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ABSTRACT

The objective of the present study was to develop once-daily
sustained-release matrix tablets of nicorandil, a novel potas-
sium channel opener used in cardiovascular diseases. The
tablets were prepared by the wet granulation method. Etha-
nolic solutions of ethylcellulose (EC), Eudragit RL-100,
Eudragit RS-100, and polyvinylpyrrolidone were used as
granulating agents along with hydrophilic matrix materials
like hydroxypropyl methylcellulose (HPMC), sodium car-
boxymethylcellulose, and sodium alginate. The granules
were evaluated for angle of repose, bulk density, compressi-
bility index, total porosity, and drug content. The tablets
were subjected to thickness, diameter, weight variation test,
drug content, hardness, friability, and in vitro release stud-
ies. The granules showed satisfactory flow properties, com-
pressibility, and drug content. All the tablet formulations
showed acceptable pharmacotechnical properties and com-
plied with in-house specifications for tested parameters. Ac-
cording to the theoretical release profile calculation, a once-
daily sustained-release formulation should release 5.92 mg
of nicorandil in 1 hour, like conventional tablets, and 3.21
mg per hour up to 24 hours. The results of dissolution stud-
ies indicated that formulation F-I (drug-to-HPMC, 1:4;
ethanol as granulating agent) could extend the drug release
up to 24 hours. In the further formulation development
process, F-IX (drug-to-HPMC, 1:4; EC 4% wt/vol as granu-
lating agent), the most successful formulation of the study,
exhibited satisfactory drug release in the initial hours, and
the total release pattern was very close to the theoretical re-
lease profile. All the formulations (except F-IX) exhibited
diffusion-dominated drug release. The mechanism of drug
release from F-I1X was diffusion coupled with erosion.
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INTRODUCTION

Hypertension and angina pectoris, the most common car-
diovascular diseases, require constant monitoring. Potas-
sium channel openers are presently considered an important
class of drugs for hypertension and angina pectoris. The first
therapeutic drug shown to possess an ability to hyperpolar-
ize smooth muscle cell membranes is nicorandil, a potent
coronary vasodilator. Although nicorandil is one of the
emerging molecules in the case of hypertension and angina,
successful treatment means maintenance of blood pressure
at a normal physiological level, for which a constant and
uniform supply of drug is desired.>” Nicorandil has a short
half-life, and the usual oral dosage regimen is 5 to 40 mg
taken 2 to 4 times a day. To reduce the frequency of admini-
stration and to improve patient compliance, a once-daily
sustained-release formulation of nicorandil is desirable. The
drug is freely soluble in water, and hence judicious selection
of release-retarding excipients is necessary to achieve a con-
stant in vivo input rate of the drug. The most commonly
used method of modulating the drug release is to include it
in a matrix system. Because of their flexibility, hydrophilic
polymer matrix systems are widely used in oral controlled
drug delivery to obtain a desirable drug release profile, cost-
effectiveness, and broad regulatory acceptance. Hence, in
the present work, an attempt has been made to develop
once-daily sustained-release matrix tablets of nicorandil us-
ing putative hydrophilic matrix materials such as hy-
droxypropyl methylcellulose (HPMC), sodium carboxy-
methylcellulose (CMC), and sodium alginate. The drug re-
lease for extended duration, particularly for highly water-
soluble drugs, using a hydrophilic matrix system is restricted
because of rapid diffusion of the dissolved drug through the
hydrophilic gel network. For such drugs with high water
solubility, hydrophobic polymers are suitable, along with a
hydrophilic matrix for developing sustained-release dosage
forms. Hydrophobic polymers provide several advantages,
ranging from good stability at varying pH values and mois-
ture levels to well-established safe applications. Therefore,
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Table 1. Tablet Formulations*

