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(GG), homopolymeric M blocks (MM}, and heteropoly-
meric sequentially alternating blocks (MG). The reactivity
with calcium and the subscquent gel formation capacity is
a direct function of the average chain length of the G
blocks. Hence, alginates containing the highest GG frac-
tions posscss the strongest ability to form gels. This inie
tially arises from the ability of the divalent calcium cation
to fit into the guluronate structurcs like cggs in an “egg
box junction.” Conscquently, this binds the alginate chains
together by forming junction zoncs, scquentially leading to
gelting of the solution mixture and bead formation, When
an aqueous solution of sodium alginate is added dropwise
to an aqueous selution of calcium chloride, it forms a
spherical gel with regular shape and size, also known as an
“alginate boad.” Alginate beads have the advantages of
being nontoxic orally and having high biocompatibility.®
Another advantageous property is their inability to reswell
in acidic environment, whercas they casily reswell in an
alkaline environment, so acid-sensitive drugs incorporated
into the beads would be protected from gastric juice.”
Thercfore, alginate is used as an cntrapment matrix for
celis and cnzymes, as well as for pharmaccutical and food
adjuvants. In the past, conventional cross-linked calcium-
alginate beads have been investigated for the developmant
of a multiple-unit drug~delivery system.®!! However, not
cven a single reference could be cited in the literature fo
date for entrapment of papain in alginate beads for impro-~
visation of shelf-life,

Neural network (NN) models might generalize better than
regression models, because regression analyses are dopend-
cnt on predetermined statistical significance lovels (ic, loss
significant terms are not included in the model).'*!* With
the NN method, all of the data are used, potentially making
the models more accurate. Hence, NN was sclected as a
modeling and evaluating too! in this article. The usc of at
least 1 hidden layer cnables the NNs to describe nonlincar
systems.'? Onc layer is usually sufficient to provide an
adequate prediction, cven if continucus variables arc
adopted as the units in the output fayer. Additicnally, there
is a little cvidence to suggest that a Jarger number of hid-
‘den layers improves performance,™

The multilayer perecptron (MLP) with back propagation
algorithm is onc of the most widely implemented NN
topologics and is important in the study of nonlincar
dynamics. Two important characteristics of the MLP arc
its smooth nonlincar neurons (sigmoidal function) and its
massive intcrconnectivity.

NN has been successfully applied to many pharmaccutical
arcas in recent years,'® such as quantitative structure activ-
ity rclationship analysis and drug modeling,'® pharma-
cokinetic'-pharmacodynamic studics,® optimization and
pharmaccuticat formulation development,'* powder flow,'®
compound determination using high-performance liquid

chromatography,2” analysis of nuclear magnctic resonance
speetra,?! prediction of drug release profile.?? prediction of
physicochemical properties,?® prediction of octanol-water
partition cocfficicnt,” prediction of solubitity,®® and so
forth.

MATERIJALS AND METHODS
Materials

Hammersten-type cascin US Pharmacopeia ({USP] Hime-
dia Laboratories Pvt Ltd, Mumbai, India) and trichloroace-
tic acid (98.0%, Qualigens Finc Chemicals, Mumbai,
India) were used as reccived. Purificd papain Indian
Pharmacopeia (IP), sodium alginate 1P, calcium chloride
dihydrate (98.0%), dibasic sodium phosphatc (99.5%),
disodium cthylencdiaminetctraacetate  (99.5%), cystein
hydrochloride (99.0%), and citric acid {98.0%) were pur-
chased from S. D. Fine-Chem Ltd (Mumbai, India). All of
the other chemicals and solvents were of analytical grade
and were used without additional purification. Deionized
double-distilled water was uscd throughout the study,

Preparation of Beads

Concentrated sodium alginate solution in distilled water
was preparcd well before required. The required quantity
of the enzyme (200 mg of papain in 50 mL of final sodium
alginatc solution) was dissolved in a small guantity of
watcr and mixed with concentrated sodium alginate solu-
tion. The final concentration of sodium alginatc was
adjusted in the range of 1% to 2% w/v and was used after
being degassed under a vacuum. The beads were preparcd
by dropping the sodium alginatc solution (10 mL) contain-
ing papain from the dropping device, such as a syringe
with a 26-gauge X 0.5-in flat-tip hypodermic needle, to a
magnctically stirred calcium chioride solution (40 mL)at a
rate of 5 mL/min and were allowed to harden for specific
time. Different levels (Table 1) of sodium alginate, cal-
cium chioride, and hardening timc were sclected. The
beads were collected by decanting the caleium chloride
solution, washed with deionized water, and dried to a con-
stant weight in vacuum desiccator {Tarsons Products Pyt
Ltd, Kolkata, Indin) at room temperature for 36 hours.

Factorial Design

In this study, a 3° full-factorial design was used to deter-
mine the effcct of the sodium alginate coneentration, the
calcium chloride concentration, and the hardening time.
Before the application of the design, a number of prelimi-
nary trials were conducted to determine the conditions at
which the process resulted to beads. The matrix of the
experiments and the results of the responses are listed in
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Table 1. Process Variables and Their Levels for 3* Full-Factorial
Design

Low Middie High
Factors Leyel Level Level
Sodium alginate (% wiv) 1.0 15 2.0
Calcium chloride (M) . 005 0.10 ¢.15
Hardening time (min) 20 25 30

Table 2. To determine the expertmental error, the experi-
ment at the center point was repeated 5 times at different
days. The mcan (=8D) percentage of cnfrapment, time
required for 50 (Tsp) and 90 (Too) percent of cnzyme
release, particle size, and angle of repose of these experi-

ments were 85.88 =+ 1.02%, 15.57 = 0.28 min, 8243 =
0.33 min, 261.1 = 0.9 um, and 20.61 = 0.29° respee-
tively, The above-mentioned values showed good reprodu-
cibility of the process.

NN Software and Network Topology

The Microsoft Windows-based NN softwarc NeuroSolu~
tions Version 4.24 (NeuroDimension, Inc) was used. The
MLP with single hidden-layer architecturc was chosen.
The experimental matrix of 32 input-to-desired output data
scts (Table 2) was introduced in to the model, with 3 input
neurons {process variables), 1 hidden layer, and 5 output
ncurons (responsc variables), Various adjustable parame-

