papain 
delivery to the intestine rather than the stom

ach.

FTIR
FTIR spectra of papain, sodium alginate, calcium alginate 
blank 

beads, 
papain-loaded 

optim
ized 

batch, 
and 

the

E218

W
iH

1 V
/ /"

\\>

/V /

r
1 

Physical m
ixture of 

i 
\! y 

y papain and blank beads\

A

Figure 4. The FTIR spectra of
 papain, sodium alginate, blank calcium alginate beads, papain-loaded alginate beads, and physical 

m
ixture of

 papain and blank calcium
 alginate beads.

physical m
ixture of papain and blank beads arc show

n in 
Figure 

4. 
FTIR 

spectrum of sodium 
alginate 

pow
der 

show
ed various distinct peaks of alginate: hydroxyl at 

3,263.33 cm
~', carbonyl at 1,600.81 cm

"
1, and carboxyl 

and carboxylatc at about 1,000 to 1,400 cm
"

5 (Figure 4). 
C

ross-linking of
 alginate by C

a2+ w
as show

n by a decrease 
in the w

ave num
ber of the carbonyl peak from 1,600.81 to 

1,579.32 cm
-1

. The hydroxyl peak of
 calcium alginate had 

a higher value of w
ave num

ber than that of the sodium
 

alginate (Figure 4). This w
as probably because of a nega­

tive effect on bond form
ation involving adjacent hydroxyl 

groups as a result of conform
ational changes of alginate 

after reacting w
ith C

a2+
.30 W

ith incorporation of papain, 
the spectrum of beads (Figure 4) w

as sim
ilar to that of the 

calcium alginate blank beads (Figure 4). H
ow

ever, the 
physical m

ixture of papain and calcium alginate blank 
beads show

ed the peaks attributable to both papain and

calcium alginate. This confirm
s the papain entrapm

ent into 
the alginate beads at the m

olecular level.

D
SC

The D
SC therm

ogram
s of papain, sodium alginate, blank 

calcium
 alginate beads, and papain-loaded beads arc show

n 
in Figure 5. The degradation exotherm of sodium alginate 
at 252°C w

as absent in blank calcium alginate bead, and an 
additional endotherm

ic peak at 221°C corresponding to 
aiginatc-calcium interaction w

as observed. Sim
ilar results 

w
ere reported by Fem

andez-H
ervas ct al.31 The papain 

exhibits a sharp endotherm
ic peak at !96°C

, w
hereas the 

m
elting peak shape of papain-loaded alginate beads w

as 
sim

ilar to the blank beads and did not show any peak at 
196°C

. This confirm
s that m

ost of the enzym
e w

as uni­
form

ly dispersed at the m
olecular level in the beads.
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conditions. H
ow

ever, gels prepared in the presence of m
etallic 

83. 
ions w

ere substantially stronger than those obtained under salt­
ed 

free conditions. (H
ossain et a!., 200!) The gelling and m

elting 
as 

tem
peratures of K

-carrageenan are dependent alm
ost solely on 

as 
the concentration of potassium ions.

87 
W

hen a polyelectrolyte (like carrageenan) is com
bined w

ith 
as 

a uni/m
uitivalent ion of

 the opposite charge, it m
ay form

 a phys- 
89 

ical hydrogel know
n as an 

‘ionotropic
’ hydrogel. Ionotropic 

b
o 

hydrogel, w
hich m

ay degrade and eventually disintegrate and 
9
< 

dissolve, are held together by m
olecular entanglem

ents, and/or 
sz 

secondary forces including tonic, H
-bondtng or hydrophobic 

93 
forces. (Prestw

ich et a!., 1998) A
ll of these interactions are 

«4 
reversible, and can be disrupted by changes in physical con­

es 
ditions such as ionic strength, pH

, tem
perature, application of 

sc 
stress, or addition of

 specific solutes that com
pete w

ith the poly- 
97 

m
eric ligand for the affinity site on the protein, 

a® 
From these characteristics, K

-carrageenan is used as an 
99 

entrapm
ent m

atrix for cells and enzym
es as w

ell as for phar- 
iQ

o 
m

aceuticals and food adjuvants. 
In the past, conventional 

101 
crosslinked potassium

-K
-carrageenan beads have been inves- 

ioj 
tigated for the developm

ent of a m
ultiple unit drug delivery 

•os 
system

. H
ow

ever, not even a single reference could be cited in
104 

literature till date for entrapm
ent of

 a-am
ylase in K

-carrageenan
105 

beads for im
provisation of shelf-life, hence it w

as the objective 
id

s 
of the study.