SI No Ingredients (per tablet) F-1 F-II F-III F-IV F-v F-V1 F-vil F-viII F-IX
1 Nicorandil (mg) 80 80 80 80 80 80 80 80 80
2 Hydroxypropyl methylcellulose (mg) 320 — — 320 320 320 320 320 320
3 Carboxymethylcellulose (mg) — 320 — — — — — — —
4 Sodium alginate (mg) — — 320 — — — — — —
5 Ethanol (95%) gs gs gs — — — — — —
. . o o - - qas o o - o -
6 Polyvinylpyrrolidone (10% wt/vol) (20 mg)
: 0 _ . . _ qs _ _ _
7 Eudragit RL 100 (10% wt/vol) (20 mg)
: 0 _ _ . _ _ gs _ _
8 Eudragit RS 100 (4% wt/vol) (8 mg)
0 _ _ _ _ . _ gs _
9 Ethylcellulose (2% wt/vol) (4 mg)
. 0 o o - - - o - gs
10 Eudragit RS 100 (8% wt/vol) (16 mg)
) . . . . _ . _ . gs
11 Ethylcellulose (4% wt/vol) (8 mg)
12 Magnesium stearate (% wt/wt) 2 2 2 2 2 2 2 2 2
13 Talc (% wt/wt) 2 2 2 2 2 2 2 2 2
*qs indicates quantity sufficient.
in this study, the hydrophilic polymer was used as matrix Methods
material, and the solutions of polymers like ethylcellulose Preparation of Tablets

(EC), Eudragit RL-100 (ERL), and Eudragit RS-100 (ERS),
and a hydrophilic polymer, polyvinylpyrrolidone (PVP),
were used as granulating agents. The objectives of the study
were (1) to investigate the performance of several hydro-
philic matrix systems prepared by HPMC, CMC, and so-
dium alginate in controlling the release of this freely soluble
drug, and (2) to investigate the effect of granulating agents
such as ethanolic solutions of EC, ERL, ERS, and PVP on
the release rate of nicorandil.

MATERIALS AND METHODS

Materials

HPMC (K4M), CMC (high viscosity), and sodium alginate
(high viscosity) were purchased from BDH Chemicals
(Mumbai, India). Ethylcellulose (14 cps) was purchased
from SD Fine Chemicals Ltd (Mumbai India). PVP (K30)
was procured from Loba Chemie (Mumbai, India). ERL and
ERS were procured from Rohm Pharma (Weiterstadt, Ger-
many). Nicorandil was a gift from Wokhardt Pharmaceuti-
cals (Mumbai, India). All the other chemicals used were of
high analytical grade.

Different tablet formulations were prepared by wet granula-
tion technique (Formulations I-IX, Table 1). All the pow-
ders were passed through ASTM (American Society of
Testing and Materials) 80 mesh. Required quantities of drug
and polymer were mixed thoroughly, and a sufficient vol-
ume of granulating agent (ethanolic solution of EC, ERL,
ERS, PVP) was added slowly. After enough cohesiveness
was obtained, the mass was sieved through 22/44 mesh. The
granules were dried at 40°C for 12 hours and thereafter kept
in a desiccator for 12 hours at room temperature. Once dry,
the granules retained on 44 mesh were mixed with 15% of
fines (granules that passed through 44 mesh). Talc and
magnesium stearate were finally added as glidant and lubri-
cant. The practical weight of tablets was calculated based on
the drug content of the granulations, and the tablets were
compressed (11.8 mm diameter, biconvex punches) using a
single-punch tablet compression machine (Cadmach, Ah-
medabad, India). Each tablet contained 80 mg of nicorandil
and other pharmaceutical ingredients as listed in Table 1.
Prior to the compression, the granules were evaluated for
several tests.
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Evaluation of Granules
Angle of Repose

The angle of repose of granules was determined by the fun-
nel method. The accurately weighed granules were taken in
a funnel. The height of the funnel was adjusted in such a
way that the tip of the funnel just touched the apex of the
heap of the granules. The granules were allowed to flow
through the funnel freely onto the surface. The diameter of
the powder cone was measured and angle of repose was
calculated using the following equation’:

tan 0 = h/r (1)

where £ and r are the height and radius of the powder cone.

