


5. RESULTS & DISCUSSION

5.1. Characterization of Physical Mixtures & Matrix 
Tablets

5.1.1. DRUG-EXCIPIENT INTERACTION STUDIES

The choice of the polymeric excipient isjaf obvious importance to get the desired 
release profile. To this aim, a compatible drug-excipient combination is 
necessary. DSC thermograms indicated the qualitative composition of the drug 
formulations and verified the identity of each of the components by their thermal 
properties. In addition, the DSC is also carried out to understand the solid-state 
interaction in tablets (Fassihi and Parker, 1986). Hence, the possibility of drug- 
excipient interaction was investigated by differential scanning calorimetry (DSC). 
The DSC thermograms of pure drug, individual excipients, drug-excipient 
physical mixture (proportion same as the tablet composition) were recorded. To 
evaluate the internal structure modifications after compression of physical 
mixtures into tablet, tablet powder was also included in the study. The 
thermogram of glipizide and nateglinide showed an endothermic peak 
corresponding to the melting of the drug at 213.96°C and 139.11°C, respectively 
indicated the crystalline anhydrous state of both the drugs. There was no peak 
(other than degradation exotherm at 330X) observed for the non-crystalline 
HPMC, while for the semi-crystalline microcrystalline cellulose, a minor broad 
peak at 90°C and a small endothermic peak at 326.7°C was seen. Carbopol 
931P showed a small moisture peak at 68.32X and main broad endothermic 
peak at 271.5X, which was typical of amorphous hydrated substances. Similar 
findings have been reported by other researchers also (Gomez-Carracedo et al., 
2004). EC 7 FP Premium display a large exothermic peaks at 190X and 383X 
which resulted from the oxidative degradation of the polymer. Guyot and 
Sabcgez-Lafyebte have observed similar results in their studies (Guyot and 
Fawaz, 1998; Sanchez-Lafuente et al., 2002). Eudragit L 100 had a broad 
endothermic peak at 220.7X corresponding to the glass transition of the 
polymer. Xanthan gum, a polysaccharide resulted in minor thermal transition at 
286.2X. The probable reason may be due to thermal scission of the carboxylate 
groups and evolution of C02 from the corresponding carbohydrate backbone 
(Zohuriaan and Shokrolahi, 2004). Starch 1500 gave two endothermic peaks, one 
at about 70-80X due to gelation in the presence of moisture and the other at 
265X (Ferraria et al., 1997; Kapusniak arid Siemion, 2007) corresponded to the
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Temperature (°C)

Figure .1. DSC thermograms of drug, individual excipient, physical mixture, and tablet 
powder for M-3 (HPMC K4M:MCC PH301 at 25:75) formulation.

thermal decomposition. Sodium alginate showed degradation exotherm at 
251.2°C whereas carrageenan resulted in exothermic peak at 261.3°C and
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degradation peak at 344°C. The thermogram of the cationic chitosan polymer 
exhibited an endothermic peak at about 94°C that has been attributed to the 

evaporation of absorbed water. The exothermic baseline deviation started after 
250°C indicated the onset of chitosan degradation (Khalid et al., 2002). Two 

endothermic peaks at 97°C and 102°C were observed for magnesium stearate.
In /act, glipizide or nateglinide crystallinity peaks were evident in the physical 
mixtures of all combination batches without any shift in the endotherms indicated 
the compatibility of both the drugs with all the pplymers used in the study. The 
DSC curves for excipients, physical mixture, and tablet powder for M-3 

formulation has been shown in Figure 5.1. Physical mixture showed simple 
superposition of their separated component DSC curves. According to the DSC 
findings of the matrix tablet powders, no major thermal event corresponding to 

chemical interaction was observed. Similar observations were obtained with all 
other optimized matrix tablets of glipizide and nateglinide, hence were not shown. 
The negligible shift of the individual components in the tablet powder may be as a 
consequence of mechanical treatment of the sample during compression, owing 
to the more intimate contact between the components, as well as the finer 
dispersion of the drug into the amorphous matrix of the polymer without suffering 
any chemical interaction or degradation process. Hence, it indicated the absence 
of any drug-excipient interaction or complex occurred during the manufacturing of 
all matrix studied. All these confirmed the suitability of all excipients with both the 
drugs to prepare controlled-release inert matrices.

5.1.2, CHARACTERIZATION OF PHYSICAL MIXTURE

Before tabletting, the powder mixture was checked for its ability to flow and 
compress so that the tablets of desired characteristic can be obtained. The 
compressibility index is a measure of the propensity of a powder to consolidate. 
According to the literature data (Wells and Aulton, 1988; Wells, 1997), powders 

with a compressibility index (Ic) between 5 to 18% are suitable for producing

tablets, and those with a Hausner ratio (RH) below 1.25, and angle of repose (0)

between 20° to 42° are of good flowability (lower angle of repose indicate better 
flow). All studied powder blends, except few cases, were Tree flowing and suitable 

for compression as demonstrated by the values of Ic between 5.82 to 17.11, RH 

in the range of 0.87-1.25, and angle of repose within 26.8° to 39.2°. These are 
important characteristics for a potential direct compression mixtures (Steendam 

and Lerk, 1998). For few systems, both Ic and RH were beyond the range, thus

not suitable for compression into tablets, and discussed in relevant subsequence 
sections.
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5.1.3. CHARACTERIZATION OF MATRIX TABLETS

The results indicated that all the tablets prepared in this study meet the USP 29 
requirements for weight variation tolerance (USP 29 - NF 24, 2006). Drug content 
of all tablet formulations were found in the range of 98.0 to 102.0%. The 
thicknesses, diameters, and hardness variation of the individual tablet batches 
were within ±3 SD. Tablets of the same batch showed consistent dissolution 
behavior with small standard deviations in the subsequent dissolution studies.

5.2. Analytical Method development

5.2.1. ESTIMATION OF GLIPIZIDE (SPECTROSCOPIC METHOD)

For the spectroscopic method, a standard curve was plotted in phosphate buffer 
pH 6.8 at 276 nm and regression equation was calculated as y=0.0166x+0.0093, 
in which x is the concentration (pg ml'1), and y is the absorbance. The method 
was found linear within the analytical range of 1-50 pg ml"1 with regression co
efficient r2 of 0.9997.

5.2.2. ESTIMATION OF NATEGLINIDE (SPECTROSCOPIC METHOD)

Spectroscopic estimation of nateglinide was carried out in phosphate buffer pH 
6.8 at 210 nm and regression equation was found to be y=0.0326x-0.0087, where 
x is the concentration (pg ml'1), and y is the absorbance. The method was linear 
over an analytical range of 1-50 pg ml"1 with regression co-efficient i2 of 0.9991.

5.2.3. ESTIMATION OF GLIPIZIDE (HPLC METHOD)

A sensitive, fast and novel chromatographic method for the determination of 
glipizide in rabbit plasma was optimized and validated.

5.2.3.1. Optimization of Chromatographic Conditions

5.2.3.1.1. Effect of Mobile Phase pH

The pH was varied (2, 3, and 4) to achieve the satisfactory separation and 
quantitation, at fixed mobile phase composition (ACN:PBS; 70:30 v/v) and flow 
rate of 1 ml/min. Figure 5.2 shows the observed chromatographic responses as a
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GEp&tte 25 In PBS pH 3
Gtelazkie 25 i^ml In PBS pH 3

CUJrOv.
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Figure .2. Effect of mobile phase pH (2, 3, 4) on (A) resolution, retention time, theoretical 
plates, and asymmetry; and on (B) chromatograms at mobile phase composition of 70:30 
(ACN:PBS; v/v) and flow rate of 1.0 ml/min. Insert graph shows UV spectra of glipizide 
and gliclazide.