107 
2. M

aterials and m
ethods

tea 
2. /. M

aterials

109 
Potassium 

dihydrogen 
phosphate, 

sodium 
hydroxide, 

no 
hydrochloric acid (Q

ualigens Fine C
hem

icals, M
um

bai, India) 
m 

and soluble starch (H
im

edia Laboratories Pvt. Ltd., M
um

bai,
112 

India) w
ere used as received. Fungal a-am

ylase, K
-carrageenan

113 
(obtained 

from 
Irish m

oss, 
C

hondrm crispus), potassium
 

im 
chloride, iodine, and potassium iodide w

ere purchased from
 

ns 
S.D

. Fine-C
hem Ltd., M

um
bai, India. A

ll the other chem
icals 

n« 
and solvents w

ere of analytical grade and w
ere used w

ithout 
n

7 
further purification. D

eionized doubie-distilled w
ater w

as used 
na 

throughout the study.

ns 
2.2. Characterization of

 carrageenan

1K
> 

The carrageenan procured w
as derived from Irish m

oss (C.
121 

crispus), w
hich is know

n to
 contain kappa (gelling fraction) and

122 
lam

bda
 (non-gelling

 fraction)
 carrageenan

 as
 m

ajor
 constituents.

123 
C

arrageenan sam
ple w

as tested according to the identification 
test B (gel constancy test) and D (FTIR

 study) of U
SP-27 N

F-
i2s 

22, and w
as found to be kappa-carrageenan w

ith non-gelling 
i26 

fraction (lam
bda-carrageenan) of less than 5%

. M
oreover, the 

is? 
kappa-carrageenan w

as confirm
ed by observing the syneresis 

128 
phenom

enon, w
hich is not observed w

ith iota-carrageenan gels.

«9 
2.3. Preparation of

 heads

iso 
C

oncentrated K
-carrageenan solution in distilled w

ater w
as 

131 
prepared by heating the pow

der dispersion at 70
 &C to get

Table 
1

Process variables and iheir levels for 3
3 full factorial design

rj
sr
£.
sS'
|

3
3,

■g

1S'

rt£

0
r,

5
S

>
*,

1

r.s

*?

Factors

- 0
1

“
l

“ 0
1 C

oded levels

3
0
g.

0
3, P

2 S
P
s

b §

A
ctual levels

hom
ogenous solution and cooled to 40

 °C
. R

equired quantity 
132 

of enzym
e (200 m

g a-am
ylase in 50

 m
l of final K

-carrageenan 
133 

solution) w
as dissolved in sm

all quantity of w
ater and m

ixed 
134 

w
ith concentrated K

-carrageenan solution. Final concentration 
135 

of K
-carrageenan w

as adjusted in the range of 2.5-3.5% (w
/v) 

«e 
and w

as used after being degassed under vacuum
. The beads 

137 

w
ere prepared by dropping the K

-carrageenan solution (IQ
m

l) 
13a 

containing a-am
ylase from

 the dropping device such as syringe 
m

 
w

ith I8-G x 1/2 in. flat-tip hypoderm
ic needle to

 a m
agnetically 

m
o 

stirred potassium
 chloride solution (40

 m
l) at a rate of 5 m

l/m
in 

w
 

and w
ere allow

ed to harden for specific tim
e. D

ifferent levels 
142 

(Table l) of K
-carrageenan, potassium chloride and hardening 

i« 
tim

e
 w

ere
 selected. The

 beads
 w

ere
 collected

 by
 decanting

 potas- 
t«4

slum
 chloride solution, w

ashed w
ith deionized w

ater and dried 
m

s 
to a constant w

eight in vacuum desiccator (Tarsons Products 
ue 

Pvt, Ltd., K
olkata, India) at room

 tem
perature for 48

 h. 
u?