Table 2. Matrix of the Experiments and Results for the Measured Responses

Factors/ Levels- Respaonses
Na Alginate Calcium Hardening %o Size Angle of
ES* (% wiv) chloride (M) Time (min) Entrapment Tso Tan {pm) Repose
1 Lo 0.05 20 91.80 6.50 23.80 211 22.62
10 1.0 0.05 25 89.00 8.30 25,70 2073 22.88
19 1.0 0.05 30 86.20 9.35 28,40 202.6 23.27
4 1.0 0.10 20 85.00 7.80 27.50 184.3 23.39
13 1.0 0.10 25 82.60 9.10 30.55 1811 23,95
22 1.0 0.10 30 80.71 10.70 3400 1783 24.15
7 1.0 0.15 20 68.80 8.60 34.60 176.0 24.07
16 1.0 0.15 25 67.79 10.30 39.00 1714 24.94
25 1.0 0.15 30 65.28 12.05 59.25 169.7 26.33
2 1.5 0.05 20 93.40 13.35 48,00 297.0 19.50
1 1.5 0.05 25 90.80 14.45 5740 291.6 19.76
20 1.5 0.05 T30 88.00 16.30 57.40 285.5 20,02
] 15 0.10 20 87.70 14.35 75.00 2669 2027
29 1.5 0.10 25 87.01 15.30 82,50 2615 . 2056
32 1.5 0.10 i 23 86.29 15.90 82,90 259.8 20.20
k3 1.5 0.10 25 85.06 15.20 82.40 260.3 20.98
28 1.5 0.10 25 84.35 15.80 81,90 261.9 2044
14 1.5 0.10 25 86.78 15,70 82.30 262.0 20.8%
30 1.5 0.10 25 : 85.80 15,50 82.60 261.3 20.58
23 1.5 0.10 30 83.50 16.80 87.65 2554 20.97
8 1.5 0.15 20 71.30 15.55 80.55 258.2 21.20
17 - 1.5 0.i5 25 75.30 16.90 83.50 252.7 21.84
26 1.5 0.15 30 72.00 1530 86.50 2460 22.20
3 2.0 0.05 20 94.40 1590 83.80 7153 16.14
12 20 0.05 25 91.39 17.05 91.50 708.0 16.49
21 2.0 T 005 30 88.50 - 18,60 95.60 7013 16.87
-6 20 0.10 20 88.40 17.76 90,80 682.7 17.00
15 20 0.10 25 86.00 18.60 94.20 677.1 17.26
24 20 0.10 36 84.00 20.20 96.15° 671.9 17.77
9 20 . Q15 20 79.50 19.40 95.60 6733 18.03
18 . 20 8.15 25 76.60 20.40 96.30 §68.2 18.56
27 20 0.15 .30 7370 22.80 97.20 662.7 18.89

*ES indicates experimental sequence,
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Table 3. Matrix of the Experiments and NN-Predicted Responses

Factors/ Levels Responses
Na Alginate Caicium Hardening % Size Angle of
Sr. No. (Yo wiV) Chloride (M) Time (min) Entrapment Tso Toy (em) Repose
1 1.0 0.05 20 91.81 745 22.09 151.0 22.45
2 1.0 0.05 25 89.93 8.3t 23.26 150.3 22.92
3 1.0 0.05 30 87.28 9.44 24.94 149.4 2343
4 1.0 0.10 20 84.23 800 . 2694 1510 23.37
5 1.0 0.10 25 31.61 9.28 31.09 150.0 23.89
6 1D 0.10 30 78.63 10.87 36.27 148.8 24.43
7 1.0 Q.15 20 69.87 8.46 34.30 150.5 24.31
8 1.0 0.15 25 68.70 10.14 43.54 149.2 24.84
9 1.0 0.15 30 67.78 12,24 541 1477 2533
10 1.5 0.05 20 93.04 12.29 51.25 300.2 18.10
11 1.5 0.05 25 91.31 13.77 57.76 292.1 19.50
12 1.5 0.05 T30 88.69 15.11 62.82 283.9 19.94
13 1.5 0.10 20 88.81 13.96 72.34 2755 20.18
14 1.5 0.10 25 86.17 15.89 80.51 269.5 20.65
15 1.5 0.10 30 82.90 17.49 85.84 262.6 2117
16 1.5 0.15 20 76.07 14.94 81.70 2570 2132
17 1.5 0.15 25 74,14 17.20 89.34 2509 21.86
i8 1.5 0.15 30 12,35 18.94 93.72 242.5 22.48
9 2.0 0.05 20 92.80 1631 84.32 699.8 16.67
20 20 0.05 25 91.04 17.59 88.50 698.5 16.82
24 2.0 0,08 30 88.54 18.64 91.26 696.6 16.99
22 2.0 0.10 20 39.04 17.89 92.74 684.8 17.18
23 2.0 . 0.1 25 86.16 19.16 95.39 682.1 17.40
24 20 0.10 30 82.77 20.13 97.03 678.6 17.67
25 2.0 0.15 20 79.81 19.23 96.34 661.9 17.93
26 2.0 0.15 25 76.91 20.38 98.09 657.4 18.25
27 2.0 0.15 30 74.28 21.20 99.10 651.5 18.63

noticed from the pores on the bead surface (Figure 2) cre~
ated by the water-soluble macromolecules both because it
affected the calcium alginate network formation during the
unit preparation and because it was leached from the mem-
brane into the medium.®® Loss of surface cnzyme was
found to be proportional to the degree of cross-linking, In-
creasc in viscosity with an increase in sodium alginate con-
centration retarded penetration of calcium to the interior of
the bead, resuited in deercased cross-linking (also de-
crcased surface roughness and porosity; Figure 2A-C), and
increased ontrapment officiency. Degree of cross-linking
increases with an increase in calcium concentration and
contact time;”” henee, entrapment efficicncy decreased.

Tsp ’

As shown in Figure 1A, C, and E, all 3 of the factors had
significant positive (ic, response increases with increasc in
factor levelj cffects on the response value. However,
immediate release of enzyme for quicker onsot of action

and, hence, shorter Tsg was the desirable criteria for the
optimum formulation; hence, low valuc of alf 3 of the vari-
ables resulted in the beads with Tsg as low as 6.5 minutes
(experiment 1, Table 2). Tsy was found to be proportional
to the particle size and degree of cross-linking. As the con-
centration and, hence, the viscosity of alginate solutions
increases, larger beads (discussed under “Particle Size”
below) with less surface porosity (Figure 2A-C) were
obtained, which took a long time for complcte dissolution
and resulted in higher Ty (16 to 23 minutes; Table 2).
Higher calcium concentration and hardening time caused
penctration of calcium to the interior of the bead, resulted
in increased cross-linking®” (also increased surface rough-
ness and porosity; Figure 2D~F), and delayed dissolution
(henee, higher Tso).

Top

As with Ty, all 3 of the factors had positive cffocts on this
response, which can be observed in Figure 1B, D, and F.

E214

Catgivm chloride concentration (M)

Galauen chlaride aanoentration (M)

Harsening time (min)
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Figure 1. Contour plots of percentage of entrapment, Tsp. Toq, particle size, and angle of repose as a function of sodium alginate
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Figure 3. (A} The effect of pH on the release profile of papain in different buffers simulating the human gastrointestinal tract;
(B} In vitro release profile of optimized batch in simulated intestinal fluid without enzyme.

8.0) buffers simulating the human gastrointestinal tract is
given in Figure 3A. Release profile of optimized batch
in simulated intestinal fluid without cnzyme is shown in
gure 3B. Generally, higher molecular weight and poorly
watcr-soluble drugs arc not released from caleium alginate
beads because of stability and nonswelling property in
the acidic cnvironment, whercas swell and disintegrate is
found in intestinal fluid.”** This was additionally con-
firmed by the very low amount of papain rclcasc in the
acidic media (pH 1.2, 4.0, and 5.4) because of higher
molecular weight. The swelling and disintegration of
calcium alginate beads are dependent on compositions of
dissolution medium, for cxample, sodium and phosphate,

and solubility of drug entrapped into alginate beads.? The
swelling and disintegration of alginate beads in intestinal
fluid (pH 6.8) werc attributable to the affinity of calcium to
phosphate and_ sodium/calcium cxchange. However, the
complete release profile was delayed up to 6 hours as the
pH increased (7.4 and 8.0) despite the presence of sodium
and phosphate. This study confirms the site-specific papain
dclivery to the intestine rather than the stomach,

FTIR

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

mixture of papain and blank calcium alginate beads,

physical mixturc of papain and blank beads arc shown in
Figurc 4. FTIR spcctrum of sodium alginate powder
showed various distinct pcaks of alginate: hydroxyl at
3,263.33 cm™", carbonyl at 1,600.81 cm™, and carboxyl
and carboxylate at about 1,000 to 1,400 em™! (Figurce 4).
Cross-linking of alginate by Ca®* was shown by a decrcase
in the wave number of the carbonyl peak from 1,600.81 to
1,579.32 em™ . The hydroxyl peak of calcium aiginatc had
a higher value of wave number than that of the sodium
alginatc (Figurc 4). This was probably because of a nega-
tive cffect on bond formation involving adjacent hydroxyl
groups as a result of conformational changes of alginate
after reacting with Ca2* .3 With incorporation of papain,
the spectrum of beads (Figure 4) was similar to that of the
calcium alginate blank beads (Figurc 4). However, the
physical mixturc of papain and calcium alginatc blank
beads showed the peaks attributable to both papain and

calcium aiginate. This confirms the papain entrapment into
the alginate beads at the molccular level.