Bulk Density

Both loose bulk density (LBD) and tapped bulk density
(TBD) were determined. A quantity of 2 g of powder from
each formula, previously lightly shaken to break any ag-
glomerates formed, was introduced into a 10-mL measuring
cylinder. After the initial volume was observed, the cylinder
was allowed to fall under its own weight onto a hard surface
from the height of 2.5 cm at 2-second intervals. The tapping
was continued until no further change in volume was noted.
LBéD and TBD were calculated using the following formu-
las’:

LBD = weight of the powder/volume of the packing  (2)

TBD = weight of the powder/tapped volume of the 3)
packing

Compressibility Index
The compressibility index of the granules was determined
by Carr’s compressibility index:

Carr’s index (%) = [(TBD — LBD) x 100)/TBD (@)

Total Porosity

Total porosity was determined by measuring the volume
occupied by a selected weight of a powder (Vyu) and the
true volume of granules (the space occupied by the powder
exglusive of spaces greater than the intermolecular space,
V)™

Porosity (%) = Viuk — V/V pui x 100 5

Drug Content

An accurately weighed amount of powdered nicorandil
granules (100 mg) was extracted with water and the solution
was filtered through 0.45-p membrane (Nunc, New Delhi,
India ). The absorbance was measured at 262 nm after suit-
able dilution.

Evaluation of Tablets
Thickness

The thickness of the tablets was determined using a thick-
ness gauge (Mitutoyo, New Delhi, India). Five tablets from
each batch were used, and average values were calculated.

Weight Variation Test

To study weight variation, 20 tablets of each formulation
were weighed using an electronic balance (Denver APX-
100, Arvada, Colorado), and the test was performed accord-
ing to the official method.’

Drug Content

Five tablets were weighed individually, and the drug was
extracted in water. The drug content was determined as de-
scribed above.

Hardness and Friability

For each formulation, the hardness and friability of 6 tablets
were determined using the Monsanto hardness tester (Cad-
mach, Ahmedabad, India) and the Roche friabilator (Camp-
bell Electronics, Mumbai, India), respectively.

Determination of Viscosity

Viscosity of the aqueous polymeric solution (2% wt/vol)
was determined using the Brookefield viscometer (Brooke-
field Engineering Laboratories, Stoughton, MA).

In Vitro Release Studies

The in vitro dissolution studies were carried out using USP
apparatus type II (Tab-Machines, Mumbai, India) at 75 rpm.
The dissolution medium consisted of 0.1N hydrochloric acid
for the first 2 hours and the phosphate buffer pH 7.4 from 3
to 24 hours (900 mL), maintained at 37°C £ 0.5°C. The drug
release at different time intervals was measured by diode
array UV-visible spectrophotometer (Hewlett-Packard,
Agilent Technologies, New Delhi, India) at 262 nm using
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Table 2. Properties of the Granulations*

Loose Bulk

Tapped Bulk

Tablets Angle of Re- Density Density Compressibility Total })’orosity Drug Sontent
pose (g/mL) (g/mL) Index (%) (%) (%)
F-1 24.50 £ 0.02 0.506 £ 0 .02 0.582 +0.04 13.08 £0.02 27.43 £0.03 98.55 +£0.03
F-11 21.20 £0.02 0.493 £ 0.03 0.555 +£0.03 11.25£0.03 26.97 £ 0.02 95.53 £0.04
F-1II 22.10+£0.01 0.512+£0.04 0.581 £ 0.02 11.82 £ 0.03 26.92 £0.03 96.51 £0.03
F-IV 29.85+0.02 0.289 £ 0.03 0.335+£0.04 13.75£0.02 37.03 £0.03 97.54 £0.02
F-V 24.11 £0.03 0.283 £0.03 0.325 £ 0.06 12.95 £ 0.03 37.61 £0.04 96.79 £ 0.04
F-VI 23.95+0.01 0.304 £ 0.02 0.349 £ 0.02 12.92 + 0.04 34.27+£0.02 98.55+£0.02
F-vII 22.68 £ 0.03 0.289 £ 0.04 0.335+£0.03 13.45+£0.04 37.03 £0.04 97.62 £ 0.04
F-VIlII 23.42 £0.02 0.306 £ 0.04 0.352 £0.02 13.08 £ 0.03 31.25+0.03 95.60 £ 0.03
F-1X 24.52 £ 0.04 0.304 £ 0.03 0.349 £ 0.04 12.92 £0.02 31.96 £ 0.02 97.96 £ 0.02

*All values are expressed as mean = SE, n=5.