function of pH. It is obvious from the figure that as pH of the mobile phase 
increases; retention time increases and thereby results in similar pattern for 
resolution between glipizide and IS also. Similarly, as pH increases, the peak 
tailing increases thus increase in the asymmetry values of the peaks were
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observed. However, the number of theoretical plates reached its maximum level 
at . pH 3 (as compared-to pH of 2 and 4). Other important chromatographic 

parameters such as peak width, capacity factor, separation factor and. HETP at 
different pH are enumerated in Table 5.1. Based on the importance of the 
different performance parameters of the method, pH 3 was found to be optimum 
and further optimization was carried out at this pH.
The dissociation constant (pKa) of glipizide is ~5.9. According to this value, 
degree of ionization increases with increase in pH. The retention time for glipizide 
could have decreased with using octadecylsilane (ODS, C-|8) column because of 
the less interaction between drug and Ci8 under ionized condition with increase in 
pH. However, the mobile phase contained 70% ACN which does not have much 
affinity for the ionized hydrophilic drug species and elutes them later. This could 
be the probable reason for the delay of retention time for glipizide with increase in 
pH. The same can be the reason for increasing the asymmetry value with 
increase in pH value also. The IS (gliclazide, pKa ~5.98) has the same reason for 
delay in retention time. Thus delay in retention time of both glipizide and IS, 
results in better resolution (due to increased distance between the adjacent 
peaks). The plate number is expected to be increased with increase in retention 
time because it is directly proportional to the same. However, plate number is 
also inversely proportional function of peak width (may be due to 

asymmetry/tailing). Thus the maximum plate number at pH 3 is indicative of 
optimum balance between retention time and asymmetry value.

5.2.3.1.2. Effect of Mobile Phase Composition

To study the effect of mobile phase composition on the chromatographic 
responses, the ACN:PBS ratio was varied from 60:40, 70:30, to 80:20 v/v at the 
pH of 3 and flow rate of 1 ml/min. As shown in Figure 5.3, the retention time was 
minimum at 70:30 v/v mobile phase composition, a one of the favorable criterion 
for the rapid and cost effective method. Even with the least retention time, the 
highest theoretical plates (>10000) and enough resolution (>7) and good peak 
shape was achieved. Values of other chromatographic parameters at different 
mobile phase composition are depicted in Table 5.1 for comparative study. 
Generally, increasing the organic solvent concentration in the mobile phase 
induces a decrease in the distance between the solute molecule and the terminal 
carbon atoms (Ci8) in the ODS ligand, and it results in lower retention time (Ban 
and Kiyokatsu, 2001). Similar findings were observed in the present study up to 
70:30 v/v composition, but further increase in ACN content resulted in increased 
retention time. This may be explained by following. The elution power of mobile 
phase decreased at 60:40 v/v because relative amount of ACN decreased and
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0 2 4 6 8 10 , 12

Time (min)

Figure .3. Effect of mobile phase composition (ACN:PBS, 60:40, 70:30, 80:20) on (A) 
resolution, retention time, theoretical plates, and asymmetry: and on (B) chromatograms 
at pH 3 and flow rate of 1,0 ml/min.

glipizide was eluted at higher retention time. In contrast to this at 80:20 v/v 
composition, the relative concentration of PBS decreased significantly and there 
was no sufficient buffer capacity to keep the fraction of drug in ionized form. Thus 
there was tremendous increase of unionized species which will strongly interact 
with stationary phase and result in delayed retention time with broad peak.
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However, at 70:30 v/v composition, proper balance was attained between these 
two situations and resulted in least retention time. The continuous decrease in 
asymmetry value with decrease in PBS content of mobile phase composition can 
be explained by progressively decrease in ionized species (which is directly 
proportional to PBS content). The presence of only unionized species gives 
symmetric peak compare to a combination of ionized and unionized species. The 
peak width at 60:40 and 80:20 were more due to asymmetry and strong 
interaction of unionized species with stationary phase (as explained above), 
respectively. Thus, the plate number at 70:30 composition of ACNkPBS was 
maximum.

5.2.3.1.3. Effect of Mobile Phase flow rate

From Figure 5.4(A and B), it can be observed that theoretical plates were highest 
at flow rate of 1 ml/min. The asymmetry and retention time decreased as the flow 
rate increased. The values of capacity factor, and separation factor (Table 5.1) 
also indicate optimum flow rate of 1 ml/min.
At flow rate of 1.2 ml/min, due to higher mobile phase flux, the solute is eluted 
faster without proper partition and resulted in asymmetric broad peak. Whereas 
the flow rate of 0.8 ml/min gives solute sufficient time to partition with stationary 
phase and result in most symmetric peak but with delayed retention time. Thus, 
at flow rate of 1.0 ml/min, there was an optimum balance between retention time 
and peak width and resulted in maximum plate number.

5.2.Z.2. Proposed Chromatographic Method

Looking at the different chromatographic parameters during the method 
development, the finally recommended mobile phase consisted of ACN:PBS of 
70:30 v/v adjusted to pH 3. The best resolution and sensitivity of the method was 
obtained at 225 nm and at flow rate of 1 ml/min. Typical chromatogram at the 
optimized condition gave sharp and symmetric peak with retention time of 3.5 
and 4.7 min for glipizide and IS, respectively. Thus, within very short time the 
system became ready for the next sample injection without the need for 
additional wash time.
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5.2.3.3. Validation of the Proposed Method

5.2.3.3.1. Calibration Curve (Linearity)

Nine calibration standards prepared by spiking the blank plasma with glipizide 
and IS were chromatographed at the optimized condition. When the peak area
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Figure .4. Effect of mobile phase flow rate (0.8, 1.0, 1.2 ml/min) on (A) resolution, 
retention time, theoretical plates, and asymmetry; and on (B) chromatograms at mobile 
phase composition of 70:30 (ACN:PBS) and pH 3.
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ratios of glipizide to IS were plotted against the respective glipizide 
concentrations, an excellent linearity was achieved with correlation coefficients of 
0.9944 over an analytical range of 10 to 2500 ng/ml. The linear regression 
equation was calculated by the least squares method using Microsoft Excel® 

program and summarized in Table 5.2.
The variance of response variable S$.x, was calculated to be 49.73, indicates low

variability between the estimated and calculated values. This further. confirms 
negligible scattering of the experimental data points around the line of regression 
and good sensitivity of the proposed method. The variance of slope (S^2) and

intercept (S2) were obtained as 8.25 and 10.37, respectively. The calculated t-

value for slope and intercept were reported in Table 5.2 and were less than 
tabulated f-values. This shows that the intercept is not significantly different from 
zero, indicating no interference in the estimations. .Further the slope and intercept 
were within the confidence interval.

Table .2. Spectral and statistical data for determination of glipizide by proposed HPLC 
method.

; Parameters Value , *, ' l
Absorption maxima, ^max (nm) 225
Linearity range (ng ml"1) 10-2500
Coefficient of determination (r2) 0.9944
Correlation coefficient (r) 0.9972
Regression equation (Y9) Y=59.8925 x + 3.4306

Slope (b) 59.8925
tcalb 0.7519
Confidence interval0 53.1141 to 66.6709

Intercept (a) 3.4306
tea? 1.0654
Confidence interval0 -4.1687 to 11.0299

Limit of Detection, LoD (ng ml"1) 2.6409
Limit of Quantitation, LoQ (ng ml'1) 8.8030

3 Y=a+bx, where x is the concentration (jig/mi).
b tmb = 2.36 for 95% two sided confidence interval for 7 degrees of freedom. 

c Confidence interval was calculated at 95% two sided t value for 7 degrees of freedom.

5.2.3.3.2. Accuracy and Precision

Accuracy data in the present study ranged from 99.12 to 100.03% (Table 5.3) 
indicates that there was no interference from endogenous plasma'components. 
Inter-day as well as intra-day replicates of glipizide, gave an SD below 10.74 
(should be less than 15 according to CDER guidance for Bio-analytical Method 
Validation (US FDA CDER Guidance for the Industry, 2001)), revealed that the
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proposed method is highly precise. Accuracy of the method was evaluated by 

using f-test at four different concentration levels within an analytical range. The 

ftab value for significance at 5% level at 5 degrees of freedom is 2,57(for intra-day) 
and that for 2 degrees of freedom is 4.30. The fcai values obtained at each 

concentration level is shown in Table 5.3 and are well below ftab values. Thus no 

significant difference was observed between the amounts of drug added and 

recovered. Overall, the data summarized in Table 5.3, enables the conclusion 

that an excellent accuracy and high precision was obtained.