DsC

The DSC thermograms of papain, sodium alginate, blank
calcium alginatc beads, and papain-loaded beads arc shown
in Figure 5. The degradation cxotherm of sodiun: alginate
at 252°C was absent in blank calcium alginate bead, and an
additional cndothermic peak at 221°C corresponding to
alginate-calcium intcraction was obscrved. Similar results
werc reported by Fernandez-Hervas ot al.*' The papain
cxhibits a sharp endothermic peak at 196°C, whercas the
meiting peak shape of papain-loaded alginatc beads was
similar to the blank beads and did not show any peak at
196°C. This confirms that most of the enzyme was uni-
formly dispersed at the molccular level in the beads.

E219



123

'6EV-TEV:L6:¥00C

"ase3]3y |0.U0D /*|ojopuld 40 ases|al Pajj0Iu0d IO} XUJeuw Mau e
:speaq aulye|ab-ajeulBle paxull-sso1D [V BpISWIY ‘dd eplsW|Y TT
'€9¥:96:700¢

"asea[ay |0)U0D /"speaq axeulfje yum 1o1oey YImolb [erjayiopua
Je|naseA J0 AJaAl|ap PaureISNS Y PIAJNON ‘8 UIPSWY 4 ND ‘0T
'192:2¥2:200¢ ‘Inddeulieyd riu|

*199UED JSB3Iq 40 JUBWIEa) ] Joj speaq areulBle pajejnsdeaus
11961n010N|4-G "WV [eaul]! "HIN uobies "S|| sey 'S sifeD ‘g BIUY 6
'VE-G2:5:866T

2@ Bnuq "eres uonnjossip pue Abojoydiow ‘Anoeded yuswdenua
Bnip uo areuffe wnipos Jo Aouspusdap UOIE.IUBOUOD 8L} JO UOHEN[EAT
*| "sos1poIaIW sjeulBje WNId[ed PIXUIISSOID OJY UORINPOW 35ea|al
Brni@ ‘N suequn|t "4y Jeuedooly ‘L 19pudn09 ‘ND Jobueq ‘A Aejiid ‘8
“€9GT-GGST:GE-/86T “Ing w.eyd

wayd 'sjeb patp Jo Buljomsas 9ANISuds-||d pue proe d1ulble jo uonejeb
PaoNPUI-WNIONeD "> epdXI "L 1Yseyyo ‘L ogniyo "L 1BeueAnsion 2
‘0FT-66:€66T :SSald YD vd “Jalseaue] “Ausaljaq Bniq 10} s|aBoapAH
a|qepesbapolg :u| s|a9 [edisAud ‘11 ied "MSM Ageleys ‘Od ed ‘9
‘0vS-LESYT:L66T

$9Y WNUd "s9|a1yaA AIsAI|ap [elo enuajod se sawosodi|

pazuswAjod anisuodsal-Ajeonoubeiy o 1o6ue ‘|| usyd s
"9EE-ETEIETTRAT “J0dRWIRYd UIID dX3 puly SPOUIBIN

‘sayoeoudde mau ‘Joel) [eunsajulonsed syy ut Bunabre ] WM PYOSHY v
'22€-6TEOLEH6T "INSAeOUS0INN [ S1ojjodosolw

0 SOIel PauIqLU0d JualayIp woiy Bnip J0 sonaury aseaay "AS Ul e
‘866T ‘A9JIM

DHOA MaN ‘suonedl|ddy J1ay) pue sawiAzu3 [eusnpul ‘11 Biun 2

ZT-T !/66T SSald BUBLUNH TN ‘BMOJOL S|[8D

pue saWAzuU3 O UOIeZI|IGOWL| “PA 4O JJBISIONDIE Ul "SUOIILIaPISUOD
Jeonge.d aWos :s||30 NUE SBWAZUS JO UOHEZI|IGOWW] “49 JJeIsIoxdlg T

S3ON3Y343d

“awiayas diysmo|ja4 yareasay
Jolung e Japun eiejues ‘9 unkeiy Buipuny Joy (eipup)
UOISSIWWOY Sluel ANSIBAIUN BYF Nueyy Sioyine ayl

SLINIWOAITMONNIV

‘WwJoy 9fesop [BUOIIUBAUOD 8y} Uey) Speaq ajeulble ul
paddesiua ureded 0 aj1]-J1ays ayy ut JuswaAoidwi d|qeIapIs
-u0d payensnyi Apnis Aljigess wisl-Buoj pue payels|sdde uy
‘ureded Jo AsaAljap [eunsajul o1j10ads-a)is oy pasn aq
Ued speaq sjeulble Teyl paresisuowsp joel) [eunssjulossed
uewny ay} o} Jejiwis abues Hd e J8A0 SaIpnls uonn|ossig
‘awn Buluspley pue UOIBAUIIUOD SPLIOJYD WINIJED
9S3JOUI U LJIM PASeaIdul M SeaIsyM ‘UoIjeIusauod ajeulbe
WINIPOS Ul 85e310Ul Ue LJIM paseadap Buijul|-ss010)0 saibep
3y eyl pajelisn||l suoNe|NWIO) Speaq 8y JO SisAfeue ainy
-xa] "Apms 0S@ pue di1d Buisn paw.izuod sem speaq ayeu
Ble ur ureded Jo Juswdenuz “(swn Buiuspiey seINuUIW 0Z
pue ‘spuojyd WNIdED /oW GO0 ‘aleulble  wnipos
%0°'T) Se|qelieA sseo0id ay) JO € [[e JO S|9A8] MO| Je 0SL
10 saInuIw 0T > pue Juswdesus 906< Ul paynsal sasuodsal
pajoIpaid-NN 8y Buisn sssooud sy jo uoneziwndo syl

SuoISN|oUO0Y

'suioy aBesop [eUOIIUBAUOD Yy Uey) paroidwl
alow Apueoyiubis sem ureded paddenus syl jo Au
-10e1s 8y} ‘aausH Ajannoadsal ‘sieak gy'o pue ‘siesk 10T
‘sreak 09'¢ 8g punoj atam pue (2 ainbi4) aji-yays sy
ae[nofed o1 parejodesnxa asem ureded g 8y pue

“uone|NofED
J10ys oy Ureded YIng pue ‘UOKRINWLIO} PajaeL ‘UoNe|nwIo) padojanap 40 elep ANIIGEIS petelajaade Jo uonejodenxd 2 ainbi
(sfep) awiL
00zt 0001 008 00v 00z 0

(=)
<
2
D

n g
o
2
=

w

‘(n10"udayoswieydsdee mmmy/:dny) 1€ 8]9IV (2) a 'SO0Z YdaL1aswieyd SdvY

0¢ce3

“(xf (HT = wonoq Yaj| Yy Je Jeq) uonedniubew 00T X Je pesq
areuibe paup 40 ydeiBosoiw uondse Buluueds syl ‘9 ainbi