2.4. Factorial design 
m

s

B
efore the application of the design, num

ber of prelim
- 

us
inary trials w

ere conducted 
by changing one variable at 

m
a tim

e and keeping other variables fixed to determ
ine the 

*s»

conditions at w
hich the process resulted to beads. 

In the 
1S2

present 
study three-level 

full 
factorial 

design 
(FFD

) w
as 

153

em
ployed to generate response surfaces. To determ

ine the 
*54

experim
ental error, the experim

ent at the centre point w
as 

iss
repeated five tim

es at different days. The m
ean % entrap- 

iss
m

ent, 7
*50. Too. and particle size at the center-replicated points 

157

w
ere 73-96 db 0.46%

, 33.64
 ±

 0.65 m
in, 44.12+

1.21 m
in, and 

1.92
 =b 0.008

 m
m

, respectively
 and

 show
ed

 good
 reproducibility 

of the process. The quadratic coefficients w
ere estim

ated using 
iso 

the least-squares m
ultiple regression to the observed response, 

m
 

The analysis of variance (A
N

O
V

A
) w

as perform
ed in order 

«2 
to determ

ine significance of the fitted equation. A
il analytical 

tea 
treatm

ents w
ere supported

 by
 N

C
SS softw

are. The process van- 
ables w

ith their coded experim
ental values and the results of

 the 
«s 

responses are reported in Table 2. 
m

«

2.5. C
om

posite index 
«7

O
n com

pletion of the individual experim
ents, a w

eighted 
«e 

com
posite index w

as used to designate a single, score utilizing 
iss 

tw
o responses, i.e„ % entrapm

ent, and Tt)0. M
any researchers 

170

IJP
 8712 1-14

171 
have utilized the technique of m

ultiple responses for opti- 
ra 

m
ization studies. D

erringer and Suich illustrated how sev-
173 

era! response variables can be transform
ed into one response

174 
(D

erringer am
i Suich, 1980). The applications of one-sided

175 
transform

ations are also dem
onstrated by different researchers 

us 
(B

odeam and Leucata, S997; G
ohel et ai., 2003). The appli- 

177 
cation of generalized distance function to incorporate several 

its 
objectives into a single function has been reported (Shigeo et 

17s 
ah, 1994). A

s the relative contribution of each individual con- 
tso 

straint to the “true" com
posite score w

as unknow
n, a decision 

m
i 

w
as m

ade to assign an arbitrary value of
 one-half

 to each of the 
IK 

tw
o

 response variables (Taylor
 et a!., 2000). The

 em
pirical cotn-

183 
posite index w

as devised to yield a score 100 for an optim
um

184 
result for each of the tw

o responses and each form
ulation result 

iss 
w

as transform
ed to a value betw

een 0 and 50. For % entrap-
186 

m
ent, highest value (84.7) w

as assigned a score equal to 50, and
187 

low
est value (52.59) w

as assigned zero score. For 7«;o. low
est 

ins 
value (25.5) w

as assigned to zero score and tlie highest value 
1® 

(74,4) w
as assigned to 50. The batch having the highest corn­

ua 
posite index w

ould
 be

 considered as
 a batch fulfilling the

 desired
191 

criteria. The raw
 data transform

ations w
ere as follow

s:
Yj - K

m
in

192 
transform

ed value of
 %

 entrapm
ent or 7yo = t,---------—

 x 50
M

nax — 'm
in

183 
• 

(I)

w
here Yj is the experim

ental value of individual response vari- 
able, 

K
ntax and ym

jn are m
axim

um and m
inim

um values of 
tss 

individual response variable, respectively. 
ise

com
posite

 index « transform
ed

 value of
 %

 entrapm
ent 

m

-M
ransform

edvalueofTso 
(2) 

is*

2.6. C
urve

 jilting 
too

The ‘in vitro
’ release

 pattern
 w

as
 evaluated to

 check
 the

 good- 
w

 
ness of fit to the zero-order release kinetics Eq. (3), first-order 

»a 
release kinetics (G

ibaldi and
 Feldm

an, 1967; W
agner, 1969)Eq. 