Chemstation software (Agilent Technologies, New Delhi,
India). It was made clear that none of the ingredients used in
the matrix formulations interfered with the assay. The re-
lease studies were conducted in triplicate (6 tablets in each
set), and the mean values were plotted versus time with SDs
of less than 3, indicating the reproducibility of the results.

Calculation of Theoretical Release Profile of Nicorandil
from Sustained-Release Formulations

The total dose of nicorandil for a once-daily sustained-
release formulation was calculated by the following equa-
tion'® using available pharmacokinetic data'"'*:

D, =Dose (1 +0.693 x t/t,,,) (6)

where, D, = total dose of drug; Dose = dose of the immedi-
ate release part (5.92 mg); t = time (hours) during which the
sustained release is desired (24 hours); t;, = half-life of the
drug (1.33 hours).

D= 5.92 (1+ (0.693 x 24)/1.33) = 80.0 mg (7)

Hence, the formulation should release 5.92 mg in 1 hour like
conventional tablets, and 3.21 mg per hour up to 24 hours
thereafter.

RESULTS

The granules of different formulations were evaluated for
angle of repose, LBD, TBD, compressibility index, total
porosity, and drug content (Table 2). The results of angle of
repose and compressibility index (%) ranged from 21.20 +
0.02 to 29.85 + 0.02, and 11.25 £ 0.03 to 13.75 + 0.02, re-
spectively. The results of LBD and TBD ranged from 0.283
+ 0.03 to 0.512 £ 0.04 and 0.325 + 0.06 to 0.582 + 0.04,
respectively. The bulk density of granules prepared by using

only ethanol as the granulating agent was found to be much
higher than that of other granules. The results of percentage
porosity of the granules ranged from 26.92 =+ 0.03 to 37.61 +
0.04. The drug content in a weighed amount of granules of
all formulations ranged from 95.53 & 0.04 to 98.55 £ 0.03%.

The thickness of the tablets ranged from 3.34 £ 0.03 to 3.45
+ 0.04 mm. The average percentage deviation of 20 tablets
of each formula was less than +5%. Drug content was found
to be uniform among different batches of the tablets and
ranged from 95.60 = 0.02 to 99.55 + 0.15. The hardness and
percentage friability of the tablets of all batches ranged from
4.0 £0.14 to 4.9 + 0.23 kg/em® and 0.65 =+ 0.06 to 0.88 =+
0.05%, respectively (Table 3).

The results of dissolution studies of formulations F-I, F-II,
and F-III, composed of HPMC, CMC, and sodium alginate,
respectively (drug-to-polymer ratio, 1:4), and prepared using
ethanol alone as granulating agent, are shown in Figure 1.
Tablets F-I, F-II, and F-III released 32.55%, 48.75%, and
62.55% of nicorandil at the end of 2 hours; and 84.53%,
100%, and 100% of drug at the end of 12 hours, 8 hours,
and 6 hours, respectively. The formulation F-I was further
modified by incorporating different granulating agents, such
as PVP (10% wt/vol, F-IV), ERL (10% wt/vol, F-V), ERS
(4% wt/vol, F-VI), and EC (2% wt/vol, F-VII). The results
of dissolution studies of these tablets (Figure 2) indicate that
F-1V, F-V, F-VI, and F-VII released 30.46%, 26.13%,
23.63%, and 20.15% of nicorandil at the end of 2 hours and
99.50%, 99.36%, 98.92%, and 97.61% at the end of 24
hours, respectively. Incorporation of EC (4% wt/vol, granu-
lating agent) along with HPMC (drug-to-HPMC, 1:4) better
retarded the release rate of nicorandil compared to other
granulating agents. The in vitro release results of F-VIII
(ERS, 8% wt/vol) and F-IX (EC, 4% wt/vol) are shown in
Figure 3. The tablets F-VIII and F-IX released 22.54% and
15.35% of the drug at the end of 2 hours, respectively. From
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Table 3. Properties of the Compressed Tablets