‘uone|NWIo) palaxew ‘uoneinwioy pasedaid Joy eyep Ay
-10/e1S pajeta[adde ay L “(anfeA [eniur s wouy Aesse ur abueyd
05G>) UOLIBIID 9dUB}dadde 8yl $}08SIBJUI SAIND UeaW 8y}
10} JIWI| S0UBPIJUOD PAPIST 94GE BYl YdIYm Je awi ey}
oUIIWIP 0} SI Wil yim abueyd o) pajoadxa st Jeyy aung
-11e aAneliuenb e uo eyep ay) BuizAjeue Joy yoeoidde uy

“Aupiwiny aanelal %S
F §9/0.¢ F 0€ e (pouad awn sjqnop Joy Ajsrewixoidde)
SypuOW ZT< 40} pue Aupiwny aAne[aI %S F GL/J.C F OF
T syluow ZT< Joy 9|qels Ajfedtwsyd pue AjreaisAyd aiem
sa|nsded Jeyy paleslpul saipnis AN|igels ayy Woly synsal ‘e
-19AQ "WIR|D |3GE] 3Y} JO %O0TT 0} %06 UIYIM dJ9M Suonip
-uod Auigels sy 4o |fe Joy synsal Aousjod sjnsdeo ‘ssjijoid
uonN|oSSIP 8y} 0} UOIIPPE Ul “82UBIAIP abeIaNe 094G 01 92

10 86 03 9/ Wiy pabuel si0)0e) ALe|IWIS JO S)NSay "uon
-1pU0d [eINIUI 8Y) Je [0U0D BYl YIIM UOo1Ipuod abelols yoes
1e s31yoid uonnjossip ayy Jo uosiredwod e Aq paje|nojed
sem 10)oe} AjejiWIS 8yl ‘uoieinwloy padojanap ayy Jo4

Apms Anjigers

'ssao04d Buikip
ay) Bunp speaq Jo asdefjod ayr ur paynsal yoIym ‘wisiu
-eyosw uolje|db snosusfolsiay sy JO 8snedaq 8103 8s0o|
© pue Jake| 30eJINS aSUSP B UM aInaniis snosusholalay e
aney Ajfensn speaq ayeulBe wniojes yeyy Y\ 1o seig-yes
Aq pauodal sem 3 °UOIEAUSOUOD BJeulble JO 8seasoul
8y} yum panosdwi spesq palp Jo adeys [eouayds sy
pue ‘ssaoosd Bulkip ayy ur pakoisap A|Snolas sem speaq
ajeulble wniofes o adeys ayy Jeyl peledIpul SHNS8) 8say L
‘PaIPNIS 10U SeM M 0S ‘SUOINPUOI [ejuswiIadxa Juasaid ayy
Japun uorjesedaid pesq 4oy yBiy 00) Sem UOIN|OS A/M %S O
ANS02SIA Ing ‘(A/M) %G Se ybly Se Sem UOIBIIU3IUOD Yeu
Ble ayr uaym paurelas sem adeys [earayds ayr AjjewioN
‘(9 a1nbi) J9jusd pasde(jod e yum ysip [eauayds e o1 pe
-Bueyo speaq o adeys ayy ‘(A/m 9%g) UoIRIU3OU0D ajeulble
J0 Buiseasour ayy YA “yibuens [edlueyosuw vol Jo asned
-aq ajelawolbbe o1 papuay pue Jejnbaill AIoA aiam speaq
paup ayy ‘areulble (A/M) %T Ul "UOIJRIIUAJU0Y adreulble
Mol ynm paredaid speaq oy Ajjeroadsa ‘BuiAip Jsiye 10
Alrensn sem aJels Jam 8y ur speaq Jo adeys [eonsayds ayL

speag ay}} 0 ABojoydiop

'SUOINIPUOD [ednAfeuR SWes au)

Te apew speaq ayeulble papeo]-ureded pue ‘speaq ayeulBle WNId[ed Muelq ‘eyeulBle wnipos ‘ureded o sweBowssy) OsA ayL ‘g ainbi4

(0) aumyesadwa]

INM\*'U) UMOQ OPU3 V>0[J IHAH

‘(n1o°yaandswieydsdee mmmy/:dny) Te 8191V (2) 9 15002 YaaLIoswieyd Sdyy



AAPS PharmSciTech 2008; 6 (2) Article 31 ::5n\\ﬁﬁf<.suvm—.rmqim&an:.o.ﬁv.

12, Agatonovic-Kustrin 8, Zeeevie M, Zivanovie LI, Tucker 1G.
Application of artificial neural networks in HPLC method development.
J Pharm Biomed Anal. 1998;17:69-76,

13. Sathe PM, <a:.§._ ncsuw:wos of saca_ network and multiple
finear ion as predi Drug Dev Ind Pharm,
2003:29:349-355,

4. Takayama K, Fujukawa M, Obata Y, Morishita M, Neural nctwork
based opti ion of drug formulations. Adv Drug Del Rev,
2003:55:1217-1231,

15. Agatonovic-Kustrin 8, Beresford R. Basic concepts o—.__:_me_u_
neurzl network (ANM) modeling and its app in phar
research. S Pharm ?a::i;:«;. 2000;22:717-727.
16. Winkier DA, Burden FR, Bayesian ncural nets for modeling

in drug discovery, Drug Discovery Today: BIOSILICO.,
2004;2:104-111.

17. Tumer JV, Maddalena DJ, Cutler DI, Pharmacekinctic parameter
prediction from drug structure using artificial neural networks,

IntJ Pharm, 2004;270:209-219.

18, Veng-Pedersen P, Modi NB. Application of neural networks to
pharmacodynamics. / Pharm Sei. 1993;82:918-926.

19. Kachrimanis K, Karamyan V, Malamataris S. Artificizl neural
networks (ANNs) and medeling of powder flow. It J Phare.
2003:250:13-23. -

20. Havlis J, Madden JE, qum:n AL, Havel L. High-performance

Hieati

22. Lim CP, Quek 88, Peh KK. Prediction of drug relcase profiles using

an intelligent learning system: an experimental study in transdermal

tontophoresis. J Pharm Biomed Ancl, 2003:31:159-168.

23. Taskinen J, Yliruusi J. Prediction of physicochemical propertics

based on neural nctwork modelling. Adv Drug Deliv Rev.

2003;55:1163-1183.

24. Molnar L, Keseru GM, Papp A, Gulyas Z, Darvas F. A neural

network based prediction of octanol-water partition coefficients using

atomics frugmental descriptors, Binorg Med Chem Letf,

2004;14:851-853.

25. jouyban A, Majidi M-R, Jalilzadch 11, Asadpour-Zeynali K.

Modeling drug solubility in water-cosolvent mixtures using an artificial

neural network. Farmaco. 2004;59:305-512,

26. tannuceclli V, Coppi G, Bermabel MT, Qsaai R. Air
itiple-unit system for prol § gastric resid

Part u Formulation &E@ It J Pharm. Ecm 174:47-54,

27. Wang K, Tle Z, Alginate-konjae gi hi

controtled release matix. JorJ E:: o, 2002;244:117-126,

28. Kim C-K, Lee E-J. The controlled release of blum dextran from

alginate beads. /ot J Pharm. 1992;79:11-19.