203

(4) , H
iguchi’s square root of

 tim
e
 equation (H

iguchs, 1963) Eq. 
k
><

(5) , K
orsm

eyer-Peppas’ pow
er law

 equation (K
orsm

eyeret al., 
205 

1983; Peppas, 1985) Eq. (6
), and H

ixson-C
row

ell’s cube root 
20s 

of
 tim

eeqoation (H
ixson and C

row
ell. 1931) Eq. (7). The good- 

ness of fit w
as evaluated by r (correlation coefficient) values, 

m
 

For better understanding residual analysis (Pather et ah, 1998) 
w
>& 

of above m
odels w

as perform
ed on the optim

ized form
ulation 

210

Q
, «flo + *0* 

(3) 
an

w
here Q

, is the am
ount of drug dissolved in tim

e t, Q
o is the 

m
 

initial am
ount of

 drug in the solution (m
ost tim

es, 00
 *

 0), K
<
\ is 

313

U
P «712 1-14
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2.7.7. Scanning electron m
icroscopy (SEM

)
The purpose of SEM study w

as to obtain a topographical 
characterization of beads. The beads w

ere m
ounted on brass 

stubs using carbon paste. SEM photographs w
ere taken w

ith 
scanning electron m

icroscope (JSM
-56I0LV

, Jeol Ltd., Japan) 
at the required m

agnification at room
 tem

perature. The w
orking 

distance
 of

 39
 m

m
 w

as m
aintained

 and
 acceleration

 voltage
 used 

w
as 5 kV

, w
ith the secondary

 electron im
age (SE1) as

 a
 detector.

2.8. Preparation of
 capsule form

ulation, packaging, and 
stability study

A
ccurately w

eighed carrageenan beads equivalent to 40m
g 

of a-am
ylase w

ere filled into a hard gelatin capsule m
anually. 

The joint of the capsule body and cap w
as carefully sealed 

by pressing them to fit in the lock m
echanism

. The capsules 
w

ere packed in high density polyethylene (H
D

PE) bottles w
ith 

polypropylene (PP) caps (foam
ed polyethylene and pressure 

sensitive liner). The capsules w
ere subjected to stability test­

ing
 according

 to the International C
onference on H

arm
onization

guidelines  for
 zone

 III and IV
. The

 packed
 containers of

 prepared 
capsules along w

ith m
arketed form

ulation and bulk a-am
ylase 

w
ere

 kept for
 accelerated (40 ±

 2
 °C

/75 ±5%
 relative hum

idity) 
and long term (30±2°C

/65±5% relative hum
idity) stability 

in desiccators w
ith saturated salt solutions for up to 12 m

onths. 
For accelerated and long term stability, desiccators containing 
saturated sodium

 chloride and potassium
 iodide solutions w

ere 
kept into ovens at 40 and 30

 °C to m
aintain a constant rela­

tive hum
idity of 74.68

 ±
 0.13 and 67,98 i:

 0.23, respectively. A
 

visual inspection (for discoloration of capsule content), disso­
lution testing.and

 a-am
ylase content estim

ation w
as carried

 out 
every 15 days for the entire period of stability study.