Tablets Thickness” Deviation in Weight  Drug Content’ Hardness* Friability*
(mm) Variation Test (%) (%) (kg/cmz) (%)
F-1 342+0.03 3.895+0.03 95.60 £ 0.02 4.5+0.20 0.75+0.02
F-1 3.45+0.04 2.876 £ 0.04 97.96 £ 0.03 4.0+£0.14 0.88 £ 0.05
F-II 3.39+0.02 2.987 £0.03 98.37 £ 0.02 4.0+£0.23 0.85+0.06
F-1V 3.36+0.03 2.167 £0.01 96.92 £ 0.02 4.5+0.25 0.76 £ 0.03
F-V 3.45+0.02 2.567 £0.03 98.55+0.13 4.6+0.16 0.72 £0.05
F-VI 3.38+0.03 3.125+£0.02 96.51 £0.03 4.6+0.16 0.73 £ 0.04
F-vII 3.45+0.01 2.987 £ 0.04 97.50 £ 0.04 4.8+0.24 0.68£0.12
F-VIII 3.38+0.02 2.541 £0.02 96.79 £ 0.02 4.5+0.19 0.75£0.06
F-1X 3.34+0.03 2.689 + 0.03 99.55 £ 0.15 4.9+0.23 0.65 £ 0.06

* All values are expressed as mean + SE, n= 5.
T All values are expressed as mean = SE, n = 20.
* All values are expressed as mean + SE, n = 6.

3 to 24 hours, the tablets slowly released the drug, and at the
end of 24 hours, the drug release was 95.58% and 94.68%
from F-VIII and F-IX, respectively. Among all the formula-
tions, formulation F-IX showed the least deviation from the
theoretical release pattern.
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Figure 1. The in vitro release profiles of nicorandil from F-I
(HPMC, 320 mg), F-1I (CMC, 320 mg), and F-III (sodium
alginate, 320 mg) formulations. Each point represents mean
+SE;n=3.

DISCUSSION

Nicorandil is a potent potassium channel opener and coro-
nary vasodilator presently considered an important drug for
the treatment of hypertension and angina pectoris. In the
case of cardiovascular diseases, successful treatment can be

achieved only by maintaining blood pressure at a normal
physiological level, and for this a constant and uniform sup-
ply of drug is desired. Multiple dose administration at inter-
vals of 6 to 8 hours is difficult for a hypertensive patient or a
patient with angina, which can lead to patient noncompli-
ance. Nicorandil with all evident advantages proved to be a
suitable candidate for development of a controlled-release
dosage form. In the present study, HPMC, CMC, and so-
dium alginate, which are commonly used in hydrophilic
matrix drug delivery systems, have been employed to for-
mulate sustained-release tablets of nicorandil.
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Figure 2. The in vitro release profiles of nicorandil from F-
IV (HPMC, 320 mg; PVP, 20 mg), F-V (HPMC, 320 mg;
ERL 20 mg), F-VI (HPMC, 320 mg; ERS, 8 mg), and F-VII
(HPMC, 320 mg; EC, 4 mg) formulations. Each point repre-
sents mean + SE; n = 3.
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Figure 3. The in vitro release profiles of nicorandil from F-
VII (HPMC, 320 mg; ERS, 16 mg) and F-IX (HPMC, 320
mg; EC, 8 mg) formulations. Each point represents mean +
SE; n=3.