29. Ostberg T, Lund EM, Graffner C. Calcitn alginate matrices for oral

Itipte unit IV Relcase ¢t istics in diffcrent
intJ Pharm. 1994;112:241.248,
30. Wong TW, Chan LW, Kho SB, Heng PWS. Design of

beads as

liquid chromategraphic determination of deoxycytiding hospt

Hed-ref sofid dosage forms of alginate and chitosan using

£t

and yeytidine phosphate for DNA 4 hylati
monitoring: experimental design and artificial noural networks
optimisation. J Chromarogr B Biomed Sci Appl.
2001:755:185-194,

2. Dow LK, Kalelkar 8. Dow ER. Sclf-organizing maps for the
analysis of NMR speetr. Drug Discovery Today: BIOSILICO,
2004:2:157-163,

. J Control Release. 2002;84:99-114,

31, Femandez.Hervas MJ, Holgado MA, Fini A, Fell IT. n vitro
cvaluation of alginate beads of a diclofenac sait, fur J Pharen.
1998:163:23-34.

32. Skjak-Brae G, Grasdalen KI), Draget K1, Smyidsred O.
_sroiamosnc:m poysaccharide ionic gels. Carlbohydr Polym.
:31-54,

E222




advaey osad <

nun as0joe1eb
PoNUII-b JO BANBALRQ

A

Ry

nun esoyeeb
PONUL-E JO OANBALISQ

A,

aeyd|nsip-9°'z-9s0108i86-q

foso .OH

aeyd|ns-z-asojoejeb-q
f0oso

veuvsebuae) €0 (1)

asoioeeb-g-oiphyue-g'c
HO

T
usueabeiie) eddey (1)

A21}-1[PS JIPUN UOLLIAT SAM0YS 0S{E INg “suot wnisseiod yim |23 ¢
S0} utuaadene, )-% salK[onaafa jo aduasaad ay £q pasuangyul
Afduons st uonead sawkjod Ayl jo a1nwu 0L ayl Jo asnedag
(1) @101 pUE ) epquuiey 1) ndd quIIRAR 2IE (| AWAYIS)
suruaadeie o sad 8y uiews aaay) anbiuyay asnemdaid ag pu
paneaxd a1e Ky yarys wiog) aede ayy uo Fuipuadag] sadeyul
MPISOSATE £ |- pur £ -0 Junrwiale Ay pautol ae suun 3y |
“ASOIIR[RF-G-V-0IPIYUE-Y*y PAYUL-$ | put asoeied-a-¢ payuy
-y 1 Jossawgjodos Sunewa e jo dn apew 2w A3 1 pasmeas pas
wody paenxa sapuvyaesajod iydoa senoaow Y3y dutmaso
{ U e SUERUIISTLIR)) (Y (0T 10 1pIuyds) asejhwe
JO uonEANITUL FUINPAL 10} 12[YE 10 (O duno(] pue
S 19061 AR PUE R ) ASER[A P00 10) satayds
PANULSSOID “(Ha6] W] pue ynzng) K19
sapnsdenoni dpdwexd 10f (en1 1Y) SAPNIS uouRjnULIn)

eatmnanrtuueyd ul £|3useanaug pasn uddg sey ueuaadeue,)

VVUSNNN (0 S VAL AR fob D

ayeyd|ns-p-2s03081e6-g

UOLABYAG DSEA[AD S11 PUL SPag
) UNEN[EAS JO] UOUBZLMOTIRYD [EIaydod1sAyd pue saipms
UONN[OSSTP OaIA W, Yum s|eap osie Jaded sy awAzua jo
UOIRZI[NN WUDIIYJD PUB 121124 UL SINSAT YIIYM SPEaq uzudadesmy
wdonouor ur wawdeaua £y
ASPPAWE-1 0 UORTINULOY aR|-J12Ys papuarxa ue dofarap o)
YImasar ayl Jo RGO ayl sea 11 2dUBY saANSHpUl [eAnnad
-eueyd dyy o) s EDIdWWOD eAad Jo am sadvurape
AAOGY (Lo6 [ HABURT puE uay y) sautdaes pue stiatosdsapridad
XAWAZUS O KIPAI[PP Jog [njasn Apenoiped are swaoy adesop nun
adugngy (5661 FHUNY0°8 SLEPZG0 ") ase[wr-b jo Knsioe
105 fd umuinde) (2a61 “HEISIANNE) Aj-JRaUS PIPUAIXA YIIm
aneandwa) woo e paols aq 1y pue amesadwa 1oy e
QYIS 2 SHUAZUA PAZIIGOWIU SIANAIIXA BONRINULIY SNOUTA
10 2OUNIAEALUL 01 UOIA SSA| 11 AYRUL pUE SIWAZUD JUDIE
Lupigers ayn aaoadun Aew spaRopAy alqepesdapoiq payu

-3 a|quprsdapoig payutssold &

OF [PUGUILITIE 7 1 1) IOYRDS 1) Y N

FI-0TILN

ISR PINTY

NSNS
ERNSL LI NT ST LN I

Lleadonouot ur asepswm-n ayy jo uswdenusy ead |ouey
10W 10U [0 I[-|[AYS ) Ay [0S pUE suonIpuod amesadwal
1) ST-R) (00D 10 () R=7) PIOD 18 Palols 9y 0) padu sawhzua
AAUSATIP JAYI0 pur aselAWER-0 TUIUIBILOD  SUONR|NULIO.4
(A6 7ad07]-5apam pue ouBRpIRy -UTUIZN )} jJoutyia
pur sdmads asopmg-ydiy jo vonanpold syl 10§ Ansnput Yo
ayl m plos i awnjos 13w ay) ing “Juissadordaid paay pur
[eaotwar alp -Fuuapune| uonaejanbif yorms st yans sassasord
[RLISIPUL [BI2AJS UL PAST B $ASESW -1 SATIPAYOYIED PIIL|as
12410 puE Yaams ul saguNuI] JIPISOIALS $1-1 jo SISA[oUpAY 2Y) [edun,] Adeiaygr oruaisds aop pasn are yorgs suidoxd 1oy
2RI SASTLSUWIN -2 (o] [0 1D SERYIPIL ) A18ANOE snieen Y] AUNSAUL QY1 UL PAYIOSYRAT 3 10U PAdU "SaWS7UD IeaL
10} [ENUASSD 250 Yaiw g7y dsy put [9znjoy [y cdsy spioe aany) -ued o uawadeidar 105 pasn awiSzud solew ¥ ase Ny -0
JOISISUOD N1 g] PUT Y SUTRIIOP UDIMIAG 2DRIAIUL YL I 1)a]d ¢
T AL 6601 IR UDSIDIND ) pur g Y

TISOTOUIRTELET $9T 16+

PRAIED SUITUIOP A35Y) JO ISISUOD SISPIAUN-1 M | SN (e
W OPUR R ANy Sjuteun) sngpXadvy o su
-IRA WO3) PAUIRIQO AT (T-06-0006 SV 11Ty L)) sas

1§ snot

Suse-n

U1 PAEMIS "MIs a8l

uondNpoau] |

£
SERUILNOLY |
NP URUATRAINI-® PP

1od
Atun-1 undard 01 POV 3G UEY POt povod

Mg ey

Bt vy

RITAVAIRIRTT
SRNTTRN WHHTE
2N AN 2,8y AY

A
D agL MeRNsoaur o) pALopdwa st uFop (e

a2,

Joj SpROY e WA aSe[AWE-0 U0 SRR SSO000 SNOLITY J0 DOUdN UL Y SIEITIEYD Yow 8 awiselanng
Peasqy
T G0T JGUIdAON | U sy
UL TUO06E DIDPOPIY Bt fo s
NP | H ) H ag) OPINY G SIIBAY MO SR ] 1y 194 10 )
vAueing g Aelip “viegues " AJ[Of *, IYSEN "D d21gsivy "eieyues ‘o ankey
xaput aysodwod Suisn uoneziundo pue
UOIIBZLIAIORIBYD [ROIWAYDI021SAYJ :speaq urudaseied-eddey
ui paddenua ase[Awe-eyde jo uawaaroidwi ANjIgeis
TEIO] LD I3,
AXY NN AN KRR S VAIALSTH