3. R
esults and discussion

3. 1. Effect of
 the

 factors on responses 

3,U
. % Entrapm

ent
A

N
O

V
A

 results and regression coefficients of response vari­
ables are show

n in Table 4. A
ll three process variables w

ere

lug. 2. SU
M

 m
icrographs and

 surface m
orphology

 of
 carrageenan

 beads: (A-C) Effect of
 potassium

 chloride
 concentration

 (K
-carragccnan concentration 3.0%

, w
/v) 

(A
) 0.3 M

. (]]) 0.5 M
. and fC

) 0.7 M
 potassium

 chloride concentration. (D
-D Effect of K

-carragccnan concentration (potassium
 chloride concentration 0.7 M

) 0»
 

2.5%
. w

/v. (li) 3.0%
, w

/v. and
 (D

 3.5%
. w

/v K
-carragccnan concentration.

M
.G

. Sim
ktilia cl itl. /International Journal of

 Pharm
tceuiks xxx (2000) axi-m

statistically significant (Pc0.05). From the contour plots of 
response surface for % entrapm

ent (Fig. 1A
-C

) and Table 2, 
it can be concluded that concentration of K

-carrageenan w
as the 

m
ost influencing factor (45.53%

) and affecting positively (pos­
itive coefficient; Table 4; i.e. response increases w

ith increase 
in factor level). H

ow
ever, potassium

 chloride concentration and 
hardening tim

e w
ere affecting negatively (negative-coefficient; 

Table 4; i.e. response decreases w
ith increase in factor level) in 

significant am
ount. M

ore than 84%
 entrapm

ent (experim
ent 4) 

w
as obtained at the high level of the K

-carrageenan concentra­
tion especially w

hen it w
as follow

ed by the low levels of the 
other tw

o factors.
O

n addition of K
-carrageenan solution to a potassium chlo­

ride solution, instantaneous interfacial crosslinking takes place 
follow

ed by a m
ore gradual gelation of the interior and causes 

loss of enzym
e from the beads, w

hich w
as found to be pro­

portional to the degree of crosslinking. Increase in viscos­
ity w

ith increase in K
-carrageenan concentration m

ay retard 
penetration of potassium to the interior of the bead, resulted 
in decreased crosslinking (also decreased surface roughness 
and porosity; Fig. 2D and E) and hence increased entrap­
m

ent efficiency. D
egree of crosslinking increased w

ith increase 
in potassium concentration and contact tim

e, and so entrap­
m

ent efficiency decreased. The entrapm
ent efficiency of the 

a-am
ylase containing beads prepared w

ith calcium alginate 
(sodium alginate and calcium chloride) and chitosan-alginate 
w

as 91% and 90%
, respectively, using K

-carrageenan the a-

am
ylase

 entrapm
ent efficiency in our study

 did not exceed 85%
, 

although
 the sam

e m
ethod w

as used. So
 w

ith chitosan
 or

 alginate 
m

ore efficient entrapm
ent w

as achieved (B
odm

eier and W
ang, 

1993).

3.1.2. TsoandTw
A

s show
n in Fig. 

I and
 Table 4, all three factors had signifi­

cant positive effect on both response values. The concentration 
of K

-carrageenan concentration (factor A
) had the m

ost signif­
icant effect. For m

axim
um activity of enzym

e in the intestine 
longer T50 and Tyo w

ere the desired criteria for the optim
um

 
form

ulation. Thus, extrem
e level of all three variables resulted 

the beads w
ith T50 and 7% as high as 51.4 and 74.4m

in, 
respectively (experim

ent 20, Table 2). 750 and 7yo w
ere found 

to be proportional to particle size and degree of crosslinking. 
A

s the concentration and hence the viscosity of K
-carrageenan 

incereases, larger beads (discussed under ‘particle size’) w
ere 

obtained w
hich took long tim

e for com
plete dissolution and 

resulted
 in

 higher 750 and
 T<

)q. The increase of
 the

 in vitro release 
rates of a-am

ylase from
 carrageenan beads prepared w

ith low
 

concentrations of potassium chloride solutions m
ay be due to 

the less crossB
nked structure of

 the beads w
hich m

ay result in a 
m

ore
 porous m

atrix
 (Fig. 2A

-C
) and

 higher
 drug

 release
 (G

arcia 
and G

haly, 1996; Sipahigii and D
ortunc, 2001). H

igher harden­
ing tim

e caused penetration of potassium to the interior of the 
' bead, resulted in increased crosslinking, and hence higher 7

jo 
and Tyo-
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Fig. fi. The D
SC therm

ogram
s of potassium

 chloride, a-am
ylasc, k

-carrageenan pow
der, blank beads, and a-am

ylasc loaded carrageenan beads m
ade at the sam

e 
analytical conditions.