The granules for tablet preparation were prepared according
to the formula given in Table 1. Granulation is the key
process in the production of many dosage forms involving
the controlled release of a drug from coated or matrix-type
particles. A granule is an aggregation of component particles
that is held together by the presence of bonds of finite
strength. Physical properties of granules such as specific
surface area, shape, hardness, surface characteristics, and
size can significantly affect the rate of dissolution of drugs
contained in a heterogeneous formulation.” The granules of
different formulations were evaluated for angle of repose,
LBD, TBD, compressibility index, total porosity, and drug
content (Table 2). The results of angle of repose (<30) indi-
cate good flow properties of the granules.”® This was further
supported by lower compressibility index values (Table 2).
Generally, compressibility index values up to 15% result in
good to excellent flow properties.” Bulk densities of gran-
ules prepared by using ethanol alone as a granulating agent
(F-I, F-1I, and F-III) were found to be quite higher than
those of other granules. This may be due to the presence of
more fines in the granules, as ethanol alone could not pro-
vide sufficient binding to the granules. Granule density, po-
rosity, and hardness are often interrelated properties. In ad-
dition, granule density may influence compressibility, tablet
porosity, dissolution, and other properties. The percentage
porosity values of the granules ranged from 26.92% to
37.61%, indicating that the packing of the granules may
range from close to loose packing and also further confirm-
ing that the particles are not of greatly different sizes. Gen-

erally, a percentage porosity value below 26% shows that
the particles in the powders are of greatly different sizes and
a value greater than 48% shows that particles in the powder
are in the form of aggregates or flocculates.® The drug con-
tent in the weighed amount of granules of all formulations
was found to be uniform. All these results indicate that the
granules possessed satisfactory flow properties, compressi-
bility, and drug content.

The tablets of different formulations were subjected to vari-
ous evaluation tests, such as thickness, diameter, uniformity
of weight, drug content, hardness, friability, and in vitro dis-
solution. All the formulations showed uniform thickness. In
a weight variation test, the pharmacopoeial limit for the per-
centage deviation for tablets of more than 250 mg is +£5%.
The average percentage deviation of all tablet formulations
was found to be within the above limit, and hence all formu-
lations passed the test for uniformity of weight as per offi-
cial requirements.” Good uniformity in drug content was
found among different batches of the tablets, and the per-
centage of drug content was more than 95%. The formula-
tion F-IX showed a comparatively high hardness value of
4.9 kg/cm®. This could be due to the presence of more EC,
which is generally responsible for more hardness of the tab-
let. The low hardness value observed with formulation F-II
may be due to the presence of sodium CMC, which gener-
ally decreases the hardness of tablets.'* Tablet hardness is
not an absolute indicator of strength.”’ Another measure of a
tablet’s strength is friability. Conventional compressed tab-
lets that lose less than 1% of their weight are generally con-
sidered acceptable. In the present study, the percentage fri-
ability for all the formulations was below 1%, indicating
that the friability is within the prescribed limits."” All the
tablet formulations showed acceptable pharmacotechnical
properties and complied with the in-house specifications for
weight variation, drug content, hardness, and friability.

The in vitro drug release characteristics were studied in
simulated gastric and intestinal fluids for a period of 24
hours using USP XXIII dissolution apparatus 2. The theo-
retical release profile calculation is important to evaluate the
formulation with respect to release rates and to ascertain
whether it releases the drug in a predetermined manner.”
According to the theoretical release pattern, a once-daily
nicorandil sustained-release formulation should release 5.92
mg in 1 hour and 3.21 mg per hour up to 24 hours.

The results of dissolution studies indicated that F-1, F-II, and
F-1III released 32.55%, 48.75%, and 62.55% of nicorandil at
the end of 2 hours; and 84.53%, 100%, and 100% of drug at
the end of 12 hours, 8 hours, and 6 hours, respectively
(Figure 1). Among these formulations, the release rate was
increased in the following polymer order: sodium alginate >
CMC > HPMC. These polymers have been well known to
retard the drug release by swelling in aqueous media.'® So-
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dium alginate and CMC released the drug at a faster rate
than did HPMC at the same drug-to-polymer ratio. A poly-
mer’s ability to retard the drug release rate is related to its
viscosity. Sodium alginate, CMC, and HPMC exhibited vis-
cosity values of 250 + 50, 2500 + 25, and 3000 £ 50 cps
(2% wt/vol), respectively. These results are in accordance
with the earlier reported viscosity values for these poly-
mers.'* The high dissolution rate observed with sodium
alginate could be due to its low swellability, indicated by
lower viscosity values compared to other two polymers.
Although CMC and HPMC had similar viscosity values, the
release rate was higher with CMC, which could be due to
the disintegrating property of CMC along with swellabil-
ity.""® However, processing factors including wetting on
granulation, particle size, and hardness also affect the re-
lease rate of drug from tablets.