SJILNVWIVHI

O 1WNANOL tYNOIVNIINI +40mMIQ BONDIDS

WI0D'ID31IPIDUIIIS MMM 1€ SUI[UO JQR|IEAY




100
101
102

a3

105

05

107

108

316
W

1t}

119

25

M.G. Sunkatia etal, /1 i

conditions, However, gels prepared in the presence of metallic
ions were substantially stronger than those obtained under salt-
free conditions. (Hossain et al., 2001) The gelling and melting
temperatures of k-carrageenan are dependent almost solely on
the concentration of potassium ions,

When a polyelectrolyte {like carrageenan) is combined with
a uni/multivalent ion of the opposite charge, it may form a phys-
ical hydrogel known as an ‘ionotropic’ hydrogel. Jonotropic
hydrogel, which may degrade and eventually disintegrate and
dissolve, are held together by molecular entanglements, and/or

secondary forces including ionic, H-bonding or hydrophobic

forces. (Prestwich et al., 1998) All of these interactions are
reversible, and can be disrupted by changes in physical con-
ditions such as lonic strength, pH, temperature, application of
stress, or addition of specific solutes that compete with the poly-
meric ligand for the affinity site on the protein,

From these characteristics, x-carrageenan is used as an
entrapment matrix for cells and enzymes as well as for phar-
maceuticals and food adjuvants. In the past, conventional
crosslinked potassium-k-carrageenan beads have been inves-
tigated for the development of a multiple unit drug delivery
system, However, not even a single reference could be cited in
literature till date for entrapment of a-amylase in k-carrageenan
beads for improvisation of shelf-life, hence it was the ohjective
of the study. '

2. Materials and methods
2.4, Muaterials

Potassium  dihydrogen phosphate, sodium  hydroxide,
hydrochioric acid (Qualigens Fine Chemicals, Mumbai, India)
and soluble starch (Himedia Laboratories Pvt. Ltd,, Mumbai,
India) were used as received. Fungal a-amylase, k-carrageenan
(obtained from Irish moss, Chondrus crispus), potassium
chloride, iodine, and potassium lodide were purchased from
S.D. Fine-Chem Ltd.. Mumbai, India. All the other chemicals
and solvents were of analytical grade and were used without
further purification. Deionized double-distilled water was used
throughout the study, .

2.2, Characterizenion of currageenan

The carrageenan procured was derived from Irish moss (C.
crispus), which is known to contain kappa (gelling fraction) and
lambda (non-gelling fraction) carrageenan as major constituents.
Carrageenan sample was tested according to the identification
test B (gel constancy test) and D (FTIR study) of USP-27 NF-
22, and was found to be kappa-carrageenan with non-gelling
fraction (lambda-carrageenan) of less than 5%. Moreover, the
kappa-carrageenan was confirmed by observing the syneresis
phenomenen. which is not observed with iota-carrageenan gels,

2.3. Preparation of beads

Concentrated x-carrageenan solution in distilled water was
prepared by heating the powder dispersion at 70°C 1o get

Jowrnad of Ph
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Table |
Prucess variables und their levels for 3% full faciorial design
Factors Coded levels Actual levels
K-varrageenan concentration (%, wiv) -1 2.5% (wlv)
0 3.0% (wiv)
. 1 3.5% (wiv)
B potassium chioride conceniration (M) ~1 0.3M
0 0.5M
i 0.7M
2 hardening time {min) ~1 10 min
] 20min
! I min

homogenous solution and cooled to 40 °C. Required quantity
of enzyme (200 mg a-amylase in 50 ml of final k-carrageenan
solution) was dissolved in small quantity of water and mixed
with concentrated k-carrageenan solution, Final concentration
of k-carrageenan was adjusted in the range of 2.5-3.5% (w/v)
and was used after being degassed under vacuum. The beads
were prepared by dropping the k-carrageenan solution (10 ml)
containing a-amylase from the dropping device such as syringe
with 18-G x 1/2in. flat-tip hypodermic needle to a magneticalty
stirred potassium chloride solution (40 ml) at a rate of S mi/min
and were allowed to harden for specific time. Different levels
(Table 1) of k-carrageenan, potassium chloride and hardening
time were selected. The beads were collected by decanting potas-
sium chioride solution, washed with deionized water and dried
to a constant weight in vacuum desiceator (Tarsons Products
Pyt Ltd., Kotkata, India) at room temperature for 48 h.

2.4, Fuctorial design

Before the application of the design, number of prelim-
inary wials were conducted by changing one varable at
a time and keeping other variables fixed to determine the
conditions at which the process resulted to beads. In the
present study three-level full factorial design (FFD) was
employed to generate response surfaces. To determine the
experimental error, the experiment at the centre point was
repeated five times at different days. The mean % entrap-
ment, Ty, Top, and w»&ﬁm size at the center-replicated points
were 73.96 £ 0.46%, 33.64 £ 0.65min, 44.12% 1.2 min, and
1.92 = 0.008 mum, respectively and showed good reproducibility
of the process. The quadratic coefficients were estimated using
the least-squares multiple regression to the observed response.
The analysis of variance (ANOVA) was performed in order
to determine significance of the fitted equation. All analytical
freatments were supported by NCSS software. The process vari-
ables with their coded experimental values and the results of the
responses are reported in Table 2.

2.5, Composite index
On completion of the individual experiments, a weighted

composite index was used to designate a singls score utilizing
two responses, i.e,, % entrapment, and T9p. Many researchers
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Table 2
Factorial 3%; matrix of the experiments wsd rosults Tor the measured resy and the composite index
ES*  Factorsflevels Responses Transtormed Compusite indek (CD
Carrageenan KCI(M}  Hardening % Tso Ton Particle % Tmnobilization  Tao ’
(%o, wiv) tdme (min)  lmanobilization size & S0 (s
9 1 - -1 -1 65.34 2556 1832019 10.85 5000
13 i -1 [4] 62.40 2970 L80£047 15,28 4571
2 1 -1 | 60.29 3365 L76:£048 HRM 41.67
I. ) -1 62.11 3250 1.68:£020 14.82 4284
1, 0 Q 525 3860 1654019 .37 36.61
0 1 57.24 4410 161£020 7.24 3098
H -1 5127 4235 1.63k0.19 .29 nn
i 0 54.49 46.16 1602020 296 2%.94
i 1 5259 4970 1L56%0.17 0.00 2526
- -1 R 3530 2094020 40.80 3008
- 0 7597 4110 2064016 641 34.05
~i ! 7396 4605 2024047 28 28499
12 0 -1 76.65 4150 1.95:£0.20 3746 33.64
26 ] 0 7392 4415 1924049 3321 093
19 9 [ 7202 5090 1.884020 30.26 24.03
3 1 -1 .68 5083 1902022 2817 4,10
8 i 0 68.00 5520 187049 24.00 19.63
21 1 13 66.18 6295 1E3£048 2116 A
4 I -1 ~1 ¥4.70 4540 243&0.19 50.00 29.65
25 1 -1 ] 8202 4930 2412010 45.83 846
1 I - l} K013 5620 23842018 4288 .61
22 1 0 —I 82.30 5190 229047 46.26 23
14 3 ¢ Q FeALs 5605 2274049 42,33 1876
7 i 0 t 78.03 6200 224019 061 12.68
5 3 i -1 T80 6056 2.260.18 39.26 142}
16 t i [ 75.42 4830 6740 224048 3558 6,15
20 1 i 1 3% SL40 7440 2214048 330 060 w3