Table .3. Summary of inter-day (n=3) and intra-day (n=6) precision and accuracy of the 
method in rabbit plasma

Nominal
concentration Cc 

(ng/ml) foi

Mean 
mcentratior 
jnda(ng/ml

FSD.<
decision , 
RSD, %)

Mean
Accuracy

(%)

b f c
, lca1

Confidence 
interval (Cl)

Inter-day (n=3) (tlab = 4.30 for n-\ = 2)

10 10.00 0.20 1.99 100.03 0.03 10+0.29
500 496.74 5.86 1.18 99.35 0.96 500±8.70
1000 993.96 8.04 0.81 99.40 1.29 1000±11.93
2500 2498.55 4.44 0.18 99.94 0.56 2500±6.59

Intra-day (n=6) ( t,ab -2.57 for n-1-5)
10 10.02 0.15 1.54 100.18 0.29 10±0.16

500 495.62 6.11 1.23 99.12 1.74 500±6.41
1000 994.47 6.87 0.69 99.45 1.96 1000±7.20
2500 2491.45 10.74 0.43 99.66 1.94 2500+11,27

a Average of three and six determinations at three concentration levels for inter-day
and intra-day respectively.

b All the mean accuracies were calculated against their nominal concentrations. 

c \100-R\yfn
tcal - ------------!----- , where tcal is the calculated t value, n is the number of replicates,

RSD

and R is mean accuracy. Tabulated t (t!ab) value for 95% two sided confidence 

interval for 5 and 2 degree of freedom were 2.57 and 4.30, respectively.

5.2.3.3.3. Sensitivity

The LoD and LoQ were found to be 2.64 and 8.80 ng/ml, respectively. When this 

method is applied to plasma samples, its sensitivity was found to be adequate for 
pharmacokinetic studies.
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5.2.3.3A. Selectivity

Any potential interference (overlapping peaks) due to plasma endogenous 

components were within 1.5 - 3.0 min only (Figure 5.5), later on there was no 

significant interference from blank plasma that affected the response of glipizide 

and IS.

5.2.3.3.5. Stability

Sample solution injected over a period of 1 month did not suffer any appreciable 

changes in assay value and meet the criterion mentioned above. Hence, the 

samples were stable during one month when stored at - 20°C until analysis.

5.2.3.3.6. Extraction efficiency

Extraction efficiency represents the effectiveness of the extraction step and the 

accuracy of the proposed method. As shown in Table 5.4, extraction efficiency of 
glipizide from rabbit plasma samples was satisfactorily ranged from 97.34 to 

98.73%, which confirm no interference effects due to plasma components 

throughout the range studied. Recovery of IS was consistent with the accuracy of 

98.69% and RSD of 1.77% (n = 6).

Table 5.4. Extraction efficiency of GP2 from rabbit plasma at various concentrations.

4;Theoretical 
■ jibncentratibh 

(ng/ml) . :

Concentration 
found3 (ng/m!)

Extraction 
efficiency (%)

RSD 1 j

50 49.075 98.15 1.99
500 486.7 97.34 1.52
1000 987.3 98.73 1.21
2000 1951.2 97.56 0.97

a Average of six determinations.

5.2.3.4. Pharmacokinetic Analysis of Glipizide from Rabbits

After glipizide oral solution administration, the drug plasma concentrations were 

monitored for 24 h and shown in Figure 5.6. However, glipizide plasma profile 

following oral solution after 12 h was below LoQ and., hence the same for 16, 20, 

and 24 h were extrapolated using A-eK'', where A is the intercept of the terminal 

elimination regression line of the In (concentration) vs. time profile. The mean 

glipizide pharmacokinetic parameters for oral solution are summarized in Table 

5.5. The results were calculated by non-compartmental analysis. The rapid
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Plasma sample after 12 h

(A)

6 -

0)TJ
'N

|q.
O

Blank plasma + 2500 ng/ml 
glipizide + 2500 ng/ml gliclazide 
Blank plasma

3<E

0 2

Time (min)

Figure 5.5. (A) Representative chromatograms of blank plasma and the same spiked 
with 2500 ng/ml of both glipizide and gliclazide (IS). (B) Plasma sample taken from a 
rabbit 12 h after a 1.87 mg oral dose of glipizide (quantitated to be 138.39 ng/ml) spiked 
with 2500 ng/ml IS.

1 ■ *

2

Time (min) 

(B)
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Time (h)

Figure 5.6. Mean plasma glipizide concentration vs. time profile after administration of 
single dose of oral solution.

Table 5.5. Pharmacokinetic parameters of glipizide after administration of single dose of 
oral solution.
Sr.
No. Pharmacokinetic parameters Observed

value
1 Absorption rate constant, ka (h1)

Elimination rate constant, kei (lv)
0.59

2 0.26
3 Time required for maximum plasma concentration, Tmax (h) 1.0
4 Maximum plasma concentration, Cma* (ng/ml) 499.41
5 Plasma half life, 7>2 (h) 2.65
6 Area under curve at 12 hours, AUC  ̂12) (ng-h/ml) 2282.68
7 Area under curve from 12 hours to », AL/Q12—00) (ng-h/ml) 4.83
8 Area under curve at infinite time, AUC(o^°°) (ng-h/ml) 2287.51
9 Area under momentum curve at 12 h, AUMC(0^12) (ng-h2/ml) 9608.28
10 Volume of distribution, Vd (lit) 3.45
11 Mean residence time, MRT (h) 4.21
12 Total clearance rate, TCR (l/h) 1.31
13 Clearance, Cl (ml-h‘1) 0.82

—<Concentration vs. time 
—o— Ln (concentration) vs. time
------- Elimination regression line
------ Residual absorption regression line

In Cp= -0.2616-f + 6.5115 R2 = 0.9917 
In(residual) = -0.5858 t + 6.4852 R2 = 0.9765

decrease in glipizide concentration after oral solution administration reflects the 

fast disposition and elimination of the drug. vuv\:
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5.2.4. ESTIMATION OF NATEGUNIDE (HPLC METHOD)

Rapid, sensitive and novel HPLC method for determination of nateglinide in rabbit 
plasma was optimized and validated.

5.2.4.1. Optimization of Chromatographic Conditions

5.2.4.1.1. Effect of Mobile Phase pH

With the aim of the optimization of mobile phase pH (2, 3, and 4), the remaining 
two factors were kept constant i.e. mobile phase composition (ACN: PBS; 70:30 
v/v) and flow rate of 1 ml/min. Observed chromatographic responses were plotted 
against respective pH. As shown in the Figure 5.7 (A), retention time increases 
with the increase in pH while asymmetry decreases. The number of theoretical 
plates as well as resolution between nateglinide and IS was maximum at pH 3. 
Moreover, the changes in peak width, capacity factor, separation factor and 
HETP are enumerated in Table 5.6. Looking at the importance of the different 
chromatographic parameters, pH 3 was found to be optimum. Figure 5.7 (B) 
shows the chromatograms at different pH and mobile phase composition of 70:30 
(ACN:PBS; v/v) and flow rate of 1.0 ml/min.
The dissociation constant (pKa) of nateglinide is ~3.1 at (21-24°C). According to 
this value, -90%, -50%, and -10% of the drug will be unionized at pH 2, 3, and 4 
respectively. As the pH increased, the retention time for nateglinide could have 
decreased with using octadecylsilane (ODS, Ci8) column because of the less 
interaction between drug and Cie under ionized condition with increase in pH. 
However, the mobile phase contained 70% ACN which does not have much 
affinity for the ionized hydrophilic drug species. This could be the probable 
reason for the delay of retention time for nateglinide with increase in pH. The 
asymmetry value decreases with increase in pH. At lower pH the nateglinide will 
be carried out faster with mobile phase, however due to higher unionized 
species, the drug has a tendency to stick/partition with stationary phase too. This 
result in tailing and hence increase in asymmetry value at lower pH. At higher pH 
value, the ionized hydrophilic species are not much portioned with stationary 
phase and hence gives symmetric peak. The resolution was poor at pH 4 using 
gliclazide as an IS, but was highest at pH 3. Similarly, the plate number (highest 
for higher retention time and smallest peak width) was highest at pH 3. Thus, the 
best chromatographic separation was achieved at pH 3, and hence was 
considered to be optimum.
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Figure 5.7. Effect of mobile phase pH (2, 3, 4) on (A) resolution, retention time, 
theoretical plates, and asymmetry; and on (B) chromatograms at mobile phase 
composition of 70:30 (ACNrPBS; v/v) and flow rate of 1.0 ml/min.
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5.2.4.1.2. Effect of Mobile Phase Composition