Initially, tablets were prepared with a drug-to-polymer ratio
of 1:1 and ethanol as a granulating agent. But these tablets
released 100% of nicorandil within 4 hours. In an attempt to
prolong the release of drug, the concentration of polymer
was increased. The tablets prepared with drug-to-polymer
ratios of 1:2 and 1:3 and ethanol as granulating agent also
released 100% of drug within 2 to 12 hours (results not
shown). Finally, tablets with drug-to-polymer ratio of 1:4
were prepared (F-1, F-II, and F-III). Among the polymers
tested, HPMC could retard the release only up to 24 hours,
and hence it was selected for further formulation develop-
ment. HPMC is mixed alkyl hydroxyalkyl cellulose ether
containing methoxyl and hydroxypropyl groups. The hydra-
tion rate of HPMC depends on the nature of these substitu-
ents. Specifically, the hydration rate of HPMC increases
with an increase in the hydroxypropyl content. The solubil-
ity of HPMC is pH independent.” In the present study,
HPMC K4M was used because it forms a strong viscous gel
on contact with aqueous media, which may be useful in con-
trolled delivery of highly water-soluble drugs.

F-I to F-III showed burst release of nicorandil in the initial
hours, which is probably due to faster dissolution of the
highly water-soluble drug from the core and its diffusion out
of the matrix forming the pores for the entry of solvent
molecules. A suitable sustained-release formulation should
release the required amount of drug in the initial hour, fol-
lowed by slow release. Hence, initial burst release and high
deviations in the release profile from the theoretical release
pattern demonstrated the need for further development to
find a suitable formulation to mimic the theoretical pattern.
The formulation F-1, which exhibited the slowest dissolution
profile of the initial series, was modified using different
granulating agents, such as PVP (10% wt/vol, F-1V), ERL
(10% wt/vol, F-V), ERS (4% wt/vol, F-VI), and EC (2%
wt/vol, F-VII), to control the drug release in the initial hours,
besides making the formulation release a high cumulative

amount of drug at the end of 24 hours. The formulations F-
IV, F-V, F-VI, and F-VII released 30.46%, 26.13%,
23.63%, and 20.15% of the drug at the end of 2 hours and
99.50%, 99.36%, 98.92%, and 97.61% of the drug at the
end of 24 hours, respectively (Figure 2). Among these, the
release rate was increased in the following order: PVP
(10%) > ERL (10%) > ERS (4%) > EC (2%, indicating that
as the hydrophilicity of the polymer was reduced, the release
rate was also reduced. These formulations also showed a
high release in the initial hours. However, among these for-
mulations, F-VI and F-VII were selected for further devel-
opment because they showed comparatively less deviation
from the theoretical release profile.

In the further formulation development process, F-VI and F-
VII were modified by increasing the concentrations of ERS
and EC to 8% wt/vol (F-VIII) and 4% wt/vol (F-IX), respec-
tively. The tablets F-VIII and F-IX released 22.54% and
15.35% of the drug at the end of 2 hours, respectively
(Figure 3). Furthermore, from 3 to 24 hours, the tablets
slowly released the drug, and at the end of 24 hours the drug
release was 95.58% and 94.68% from F-VIII and F-IX, re-
spectively. Both these formulations can be considered suc-
cessful since they showed little deviation from the theoreti-
cal release pattern throughout the dissolution study period.
Incorporation of a high concentration of ERS and EC con-
trolled the drug release in a better manner, which could be
attributed to the decreased penetration of the solvent mole-
cules in the presence of hydrophobic polymer, leading to
decreased diffusion of the drug from the matrix. At the end
of 2 hours, F-IX (granulated with EC 4% wt/vol) released
15.35% of the drug, which is very much closer to the theo-
retical release value and much less than that of F-VIII
(22.54%). From a commercial point of view, EC is more
economical than ERS. Hence, F-IX is the most successful
and cost-effective formulation among the matrix tablets de-
veloped in the present study.