* 138, experimental sequence, -
8.1, standard devigtion (1= 50).

have utilized the technique of multiple responses for opti-

mization studies. Derminger and Suich illustrated how sev-
eral response variables can be transformed into one response
(Derringer and Suich, 1980). The applications of one-sided
wransformations are also demonstrated by different researchers
(Bodeam and Leucata, 1997; Gohel et al., 2003). The appli-
cation of generalized distance function to incorporate several
objectives into a single function has been reported (Shigeo et
al., 1994), As the relative contribution of each individual con-
straint to the “true”™ composite score was unknown, a decision
was made to assign an arbitrary value of one-half to each of the
two response variables (Taylor et al,, 2000). The empirical com-
posite index was devised to yield a score 100 for an optimum
resalt for each of the two respouses and each formulation result
was transformed to a value between 0 and 50. For % entrap-
ment, highest value (84.7) was assigned a score equal to 50, and
lowest value {52.59) was assigned zero score. For Tyg, lowest
value {25.5) was assigned to zero score and the highest value
(74.4) was assigned to 50. The batch having the highest com-
posite index would be considered as a batch fulfilling the desired
criteria. The raw data transforinations were as follows:
Y~ Y, min

Yinax ~ Yinine

x 50
[£)]

transformed value of % entrapment or Typ =

where V; is the experimental value of individual response vari-
able, Yipax and Yia are maximum and minimum values of
individual response variable, respectively.

composite index = transformed valse of % entrapment

+ transformed value of Tsp )

2.6, Curve fittiing

The ‘in vitro’ release patiern was evaluated to check thegood-
ness of fit to the zero-order release kinetics Eq. (3), first-order
release kinetics (Gibaldi and Feldman, 1967, Wagner, 1969) Eq.
{4), Higuchi’s square root of time equation (Higuchi, 1963) Eq.
(5), Korsmeyer--Peppas’ power law equation {Korsmeyer et al,,
1983; Peppas, 1985) Eq. (6), and Hixson~Crowell’s cube root
of time equation (Hixson and Crowell, 1931) Eq. (7). The good-
ness of fit was evaluated by r (correlation coefficient) values,
For better understanding residual analysis (Pather et al,, 1998)
of above motdels was performed on the optimized formulation

Q= Qo+ Kot (3)

where @ is the amount of drug dissolved in time ¢, Qg is the
initial amount of drug in the solution {most times, Oy =0), K i3
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2.7.7. Scanning electron microscopy (SEM)

The purpose of SEM study was to obtain a topographical
characterization of beads. The beads were mounted on brass
stubs using carbon paste, SEM photographs were taken with
scanning electron microscope (JSM-S610LYV, Jeol Ltd., Japan)
at the required magnification at room temperature. The working
distance of 3¢ mm was maintained and acceleration voltage used
was SkV, with the secondary electron image (SEI} as a detector.

2.8. Prepuration of capsule farmulation, packaging, and
stability study .

Accurately weighed carrageenan beads equivalent to 40mg
of a-amylase were filled into a hard gelatin capsule manually,
The joint of the capsule body and cap was carefully sealed
by pressing them to fit in the lock mechanism. The capsules
were packed in high density polyethylene (HDPE) bottles with
polypropylene (PP) caps (foamed polyethylene and pressure
sensitive liner). The capsules were subjected to stability test-
ing according to the International Conference on Harmonization

N
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Fig. 2. SEM micrographs and surface morphology of carrageenan beads: (A-C) Effect of

al Journal of Pl
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guidelines for zone [l and IV. The packed containers of prepared
capsules along with marketed formulation and bulk «-amylase
were kept for accelerated (40 2 °C/75 & 5% relative humidity)
and long term (30:£2°C/65£ 5% relative humidity) stability
in desiccators with saturated salt solutions for up to {2 months,
For accelerated and long term stability, desiccators containing
saturated sodium chloride and potassium iodide solutions were
kept into ovens at 40 and 30°C to maintain a coostant rela-
tive humidity of 74.68 = 0.13 and 67,98 £ 0,23, respectively. A
visual inspection (for discoloration of capsule content), disso-
lution testing.and a-amylase content estimation was carried out
every 15 days for the entire pericd of stability study.

3. Results and discussion
3.1, Effect of the factors on responses

311 % m«u?&:&&:
ANOQOVA results and regression coefficients of response vari-
ables are shown in Table 4. Al three process variables were

SEASR GG 1 u, 0
2

h ﬁmw ;
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¢hloridec (k- ion 3.0%, wiv)

(A)D.IM, (1) 0.5M, and (C) 0.7 M putassivm chioride concentration. (D-F) Eifeet of w-carrageenan concentration (potassium chiotide concentration 0.7 M3 ()

2.5% . wiv, (1)) 3.0%, wiv, and (F) 3,.5%, w/v x-carragecnan concentration,

[P 8712 {~14

87

348

350
351
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statistically significant (P<0.05). From the contour plots of
response surface for % entrapment (Fig. |A-C) and Table 2,
it can be concluded that concentration of k-carrageenan was the
most influencing factor (45.53%) and affecting positively (pos-
itive coefficient; Table 4; i.e. response increases with increase
in factor level). However, potassium chioride concentration and
hardening time were affecting negatively (negative'coefficient;
Table 4; L.e. response decreases with increase in factor level) in
significant amount, More than 84% entray (experiment 4)

I Journal of P

XX (2000) xxv-xax

amylase entrapment efficiency in our study did notexceed 85%,
although the same method was used. So with chitosan or alginate
more efficient entrapment was achieved (Bodmeier and Wang,
1993). ’

3.1.2. Tspand Ton

As shown in Fig. | and Table 4, all three factors had signifi-
cant positive effect on both response values. The concentration
of x-car < ion {factor A} had the most signif-

was obtained at the high level of the x-carrageenan concentra-
tion especially when it was followed by the low levels of the
other two factors.

On addition of k-carrageenan solution to a potassium chlo-
ride solution, instantaneous interfacial crosslinking takes place
followed by a more gradual gelation of the interior and causes
loss of enzyme from the beads, which was found to be pro-
portional to the degree of crosslinking. Increase in viscos-
ity with increase in k-carrageenan concentration may retard
penetration of potassium to the interior of the bead, resulted
in decreased crosslinking (also d ed surface rough
and porosity; Fig. 2D and E) and hence increased entrap-
ment efficiency. Degree of crosslinking increased with increase
in potassium concentration and contact time, and so entrap-
ment efficiency decreased. The entrapment efficiency of the
a-amylase containing beads prepared with calcium alginate
(sodium alginate and calcium chloride} and chitosan-alginate
was 91% and 90%, respectively, using k-carrageenan the o-

'3

icant effect. For maximum activity of enzyme in the intestine
longer Tso and Ty were the desired criteria for the optimum
formulation, Thus, extreme level of all three variables resulted
the beads with Tsp and Top as high as 51.4 and 74.4 min,
respectively (experiment 20, Table 2). Tsp and Typ were found
to be proportional to particle size and degree of crosslinking.
As the concentration and hence the viscosity of k-carrageenan
incereases, larger beads (discussed under ‘particle size’) were
obtained which took long time for complete dissolution and
resulted in higher 75 and Tgo. The increase of the in vitro release
rates of a-amylase from carrageenan beads prepared with low
[ ations of potassium chloride solutions may be due to
the less crosslinked structure of the beads which may resultina
more porous matrix (Fig. 2A-C) and higher drug release (Garcia
and Ghaly, 1996; Sipahigil and Dortunc, 2001). Higher harden-
ing time caused penetration of potassium to the interior of the

" bead, resulted in increased crosslinking, and hence higher Tsy

and Typ.