The effect of mobile phase composition (i.e. ratio of ACNiPBS was studied at 
60:40, 70:30, and 80:20 v/v levels) at pH 3 and the flow rate of 1 ml/min is shown 
in Figure 5.8, Minimum retention times of nateglinide and IS were obtained at 
70:30 v/v level, which makes the method rapid, a one of the most desirable 
criteria. Though retention time was shorter, satisfactory resolution and asymmetry 
values were achieved. An adequate theoretical plates (~ 12000) is indicative of a 
good column performance. As can be seen from Figure 5.8, the asymmetry was 
>1.5 at 80:20 v/v and still higher at 60:40 v/v which indicates tailing of the peaks, 
but was < 1.4 at 70:30 v/v. Other chromatographic parameters at different 
composition of mobile phase are listed in Table 5.6.
Generally, increasing the organic solvent concentration in the mobile phase 
induces a decrease in the distance between the solute molecule and the terminal 
carbon atoms (Ci8) in the ODS ligand, and it results in lower retention time (Ban 
and Kiyokatsu, 2001). Similar findings were observed in the present study up to 
70:30 v/v composition, but further increase in ACN content resulted in increased 
retention time. This may be explained by following. The elution power of mobile 
phase decreased at 60:40 v/v because relative amount of ACN decreased and 
nateglinide was eluted at higher retention time. In contrast to this at 80:20 v/v 
composition, the drug affinity to stationary phase increased due to relatively lower 
buffer content in mobile phase and resulted in delayed elution. However, at 70:30 
v/v composition, proper balance was attained between these two situations and 
resulted in least retention time. The least asymmetry at 70:30 compared to other 
two compositions can be explained on the same basis. Plate number increased 
with increase in ACN composition in mobile phase. However, the asymmetry 
value at 80:20 v/v was higher than that of at 70:30 v/v. These suggest that the 
increased plates at 80:20 v/v was due to higher retention time value (even though 
it had greater peak width due to tailing). Further, acceptable resolution (> 2) was 
achieved at 70:30 v/v composition and so was considered to be optimum.

5.2.4.1.3. Effect of Mobile Phase Flow Rate

From Figure 5.9(A and B), it can be observed that theoretical plates were highest 
at flow rate of 1 ml/min with asymmetry of less than 1.5. The change in flow rate 
had no significant effect on resolution while retention time decreased as the flow 
rate increased. The values of capacity factor, and separation factor (Table 5.6) 
also indicate optimum flow rate of 1 ml/min.
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60:40 70:30

Mobile phase composition
j
(B)

80:20

Resolution (Rs) 

Retention Time (Rt, min) 

Plates (USP) 
Asymmetry

14000

12000 -

10000 -

8000 -

6000 -

4000

Time (min)
Figure 5.8. Effect of mobile phase composition (ACNiPBS, 60:40, 70:30, 80:20) on (A) 
resolution, retention time, theoretical plates, and asymmetry; and on (B) chromatograms 
at pH 3 and flow rate of 1.0 ml/min.

S.2.4.2. Proposed Chromatographic Method

Looking at the different chromatographic parameters during the method 
development, the finally recommended mobile phase consisted of ACN: 10 mM 
PBS of 70:30 v/v adjusted to pH 3. The best resolution and sensitivity of the
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— 0.8 (ml/min) 
-— 1.0 (ml/min)
— 1.2 (ml/min)

A

method was obtained at 203 nm and mobile phase flow rate of 1 ml/min. Typical 

chromatogram at the optimized condition gave sharp and symmetric peak with 

retention time of 4.7 and 5.7 min for IS and nategiinide, respectively. Thus within 

very short time the system became ready for the next sample injection without 

the need for additional wash time.
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Figure 5.9. Effect of mobile phase flow rate (0.8, 1.0, 1.2 ml/min) on (A) resolution, 
retention time, theoretical plates, and asymmetry; and on (B) chromatograms at mobile 
phase composition of 70:30 (ACN:PBS) and pH 3.
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5.2.4.3. Validation of the Proposed Method

5.2.4.3.1. Calibration Curve (Linearity)

Calibration curve (peak area ratio of nateglinide to IS versus nateglinide 
concentration) in plasma was constructed by spiking six different concentrations 
of nateglinide and fixed concentration of IS. The chromatographic responses 
were found to be linear over an analytical range of 10 to 2500 ng/ml and found to 
be quite satisfactory and reproducible with time. The linear regression equation 
was calculated by the least squares method using Microsoft Excel® program and 

summarized in Table 5.7. The correlation coefficient equals 0.9984, indicating a 
strong linear relationship between the variables.

Table 5.7. Spectral and statistical data for determination of nateglinide by proposed 
HPLC method.

Parameters ***?'- Value m ~ - - - \
Absorption maxima, lmax (nm) 203
Linearity range (ng ml'1) 10-2500
Coefficient of determination (r2) 0.9969
Correlation coefficient (r) 0.9984
Regression equation (Y®) 1^0.4186+ 3.9768-X

Slope (b) 3.9768
tcai* 0.3799
Confidence interval0 2.4007 to 5.5529

Intercept (a) 0.4186
tcalb 0.6310
Confidence interval0 -1.2864 to 2.1236

Limit of Detection, LoD (ng ml'1) 2.91
Limit of Quantitation, LoQ (ng ml'1) 9.70

Y=a+bx, where x is the concentration (pg/ml).
b tuh = 2.57 for 95% two sided confidence interval for 5 degrees of freedom. 

c Confidence interval was calculated at 95% two sided f value for 5 degrees of freedom.

The variance of response variable S).x calculated was 1.9634, indicates low 

variability between the estimated and calculated values. This further confirms 
negligible scattering of the experimental data points around the line of regression 
and good sensitivity of the proposed method. The variance , of slope (S62) and 

intercept (S’2) were obtained as 0.3761 and 0.4401, respectively. The calculated

f-value for slope and intercept were reported in Table 5.7 and were less than 
tabulated f-values. This shows that the intercept is not significantly different from
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zero, indicating no interference in the estimations. Further the slope and intercept 

were within the confidence interval.

S.2.4.3.2. Accuracy and Precision

Accuracy data in the present study ranged from 98.59 to 99.76% (Table 5.8) 

indicates that there was no interference from endogenous plasma components. 
Inter-day as well as intra-day replicates of nateglinide, gave an SD below 11.79 

(should be less than 15 according to CDER guidance for Bio-analytical Method 

Validation (US FDA CDER Guidance for the Industry, 2001)), revealed that the 

proposed method is highly precise. Accuracy of the method was evaluated by 

using f-test at four concentration levels including the lowest quantifiable level. 

The f-values obtained for 10, 500, 1000, and 2500 ng/mi were 0.66, 2.17, 1.39, 

and 0.96 for inter-day whereas 0.74, 1.17, 1.64, and 1.22 for intra-day, 
respectively. The f-value required for significance at 5% level at 5 degrees of 

freedom is 2.57, and the obtained values were well below this value. Thus no 

significant difference was observed between the amounts of drug added and 

recovered. Overall, the data summarized in Table 5.8, enables the conclusion 

that an excellent accuracy and high precision was obtained.

Table 5.8. Summary of inter-day (n=3) and intra-day (n=6) precision and accuracy of the
method in rabbit plasma.
i Nominal 
| concentration C 
! (ng/ml) fc

Mean
oncentration 
>unda (ng/ml)

SD Precision . 
(RSD, %)

Mean 
,ecuracy 

(%)

" t C ■'
.■cal ‘ .