3.6.2. D
ifferential scanning calorim

etry (D
SC)

The D
SC therm

ogram
s of potassium chloride, a-am

ylase, 
K

-carrageenan, blank beads, and a-am
ylase-loaded beads are 

show
n in Fig. 6

. Potassium
 chloride show

ed tw
o non-significant 

exotherm
ic peaks at 323 and 374' C. a-A

m
ylase exhibited

 three 
endotherm

ic peaks at 148.5,215.5, and 226.8 r C
 and one m

inor 
exotherm

ic peak at 358 °C
. B

road endotherm
ic peak at 85 ''C

 in 
the therm

ogram
 of K

-carrageenan w
as observed

 due to the pres­
ence of w

ater m
olecules. Tw

o m
inor peaks at 259 and 266 ‘C in 

the
 degradation

 exotherm
 of K

-carrageenan w
ere absent in blank 

beads and
 a-am

ylase
 loaded beads, w

hile
 m

ajor
 exotherm

ic
 peak 

at 344' C w
as found to be shifted tow

ards higher tem
perature 

(355
 °C

) in blank beads. This show
ed that, K

-carrageenan-K
C

I 
beads are m

ore stable than K
-carrage'enan. H

ow
ever, additional 

tw
o peaks (one endotherm

ic at 207 and one exotherm
ic at 

226.5' C
) w

ere observed in the therm
ogram

 of blank beads due 
to

 the potassium
-K

-carrageenan
 interaction. D

SC
 therm

ogram
 of 

enzym
e
 loaded

 beads
 w

as
 sim

ilar
 to

 that of
 blank

 beads
 except all 

corresponding peaks w
ere shifted to low

er tem
perature, m

ight 
be

 due to the presence
 of

 a-am
ylase. H

ow
ever, it did

 not show
ed 

any peak analogous to
 a-am

ylase. This confirm
s that m

ost of
 the

enzym
e w

as uniform
ly dispersed at the m

olecular level in the 
beads.

3.6.3. M
orphology of

 the heads
The spherical shape of beads in w

et state w
as usually lost 

after drying especially for beads prepared w
ith low carrageenan 

concentration. In 2.5%
 (w

/v) carrageenan, the dried beads w
ere 

very irregular and tend to agglom
erate due to low m

echani­
cal strength. W

ith the increase of K
-carrageenan concentration 

(3.5%
, w

/v), the shape of beads retained considerably. H
ow

­
ever,  the shape of beads changed to

 disc w
ith a collapsed center 

(Fig. 7) during drying process due to aggregation of the heli­
cal fibers into bundles and the squeezing out of som

e w
ater 

from the gel (Ibarra et ah. 1997). N
orm

ally the spherical shape 
w

as retained w
hen the carrageenan concentration w

as as high 
as 5.0% (w

/v), but viscosity of 5.0% (w
/v) solution w

as too 
high for bead preparation under present experim

ental condi­
tions so it w

as not studied. C
rosslinked hydrogels reach an 

equilibrium
 sw

elling level in aqueous solutions, w
hich

 depends 
m

ainly on the crosslink density. In som
e cases, depending on 

the solvent com
position, tem

perature and solids concentration

M
3 

(Fig. 4). Throughout the release profile, A w
as <0 and B w

as 
so* 

>0
, and expressed the predom

inance of erosion relative to 
so5 

diffusion. This probably m
ay be due to the low

er gel strength 
see 

of carrageenan gels. D
uring dissolution study carrageenan gel 

so? 
sw

ell but is unable to m
aintain the gel m

atrix due to low gel 
sos 

strength and start to erode. H
ow

ever, the rate of hydration 
w

e 
initially

 w
as found to be the rate lim

iting
 step of

 erosion rate and 
sic 

explain the biphasic nature of release profile (plateau initially 
5n 

follow
ed by steep rise in erosion rate). The erosion term B 

si? 
increases w

ith tim
e because erosion of the hydrated layer is 

sis 
easier.

si* 
3.6. 