Tablc § ‘ .
Camparistin of hetween predicied and experimental values for (he cross-validation set
Responses Test Factorsflevels ixperimental values Predicted values Bius %
' A ] o
O Entrapment t ~1 {56 -6 63.26 62,50 1.2
2 0.6 Y] 04 £5.34 63.70 2.5
3 -04 06 @ 66,23 ER08 ~2.8
4 0 ~0.4 0.6 RENG] 7179 26
5 04 4 -44 76.44 78.28 ~2.4
T 1 =1 - (.6 ~0.6 19.8% 2044 - -2
2 ~0.6 [ 04 30.28 3110 -2
3, ~0.4 - 06 0 3476 3368 kR
4 -0 ~0.4 06 - 3382 .66 . -2.8
5 04 04 -04 3844 3196 1.2
Ton 1 -t -6 06 29.4% 22 09
2 ~0.5 ¢ 04 41,5t 42.39 -2
3 -04 0.6 0 46.409 1.6
B 4 oo ~04 06 46.66 ~24
: 5 04 04 -4 S0.37 -1}
fariicle size g = -6 -0 i 21
’ 2 —08 8- 04 . 116 ~-18
3 -4 4.6 4 174 13
4 0 8.4 k13 L9% -2.2
s ., 04 04 ~04 206 ~16
Composite index 1 R | . =06 06 19.24 7.0
- . 2 =06 [ 04 34.58 4.5
3 ~04 | 0.6 0 45.19 4.9
4 0 04 06 ) 3.5
Bl 04 64 ~04 . ~3.4
P 8712 1-14
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{Fig. 4). Throughout the release profile, A was <0 and B was
>0, and expressed the predominance of erosion relative to
diffusion. This probably may be due to the lower gel strength
of carrageenan gels. During dissolution study carrageenan gel
swell but is unable to maintain the gel matrix due to low gel
strength and start o erode. However, the rate of hydration
initially was found to be the rate Himiting step of erosion rate and
explain the biphasic nature of release profile {plateau initially
followed by steep rise in erosion rate). The erosion term B
increases with time because erosion of the hydrated layer is
easier.

3.8, Characterizativn of optimad formulation

3.6.1. Fourier transform infra-red spectroscopy (FTIR)

FTIR spectra of k-carrageenan powder, carrag blank
beads, a-amylase loaded carrageenan beads, physical mixture
of a-amylase and blank beads, and a-amylase are shown in
Fig. 5. FTIR spectrum of k-carrageenan powder showed various
distinet peaks: very broad band spreading 3150-3600cm™!
(strong; s) due to polyhydroxy (~OH), group; 2968cm™!
(s}, 2920em™" (s), and 2850em™! (medium; m) due to C~H
stretch; 1425 ¢m™! (s) and 1375em™! (s) due to C—H defor-
mation; 1225 em™* (5) due to S=Q stretch of sulfate ester salt;
1070 em™! due to C~O stresch of cyclic ethers; 925 e ! () due

to C—0 stretch of polyhydroxy groups attached to carbons; etc.
Crosslinking of carrageenan by K* was shown by a decrease in
the intensity of $=0 stretch (1225 em™") of sulfate ester group
which was same as C~O stretch (1070em™!) of cyclic ethers
in intensity for the x-carrageenan powder. This was probably
because of some negatively charged sulfate ester reacted with
positively charged K* and resulted in physicochemical changes
of carrageenan. o-Amylase also showed varjous distinet peaks;
one predominant band at 3190-3380cm™' (s} due to N—H
stretch of secondary N-substituted amides; 2980 em™' (weak:
w) due to C—H stretch, medium bands at 1500-1650 cm™! dueto
C-C, while 898cm™! (s) and 875 em™! (s) due to p-substituted
aromatic out of plane C—~H deformation of aromatic residue of
tryptophan or tyrosine; 2931 em™! (s) and 2898 cm™! (5) due to
C—H stretch, while 1425 cm™! (5), 1382cm™! (m), 1361 cm™"
(m), and 1340 cm™! (m) due to C~H deformation of alkyl chain
of amirio acids; 1670 cm™! due to C=0 stretch of carboxylate
anion and amide group; strong peaks between 1050 and
1200 cm™", weak bands at 550-600 cm™!, and 400-450 cm™!
due to C~8 stretch of suifides and disulfides, With incorporation
of a-amylase, the spectrum of beads was similar to that of
the x-carragesnan blank beads. However, the physical mixture
of a-amylase and blank beads showed the peaks due to both
o-amylase and w-carrageenan, This confirms the amylase
into the x-car beads at molecular level,
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3.6.2. Differential scanning calorimetry (DSC}

The DSC thermograms of potassium chloride, a-amylase,
k-carrageenan, blank beads, and «-amylase-loaded beads are
shown in Fig. 6. Potassium chioride showed two non-significant
exothermic peaks at 323 and 374 ' C. a- Amylase exhibited three
endothermic peaks at 148.5, 215.5, and 226.8 °C and one minor
exothermic peak at 358 °C. Broad endothermic peak at 85Cin
the thermogram of k-carrageenan was observed due to the pres-
ence of water molecules. Two minor peaks at 259 and 266 “Cin
the degradation exotherm of k-carrageenan were absent in blank
beads and a-amylase loaded beads, while major exothermic peak
at 344 C was found to be shifted towards higher temperature
(355°C) in blank beads. This showed that, k-carrageenan-KCl
beads are more stable than x-carrageenan, However, additional
two peaks {one endothermic at 207 and one exothermic at
226.5 °C) were observed in the thermogram of blank beads due
10 the potassium-«-carrageenan interaction. DSC thermogram of
enzyme loaded beads was similar to that of biank beads except all
corresponding peaks were shified to lower temperature, might
be due to the presence of a-amylase. However, it did not showed
any peak analogous to a-amylase. This confirms that most of the

enzyme was uniformly dispersed at the molecular level in the
beads.

3.6.3. Morphology of the beads

The spherical shape of beads in wet state was usvally Jost
after drying especially for beads prepared with low carrageenan
concentration. In 2.5% (w/v) carrageenan, the dried beads were
very irregular and tend to agglomerate due to fow mechani-
cal strength. With the increase of k-carrageenan concentration
(3.5%, wlv}, the shape of beads retained considerably. How-
ever, the shape of beads changed fo disc with a collapsed center
(Fig. 7) during drying process due to aggregation of the heli-
cal fibers into bundles and the squeezing out of some water
from the gel (fborra et al.. 1997). Normally the spherical shape
was ined when the carrag concentration was as high
as 5.0% (w/v), but viscosity of 50% (w/v) solution was too
high for bead preparation under present experimental condi-
tons so it was not studied. Crosslinked hydrogels reach an
equilibrium swelling level in aqueous solutions, which depends
mainly on the crosslink density. In some cases, depending on
the solvent composition, temperature and solids concentration
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