Confidence j 
, interval (Cl) J

Inter-day (n=3)
10 9.95 0.13 1.31 99.50 0.66 10±0.19

500 492.93 5.57 1.13 98.59 2.17 500+8.26
1000 993.23 8.40 0.85 99.32 1.39 1000+12.47
2500 2493.68 11.38 0.46 99.75 0.96 2500± 16.88

Intra-day (n=6)
10 9.96 0.13 1.32 99.60 0.74 10+0.14

500 497.19 5.85 1.18 99.44 1.17 500±6.13
1000 995.21 7.12 0.72 99.52 1.64 1000±7.47
2500 2494.11 11.79 0.47 99.76 1.22 2500±12.37

3 Average of three and six determinations at three concentration levels for inter-day
and intra-day respectively.

b All the mean accuracies were calculated against their nominal concentrations.

C
|l00-J!|Vn

RSD
, where tcai is the calculated t value, n is the number of replicates,

and R is mean accuracy. Tabulated t value for 95% two sided confidence interval for 
5 degree of freedom was (tlab =)2.57.
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5.2A.3.3. Sensitivity

Plasma sample containing 
nateglinide with spiked IS 
Blank plasma

0 2 4 6 8 10

Time (min)
Figure 5.10. Representative chromatograms of blank plasma and clinical plasma sample 

taken from a rabbit 30 min after a 15mg oral dose of NTG (quantitated to be 26.42 ng/ml) 
spiked with IS.

The LoD and LoQ were found to be 2.91 and 9.70 ng/ml, respectively. When this 
method is applied to plasma samples, its sensitivity was found to be adequate for 
pharmacokinetic studies.

S.2.4.3.4. Specificity

Any potential interference (overlapping peaks) due to plasma endogenous 
components were within 2-4 min only (Figure 5.10), later on there was no 
significant interference from blank plasma that affected the response of 
nateglinide and IS.
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S.2.4.3.5. Stability

Sample solution injected over a period of 1 month did not suffer any appreciable 
changes in assay value and meet the criterion mentioned above. Hence, the 
samples were stable during one month.

5.2A.3.6. Extraction Efficiency

Extraction efficiency was performed to verify the effectiveness of the extraction 
step and the accuracy of the proposed method. As shown in Table 5.9, extraction 
efficiency of nateglinide from rabbit plasma samples was satisfactorily ranged 
from 97.86 to 98.62%, which confirm no interference effects due to plasma 
components. Recovery of IS was found to be 98.42% (% RSD = 1.47).

Table 5.9. Extraction efficiency of NTG from rabbit plasma at various concentrations.
| Theoretical .. C
! concentration (ng/ml) f<

Concentration
Dunda (ng/ml)

Extraction 
efficiency (°/ . RSD

50 48.93 97.86 2.05
1000 986.20 98.62 1.81
2000 1962.80 98.14 1.76

a Average of six determinations.

5.2.4,3.7. System Suitability

System suitability tests, an integral part of a chromatographic analysis is used to 
verify that the resolution and reproducibility of the chromatographic system are 
adequate for the analysis (Meyyanathan et al., 2004). A system suitability test 
according to USP was performed on the chromatograms obtained from standard 
and test solutions to check different above mentioned parameters and the results 
obtained from six replicate injections of the standard solution are summarized in 
the Table 5.10.

Table 5.10. System suitability parameters.
I Sr. No. Parameters Nateglinide3 Gliclazide (IS)3

1 Retention time, R{ (min) 5.70 4.68
2 Area (mAU-s) 10.680 11.023
4 Capacity Factor (k) 5.0246 3.9210
5 Separation Factor (a) 0.7804 -
6 Theoretical plates (USP) 13259 13353
7 HETP (h) 0.0018 0.0019
8 Resolution (Rs) 5.3816 -

9 Asymmetry (As) 1.3721 1.1988
10 RSD (%) 1.43 1.38

3 Average of six determination.
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In(residual) = -1.5422 / + 6.6615 R2 = 0.9907 
In Cp= -0.534 /+ 6.4089 R2 = 0.9987

—o— Ln (concentration) vs. time
-------- Elimination regression line
-------Residual absorption regression line

Concentration vs. time

- 150

100

i i i i i ’ i i | i * i i ! i i t i | i---------- 1 '------- 1 J i i » i

0 2 4 6 8 10 12

Time (h)
Figure 5.11. Representative mean plasma concentrations versus time profile following a 
single oral administration of nateglinide (15 mg) to three rabbits. Natural .log plasma 
concentrations versus time profile for determination of ka and /ce; were also shown.

5.2.4.4. Pharmacokinetic Analysis of Nateglinide from Rabbits

The developed method was applied to quantify nateglinide concentration in 
pharmacokinetic study carried out on rabbits. HPLC chromatogram of rabbit 
plasma is shown in Figure 5.10, which shows typical chromatograms of blank 
rabbit plasma and nateglinide in plasma after 30 min of drug administration. 
Representative mean plasma concentrations versus time profiles following a 
single oral administration of nateglinide to three rabbits are presented in Figure 
5.11, it shows the natural log concentration versus time plot along with trendline 
for absorption and elimination rate constants. Various other pharmacokinetic 
parameters have been summarized in Table 5.11. The Tmax and T& of nateglinide 
in the present study was similar, although the intake doses were different from 
those reported in literature (Freedom of Information, US FDA ODER, 2000).
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Table 5.11. Pharmacokinetic parameters of nateglinide after administration of single oral 
dose.

jSr.J
mz Pharmacokinetic parameters Observed

value
1 Absorption rate constant, ka (h'1) 1.54
2 Elimination rate constant, kei (h'1) 0.53
3 Time required for maximum plasma concentration, rmax (h) 1.38
4 Maximum plasma concentration, Cmax (ng/ml) 183.5
5 Plasma half life, 7y2 (h) 1.30
6 Area under curve at 12 hours, AUC(0-12) (ng-h/ml) 616.29
7 Area under curve from 12 hours to 00, At/C(i2-o=) (ng-h/ml) 2.43
8 Area under curve at infinite time, AUC^«,) (ng-h/ml) 618.72
9 Area under momentum curve at 12 h, AUMC(o-i2) (ng-h2/ml) 1793.81
10 Volume of distribution, Vd (lit) 40
11 Mean residence time, MRT (h) 2.91
12 Total clearance rate, TCR (l/h) 0.02
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6. GLIPIZIDE MATRICES
Formulation compositions affect drug release rates from prepared matrices by 
polymer-excipients interactions, drug-polymer interaction, as well as modulating 

matrix swelling and erosion rates as water penetrates the matrix. Thus, to 
understand the functional contribution of each pharmaceutical excipient to the 
different polymer based matrices, dissolution studies were performed and the 
results are discussed below. For all glipizide matrices, theoretical content of 
glipizide, silicon dioxide and magnesium stearate per tablet was 10, 1, and 2 mg, 
respectively.

r - ' -

6.1. HPMC-MCC-Starch Matrices

Hydroxypropylmethylcellulose (HPMC) is propylene glycol ether of 
methylcellulose. In oral products, HPMC is primarily used as a tablet binder, in 
film-coating, and as a matrix for use in extended-release tablet formulations 
(Hogan, 1989; Shah et a!., 1989; Wilson and Cuff, 1989; Dahl et al., 1990). 
Microcrystalline cellulose (MCC) is partially depolymerized cellulose in a porous 

particles form prepared by treating a-eellulose with mineral acids. MCC is widely 
used in pharmaceuticals, primarily as a binder/diluent in oral tablet and capsule 
formulations where it is used in both wet-granulation and direct-compression 

processes (Enezian, 1972; Lerk and Bolhuis, 1973; Lerk et al., 1974; Lamberson 
and Raynor, 1976; Lerk et al., 1979; ChHamkurii et al., 1982). ‘In vitro’ release 
profile for matrices prepared with different grades of HPMC, MCC and starch 

1500 or lactose at different polymer levels and compression force are shown 
graphically in Figure 6.1 to Figure 6.7.