C
haracterization of

 optim
al

 form
ulation

sis 
3.6.1. Fourier transform infra-red

 spectroscopy (FTIR) 
sis 

FTIR spectra of K
-carrageenan pow

der, carrageenan blank 
517 

beads, a-am
ylase loaded carrageenan beads, physical m

ixture 
sib 

of a-am
ylase and blank beads, and a-am

yiase are show
n in 

51& 
Fig. 5. FTIR spectrum

 of K
-carrageenan pow

der show
ed

 various 
52o 

distinct peaks: very broad band spreading SlSO
-O

fiO
O

cm"
1 

(strong; s) due to polyhydroxy (-O
H

),f group; 2968
 cm

-1 
sal 

(s), 2920cm-t (s), and 2850cm
"
1 (m

edium
; m

) due to C
—

H
 

523 
stretch; 1425 cm"

1 (s) and 1375 cm”
1 (s) due to C

—
H defor- 

h
* 

m
ation; 1225 cm-! (s) due to S-0 stretch of sulfate ester salt; 

as 
1070 cm”

1 due
 to

 C
—O

 stretch of cyclic
 ethers; 925

 cm-
1 (s)due

to C
-0

 stretch of polyhydroxy groups attached to carbons; etc. 
C

rosslinking of
 carrageenan by K

* w
as show

n by a decrease in 
the intensity of S=0 stretch (1225

 cm”
1) of sulfate ester group 

w
hich w

as sam
e as C

-0 stretch (1070cm
"
1) of cyclic ethers 

in intensity for the K
-carrageenan pow

der. This w
as probably 

because of som
e negatively charged sulfate ester reacted w

ith 
positively charged K

+ and resulted in physicochem
ical changes 

of carrageenan. a-A
m

ylase also show
ed various distinct peaks: 

one predom
inant band at 3190-3380

 cm”
1 

(s) due to N
—

H 
stretch of secondary N

-substituted am
ides; 2980

 cm
-1 (w

eak; 
w

) due to C
-H

 stretch, m
edium

 bands at 1500-1650
 cm

**
1 due

 to 
C

-C
, w

hile 898
 cm”

1 (s) and 875 cm”
1 (s) due to ̂-substituted 

arom
atic out of plane C

—
H deform

ation of arom
atic residue of 

tryptophan or tyrosine; 2931 cm”
1 (s) and 2898 cm”

1 (s) due to 
C

—
H stretch, w

hile 1425 cm"
1 (s), 1382 cm”

1 (m
), 1361 cm"

1 
(m

), and 1340cm
-1 (m

) due to C
—

H
 deform

ation of
 alkyl chain 

of am
ino acids; 1670

 cm”
1 due to 0=0 stretch of carboxylate 

anion and am
ide group; strong 

peaks betw
een 

1050 and 
1200

 cm
"1, w

eak bands at 550-600
 cm

"1, and 400-450cm
"

1 
due to C

—
S stretch

 of
 sulfides and disulfides. W

ith incorporation 
of a-am

ylase, the spectrum of beads w
as sim

ilar to that of 
the K

-carrageenan blank beads. H
ow

ever, the physical m
ixture 

of a-am
ylase and biank beads show

ed the peaks due to both 
a-am

ylase and 
K

-carrageenan. This confirm
s the am

ylase 
entrapm

ent into the K
-carrageenan beads at m

olecular level.
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Fig. 5. The 1-TIR
 spectra

 t*f K
-carrageenan

 pow
der, carrageenan blank heads, a-am

ylasc loaded carrageenan heads, physical m
ixture
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ylase and blank
 heads, 

-and
 a-am
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