To know the mechanism of drug release from these
formulations, the data were treated according to first-order
(log cumulative percentage of drug remaining vs time),
Higuchi’s® (cumulative percentage of drug released vs
square root of time), and Korsmeyer et al’s® (log
cumulative percentage of drug released vs log time)
equations along with zero order (cumulative amount of drug
released vs time) pattern. As clearly indicated in Figure 1,
the formulations did not follow a zero-order release pattern.
The release rate kinetic data for all the other equations can
be seen in Table 4. When the data were plotted according to
the first-order equation, the formulations showed a fair
linearity, with regression values between 0.9358 and 0.9957.
Release of the drug from a matrix tablet containing hy-
drophilic polymers generally involves factors of diffusion.
Diffusion is related to transport of drug from the dosage
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Table 4. Kinetic Values Obtained From Different Plots of Formulations, F-I to F-IX

First-Order Plots*

Higuchi’s Plots’

Korsmeyer et al’s Plots*

Tablets Regression goefﬁcient Regression 2Coefﬁcient Slope (n) Regression goefﬁcient
(R%) (R%) (R%)

F-1 0.9811 0.9964 0.5045 0.9928
F-II 0.9732 0.9967 0.5886 0.9856
F-III 0.9827 0.9934 0.4447 0.9948
F-IV 0.9883 0.9944 0.5399 0.9868
F-V 0.9942 0.9821 0.5312 0.9688
F-VI 0.9957 0.9872 0.5842 0.9872
F-VII 0.9897 0.9731 0.6291 0.9908
F-VIII 0.9467 0.9922 0.5890 0.9981
F-IX 0.9358 0.9707 0.7180 0.9985
*First-order equation, Log C = log C, — K{/2.303.
"Higuchi’s equation, Q = Kt">.
*Koresmeyer et al’s equation, My/M, = Kt".

matrix into the in vitro study fluid depending on the concen- CONCLUSION

tration. As gradient varies, the drug is released, and the dis-
tance for diffusion increases. This could explain why the
drug diffuses at a comparatively slower rate as the distance
for diffusion increases, which is referred as square-root ki-
netics or Higuchi’s kinetics.”' In our experiments, the in vi-
tro release profiles of drug from all the formulations could
be best expressed by Higuchi’s equation, as the plots
showed high linearity (R*: 0.9707 to 0.9967). To confirm
the diffusion mechanism, the data were fit into Korsmeyer et
al’s equation. The formulations F-I to F-VIII showed good
linearity (R*: 0.9856 to 0.9981), with slope (1) values rang-
ing from 0.4447 to 0.6291, indicating that diffusion is the
dominant mechanism of drug release with these formula-
tions. When plotted according to Korsmeyer et al’s equa-
tion, formulation F-IX also showed high linearity (R*:
0.9985), with a comparatively high slope (n) value of
0.7180. This n value, however, appears to indicate a cou-
pling of diffusion and erosion mechanisms—so-called
anomalous diffusion. The relative complexity of this formu-
lation and its components may indicate that the drug release
is controlled by more than one process. Similar results were
observed by Fassihi and Ritschel with matrix tablets of theo-
phylline containing EC; they considered the # value of about
0.7 to be indicative of an anomalous release mechanism.*
Hence, diffusion coupled with erosion may be the
mechanism for the drug release from F-IX.

The hydrophilic matrix of HPMC alone could not control
the nicorandil release effectively for 24 hours. It is evident
from the results that a matrix tablet prepared with HPMC
and a granulating agent of a hydrophobic polymer (EC, 4%
wt/vol) is a better system for once-daily sustained release of
a highly water-soluble drug like nicorandil. Formulations F-
I to F-VIII exhibited diffusion-dominated drug release,
whereas the mechanism of drug release from F-IX was dif-
fusion coupled with erosion.
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