6.1.1. IN VITRO DISSOLUTION & RELEASE KINETIC STUDIES

To achieve controlled release through the use of a water-soluble polymer such as 

HPMC, the polymer must quickly hydrate on the outer tablet skin to form a 
gelatinous layer. A rapid formation of a gelatinous layer is critical to prevent 
wetting of the interior and disintegration of the tablet core. Once the original 
protective gel layer is formed, it controls the penetration of additional water into 

the tablet. As the outer gel layer fully hydrates and dissolves;1 a new inner layer 
must replace it and be cohesive and continuous enough to retard the influx of 
water and control drug diffusion. Although gel strength is controlled by polymer 
viscosity, and concentration, polymer chemistry also plays a significant role. The
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Figure 6.2. Effects of HPMC K4M : MCC PH302 ratio on glipizide release profile.
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Figure 6.1. Effects of HPMC K4M : MCC PH301 ratio on glipizide release profile.
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amount of water bound to HPMC is related to both the substitution and the 
polymer molecular weight. Within the gel layer, there obviously exists a moisture 

gradient from the outside'surface in contact with liquid to the inner dry core. 
Water appears to exist in at least three distinct states within a hydrated gel of 
pure polymer (McCrystal et al., 1997). Upon complete polymer hydration at the 
outer surface, chain disentanglement begins to occur, i.e., erosion of the matrix. 
The rate of erosion is related to molecular weight over a wide range by an inverse 

power law. In addition, erosion rate is affected by the composition and ionic 
strength of electrolytes in the liquid medium and, by the composition and level of 
drugs and other additives -within the matrix. Viscosity of HPMC solutions is the 

result of hydration of polymer chains, primarily through H-bonding of the oxygen 
atoms in the numerous ether linkages, causing them to extend and form relatively 

open random coils. A given hydrated random coil is further H-bonded to 
additional water molecules, entrapping water molecules within, and may be 

entangled with other random coils. All of these factors contribute to larger 
effective size and increased frictional resistance to flow.
Each MCC microfibril is composed of two areas, (a) the paracrystalline region, an 
amorphous flexible mass of cellulose chains, ahd (b) the crystalline region, which 
is composed of tight bundles of mocrofibrils in a rigid linear arrangement. Drying 
the crystalline bundles results in aggregates of very porous particles. This 
porosity allows the particles to absorb large amounts of water or oil onto the 
surface. ‘
Matrix tables prepared by direct compression of HPMC K4M; with MCC PH 301 

(M-1 to M-6) and with MCC PH 302 (M-7 to M-11) in different combinations. Their 
release profiles are depicted in Figure 6.1 and Figure 6.2, respectively. In both 
the cases, a faster release was observed with only MCC tablets (100% was 
achieved within 5-7 hr) and a quick disintegration was also noted. Behavior of this 
matrix was sensitive to its hydration, even if it cannot dissolve because of its 
partially microcrystalline structure. Hard compacts of microcrystalline cellulose 

disintegrate rapidly due to the rapid passage of water into the compact and the 
instantaneous rupture of hydrogen bonds (Shangraw, 1989). When MCC tablets 

were in contact with the dissolution medium, it penetrated between the MCC 
granules and into the amorphous areas, hence a local swelling occurred. Water 

was “trapped” in MCC as a result of adsorption and capillary effects. This 
process has been described as the molecular sponge model (Lustig-Gustafsson 
et al., 1999). Then, the crystalline framework burst and MCC fragmented into 

smaller particles (Kleinebudde, 1997). Drug release was controlled by diffusion 
through the particles followed by dissolution at the particles surface. The MCC 
tablets were* completely eroded at the end of the dissolution test. The mean 
particle size of Avicel PH-301 and PH-302 were 50 and 100 pm, respectively.
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Hence, the specific surface area of Avicel PH-301 is significantly higher than that 
of the PH-302, which allowed greater amount of dissolution medium to enter the 
matrix. This difference is responsible for the higher rate of hydration followed by 

increased burst (and hence higher release with MCC PH-301). At higher, 
concentrations, apparently, the small particles get physically trapped between the 
deformed microcrystalline cellulose particles, which delays wetting and 

dissolution, which can be easily overcome by adding portions of water-soluble 
direct-compression excipients (Shangraw, 1989). Release profiles of all batches 

were fitted to different release kinetics models and their results has been 
summarized in Table 6.1. As can be seen for M-1 to M-11, the release profile 
followed Higuchi model’s profile when only MCG PH301 was used, while 
changed to Korsmeyer-Peppas’ power law equation upon addition of HPMC as a 

matrix former. Further, from the release exponent (n) of Peppas model, it can be 
observed that, drug release mechanism changed from anomalous to super case- 
II transport with increase in HPMC content (M-1 t M-11) and viscosity (M-12 to M- 
14).
With inclusion of the gel forming polymer, HPMC, the burst and .completed 
disintegration of tablet can be controlled. The relative increase in HPMC content, 
a decrease in the glipizide release was observed. Moreover, as shown in Figure 
6.3, as the HPMC viscosity increases, glipizide release decreased significantly. 
The drug release rate increased in the order HPMC K1OOLV > K4M > K15M > 
K10QM. One possible explanation for differences in performance of the various 

HPMC substitution types may be the mobility of water within the gel layer, which 
is lower within the Methocel K4M Premium containing matrix, leading to greater 
diffusional resistance to water. This directly reduces the diffusion of drug out of 
the matrix and indirectly affects the state of hydration within the gel, thus affecting 
that component of drug release due to erosion of the dosage form. The kinetics of 
gel growth is also very similar for all substitution types of HPMC; the observed 
apparent differences in swelling behavior are attributed to differential expansion 

of the glassy core (Rajabi-Siahboomi et al., 1994). Increasing viscosity yields 
slower drug release as a stronger more viscous gel layer is formed, providing a 
greater barrier to diffusion and slower attrition of the tablet. Release kinetic study 
showed that zero order release profile can be achieved with use of HPMC 
K100LV due to its low viscosity (Table 6.1, M-18 to M-21).
With increasing HPMC concentration and/or macro- molecular weight, the degree 

of entanglement of the polymer chains increases. Thus, the mobility of the 
macromolecules in the fully swollen systems decreases. According to the free 
volume theory of diffusion, the probability for a diffusing molecule to jump from 
orie cavity into another, hence, decreases (Fan and Sing, 1989). This leads to 
decreased drug diffusion coefficients and decreased drug release rates with
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HPMC:MCC (PH301) at 25:75 
-O- M-12 (K100LV) 
-O- M-3 (K4M)
-A- M-13 (K15M)
-O- M-14(K100M)

0 2 4 6 8 10 12

Time (h)
Figure 6.3. Effects of HPMC grades on glipizide release, profiles from HPMC : MCC 
PH301 matrices at 25:75 ratio.

increasing HPMC level or molecular weights. Figure 6.3 represents the effects of 
different HPMC grade (molecular weight) on the glipizide cumulative release from 
HPMC : MCC PH301 (25:75) matrices. Thus, HPMC was found to be dominating 
excipient controlling the release rate of glipizide in matrix tablets. The effect of the 
compression force in terms of tablet hardness is shown in Figure 6.4. At higher 
compression force, the interparticulate gap reduces, which hinders the entry of 
the dissolution medium and thereby, reduces the drug diffusion through the 
matrix. It ultimately resulted in decreased glipizide release at higher compression 
force. Different grades of HPMC can be combined to finely tailor the release 
profiles. At the same polymer level, shifting from K100LV to K4M grade (Figure 
6.3), the time for complete drug release changed from 6 to 12 h. However, with 
the proper selection of combination of different viscosity grade of HPMC, an 
intermediate drug release profiles can also be achieved as shown in Figure 6.5.
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M-18 (K100LV:K100M:MCC 20:5:75) 
M-19 (K100LV.K15M:MCC 15:10:75) 
M-20 (K100LV:K4M:MCC 15:10:75) 
M-21 (K100LV:K4M:MCC 30:10:60)

10 12

Time (h)
Figure 6.5. Effects of different HPMC grade combinations on glipizide release profile.
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HPMC (K4M):MCC (PH301) at 25:75 
—o— M-15 (hardness=4 kg/cm2)
—O— M-16 (hardness=5 kg/cm2) 
—A— M-17 (hardness=8 kg/cm2)

8 10

Time (h)

Figure 6.4. Effects of hardness on glipizide release profile from HPMC K4M 
PH301 matrices at 25:75 ratio.

12

MCC

%
 G

lip
iz

id
e 

re
le

as
e

%
 G

lip
iz

id
e 

re
le

as
e



Starch 1500 consists of intact starch grains and ruptured starch grains that have 

been partially hydrolyzed and subsequently agglomerated, composed of two 
polymers, amylose and amylopectin which are tightly bound in a specific 
spherocrystalline structure (Shangraw, 1989), Through partial pregelatinization, 
the bond between portions of the two polymers is broken, and results in partial 
solubility, increased particle size, improved flow properties and compactability. 
Each amylopectin; molecule contains up. to two million glucose residues in a 

compact structure. The molecules are oriented radially in the starch granule, with 
the consequent formation of concentric regions of alternating amorphous and 
crystalline structure. The higher the amylose cbntent (constitute non-brariched 

linear chain, crystalline region), the lower is the swelling power and the smaller is 
the gel strength for the same starch concentration. The amylopectin (highly 

branched amorphous region) absorbs water and cause swelling.
Starch can act as a hydrogel former as well as a super-disintegrant (due to 

swelling) depending on its composition in the tablet. The glipizide dissolution data 
of batches M-22 to M-26 (Figure 6.6) shows the effect of starch on the drug 
release profiles of HPMC-MCC matrices. When starch is less than MCC, swelling 
of starch is not significant to cause burst and HPMC forms a stropg elastic 
hydrogel before starch swells, which release the drug continuously. However, 
when starch is more than MCC in the matrices, super-disintegration power of 

, starch particles present on the tablet surface accounts for the higher drug release 
well before the tight hydrogel develop. Initial burst effect with1 higher starch may 

be explained by following. Starch is insoluble in water and insoluble solids may 
produce non-uniformity of the polymeric membranes around; the drug, causing 
the imperfections in the membranes, leading to quick release of drug from the 
tablets. Another most probable reason for the enhancement in the release rates 
of the drug could be that starch is water-swellable, and its this property might 

rupture the polymeric membrane, causing a tremendous increase in the release 
rate. Nevertheless, after the initial phase, starch gives synergistic effect with 
HPMC by forming more elastib hydrogel to control the release of drug by 
diffusion. Release, profiles; were fitted to different release kinetics models and 
results are shown in Table 6.1: With incorporation of Starch' 1500 into HPMC- 

MCC matrices (M-22 to M-26), glipizide release profile changed from super case- 
II type to non-Fickian-(anomalous) transport mechanism. For the tablets prepared 

with HPMC and starch (M-28 to M-32), there was a synergistic effect on viscosity 
of the resultant hydrogel vi/as observed and gives higher values of n indicating 

super case-ll transport mechanism.
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M-22 (20:75:05) Starch 
M-23 (25:50:25) Starch 
M-24 (25:37.5:37.5) Starch 
M-25 (25:30:45) Starch 

-B- M-26 (25:25:50) Starch 
-©- M-27 (20:75:05) Lactose 

HPMC (K4M):MCC (PH301):starch/!actose

0 2 4 6 8 10 12

Time (h)
Figure 6.6. Effects of HPMC K4M : MCC PH301:starch/lactose ratio on glipizide release 

profile.

An important factor for the modified release of these matrix formulations is the 
ability of the hydrophilic polymer to readily hydrate and form a gel: The 
spherogranular morphology and partially pregelatinized nature of Starch 1500 
produces and ordered adhesive mixture of drug and excipient in the premix and 
hence, enhanced particle to particle homogeneity, due to its inherent moisture 
content (-10%). The highly polar water molecules allow for the formation of 
hydrogen bonds between the drug and excipient'molecules. It is speculated that 

during the premixing of the active and Starch 1500, a form of granulation takes 

place as a result of the change in free energy (Ahmed and Shah).
The effect of adding -water-soluble (lactose) fillers to matrix tablets containing 
glipizide, MCC and HPMC (M-27) on the resulting drug release kinetics is shown 
in Figure 6.6. Clearly, the release rate increased when adding the lactose and 
can be explained by decreasing the relative HPMC amounts and, thus, the less 
tight hydrogel structures upon swelling. The increase release rate with lactose 
was higher than that of MCC. These findings concurred with the results of 
previous studies which reported that added lactose into the gel-forming matrix 

can create osmotic forces that may break up the membranous barrier, resulting in 
higher release rates of drugs (Lapidus and Lordi, 1966; Alderman, 1984; Ford et 

al., 1987a; Khan and Zhu, 1998; Vlachou et al., 2000; Nokhodchi et al., 2002).
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0 2 4 6 8 10

Time (h)
Figure 6.7. Effect of HPMC K4M: starch 1500 ratio on glipizide,release profile.
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The effect of varying the blend ratio on drug release from HPMC K4M / starch 
1500 combinations (M-28 to M-32) is illustrated in Figure 6.7. When starch 1500® 

(partially pregelatinized maize starch) used as hydrogel former, drug release was 
significantly decreased compared to formulations containing MCC or lactose (see 

Figure 6.6). Due to its partially pregelatinized nature, starch 1500 also aids in 
controlling the release rate of the glipizide by changing the tensile strength of the 
gel layer. Thus, the effect seen with starch 1500 is not just a spatial effect due to 
the presence of any filler, but it actively contributes to the dissolution kinetics 
(Levina and Rajabi-Siahboomi, 2004). The presence of 25-75% starch in the 

systems leads to weakening of the strong elastic characteristic of HPMC gel 
structure. The comparatively weak intra-molecular links facilitate both the 
dissolution media penetration and the acceleration of the macromolecular 
relaxation, which results in a higher hydration rate of the mixed matrices. Hence, 
probably due to the weaker gel structure, the degree of drug release is being 
gradually enhanced with the increase of the pregelatinized starch fraction 
hydrogels (Cunningham, 2000). Replacing a portion of the HPMC with Starch 
1500 can lower the overall cost of the formulation.
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The gel forming ability of starch was also checked in the presence of MCC (M-33 

to M-35). Only starch 1500 has lower compressibility index (as compared to MCC 
alone), and the blend was difficult to compress, resulted in tablets (M-33) with 
hardness of 3 kg/cm2 only even at the maximum compression pressure. In 

subsequent batches, as the proportion of the MCC increases, the compressibility 
index increase and resulted in tablets of 4 and 6 kg/cm2 for M-34 and M-35, 

respectively. Hence, MCC-Starch matrices showed fast. disintegration and 

complete drug release within 15 min (data not shown). The reason can be 
explained by the inability of starch to form a quick gel like HPMC. Moreover, at 
higher concentration if starch forms a gel, the tensile strength of gel is too less 

and can get dissolve easily. MCC also helps in releasing the drug due to its 
crystalline and hydrophobic nature. Both these lead to complete drug release 

within very short time.

6.1.1.1. 32 Full factorial Experimental Design

All HPMG-MCC matrices (M-1 to M-21) were checked for suitability to fit into 
constraint response variables (Qf) and only M-3 (HPMC K4M:MCC PH 

301=25:75) resulted in satisfactory release profile, hence was studied further 
using 32 full factorial experimental design with two formulation variables 

(MCC:HPMC ratio) shown‘Experimental Work’ section. The formulation variables 

(in coded values) and measured responses of model formulations (A-1 to A-9) of 
glipizide sustained-release matrix tablets are shown in Table 6.2.

Table 6.2. The measured responses of model formulations of glipizide sustained-release 
matrix tablets studied by 32 full factorial design.*

Batch Factor o n-U4 Qu Qs Q10 Qia MDT;r, MDTao j
No. A B
A-1 -1 -1 37.70 53.90 76.30 90.70 101.00 101.00 1.82 3.01
A-2 -1 0 24.60 47.40 66.50 79.70 92.30 99.70 2.09 3.55
A-3 -1 1 19.80 43.10 ' 58.40 70.70 .85.30 93.60 2.40 4.14
A-4 0 -1 31.60 58.40 81.65 98.80 104.30 104.30 1.61 2.72
A-5 0 0 26.60 51.70 72.60 86.40 98.30 106.20 1.87 , 3.15
A-6 0 1 23.00 47.60 65.50 78.20 92.00 101.00 2.11 3.59
A-7 1 -1 103.39 103.39 103.39 103-39 103.39 103.39 0.15 0.24
A-8 1 ■ 0 106.80 106.80 106.80 106.80 106.80 106.80 0.22 0.37
A-9 1 1 51.60 82.40 105.56 105.56 105.56 105.56 0.69 1.53

* The responses in the bold figures are within the defined constraints.

‘In vitro’ glipizide release profile for above batches is shown in Figure 6.8. Two 
batches (A-2 and A-6) from above model formulations were found to fit the 
constraint range of <3$.
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0 2 4 6 8 10 12

Time (hr)
Figure 6.8. In vitro dissolution profile for A-1 to A-9 studied by 32 full factorial design.

During contact between HPMC matrix and dissolution medium or water, it 
undergoes rapid hydration and macromolecular chain relaxation (Colombo, 1993; 
Colombo et al., 1999) to form a viscous gelatinous layer at the surface of the 
tablet around a dry-like core (Rajabi-Siahbbomi et al., 1992)., This hydrated 

viscous layer controls water penetration into the central dry core of the tablet and 
prevents disintegration. Failure to form a uniform and coherent gel layer may 
cause immediate drug release. Growth of this gel layer occurs as water

Section III Results & Discussion: Glipizide Matrices 177

For MCC:HPMC tablets, the drug release was almost steady throughout the 
dissolution study and 100% release was achieved within 12 h. It is well known 

that water adsorption enhances the molecular mobility of hydrophilic 

pharmaceutical solids, explaining the enhanced Chemical reactivity of these 
materials in the presence of water (Byrn et al., 2001). At high level of HPMC, the 

burst effect decreased and drug released at later stage was incomplete 
(Q(12)<9G%). With increased compaction force (hence tablet hardness), the 

powder bed densities to a greater extent and eliminates more of the air from the 
powder bed and voids in individual particles. The increased densification process 
results in a tablet with greater mechanical strength, lower porosity and higher 
tortuosity (Crowley et al., 2004). Thus, release rate of glipizide decreased with 
increase in tablet hardness.

C
um

ul
at

iv
e 

gl
ip

iz
id

e 
re

le
as

e 
(%

)



permeates through it to hydrate the polymer particles that are immediately 
beneath it. Concomitantly the outer layers become fully hydrated and dissolve. 

Water continues to penetrate towards the core of the tablet causing hydration of 
deeper parts of the granules and maintained constant drug release until all the 
tablet has dissolved (Siepmann et al., 1999). Not only the diffusion path length 

but also the resistance to diffusion increased with time and the rate of drug 
release progressively decreased (Higuchi, 1963). Drug diffusion occurred at the 
core-gel interface then through gel layer (Nokhodchi et al., 1997) and it was 

expected due to the higher affinity of this excipient for water and higher mobility 
of the matrix protons (Chambin et al., 2004). It is generally assumed that water 

soluble drugs are released primarily through diffusion through the gel layer and 
that poorly water soluble drugs are primarily released through erosion of the gel 
layer. It is the relative contribution from each process that is controlled by the 
solubility of a drug (Ford et al., 1987b).
The contour plots of Q(X%) illustrating the simultaneous effect of the formulation 

factors on individual response variable are represented in Figure 6.9 (a-f). The 
superimposed response surfaces (Figure 6.10) and contour plots (Figure 6.11) 
illustrate the optimized region. The results showed that the amount HPMC in 
formulation was a key factor in controlling the drug release rate, thus indicating 
that the burst effect of formulation can be reduced by increasing the amount of 
HPMC. '
The values of the release exponent (n) and the kinetic constant (K) were derived 
from different release models for glipizide release from the matrix tablets and are 

presented in Table 6.3. The drug release data show a good fit to the 
Korsmeyer-Peppas’ power law model which can further be confirmed by 

comparing the values of the correlation coefficient (r) with those of other models. 
The values of release exponent (n) determined for the various matrix tablets 
studied ranged from 0.58 to 0.94 (except A-7) suggesting the probable release by 

anomalous (non-Fickian) diffusion. The Kk values ranged from 10.22 to 103.39 
where high Kk value may suggest a burst drug release from the matrix which was 
observed with the formulation A-7.
Finally, the release profile of the optimized formulations (A-2 and A-6) and that of 
the commercial formulation (Glytop® 10 SR) are shown in the Figure 6.12. They 

were compared using pair wise approach of similarity factor (f2) and the value 

was found to be 73.29 and 72.53 for A-2 and A-6, respectively, which suggests 
that both the formulations are similar to the marketed formulation.
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Figure 6.11. Superimposed contour plots of Qx along with optimized crossed region.
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Table 6.3. Comparison of the characteristics of different kinetic models used to fit the 
matrix tablets dissolution data.

: Relejase me>de! iiSilllllBatch
No.

Zero-order Higuch matrix Kors;meyer-Peppas Hixson-Crowell ;
K0 r0 Kh Hi n IS

f\L r:t Ks r
'S

A-1 10.95 0.976 29.85 0.976 0.91 13.84 0.994 -0.09 0.915
A-2 9.47 0.978 26.94 0.965 0.89 12.52 0.996 -0.06 0.978
A-3 8.64 0.987 24.46 0.958 0.94 10.22 0.996 -0.05 0.993
A-4 12.86 0.988 31.52 0.958 0.91 15.75 0.997 -0.10 0.898
A-5 10.19 0.973 29.08 0.970 0.85 14.50 0.996 -0.09 0.909
A-6 9.44 0.981 26.83 0.964 0.89 12.37 0.996 -0.06 0.912
A-7 114.11 0.949 105.93 0.998 0.40 103.39 1.000 -1.22 0.970
A-8 80.06 0.957 87.47 0.996 0.60 86.81 0.989 -0.80 0.945
A-9 19.73 0.940 40.28 0.991 0.58 36.12 0.996 -0.16 0.885

* The results of optimized batches are shown in the bold figures.

Time (hr)
Figure 6.12. Dissolution profile comparison of Glytop® 10 SR, A-2, and A-6.

6.1.2. CHARACTERIZATION OF OPTIMIZED FORMULATIONS

Based on the in vitro glipizide release profile for M-1 to M-35, two batches (M-3 
and M-25) were found to be the batches falling within the constraints. Hence, 
they were characterized further for release mechanism by Kopcha model 
(Kopcha et al., 1991), swelling study, and SEM study before and after dissolution 
at different time interval.
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6.1.2.1. Release Mechanism by Kopcha Model

The drug release mechanism from these hydrogels is a diffusion-controlled one. 
It is determined by the structural characteristics of the gel layer (structural 
organization, diffusion capability, gel strength), and by the processes of both 
polymer swelling and gel layer erosion (Herman and Remon, 1989). The results 

obtained from the Kopcha model parameters for M-3 and M-25 formulations at 
different time intervals are shown in Figure 6.13.
Initially AJB was <1 and express the predominance of surface erosion relative to 
drug diffusion inside the matrices for M-3 (HPMG K4M : MCC PH301 at 25:75). 
During this initial phase, HPMC is in process of preparing the viscous gel layer 
and drug release is mainly controlled by erosion of the surface MCC particles. 
The viscous gel layer of HPMC is very thin and hence more dissolution medium 
can penetrate towards the core area and create channels which are responsible 
for initial release. However, term A increases in the course of time as diffusion of 
glipizide from viscous gel layer appears. Within the gel layer, there obviously 
exist a moisture gradient from the outside surface in contact with liquid to the 
inner dry core. The self-diffusion coefficient at given position within HPMC gel is 
significantly and consistently lower. This implies that the mobility of water within 
the gel layer is lower, leading to greater diffusional resistant to water. This directly 
reduces the diffusion of drug out of the matrix and indirectly affects the state of 
hydration within the gel.

Figure 6.13. Kopcha model parameters (A and B) versus time profile for M-3 and M-25 
formulations, respectively. ;

M-25 (HPMC K4M : MCC PH301 : Starch 1500 at 25:30:45) contained majority 
proportion of Starch 1500 which is hydrophilic and quickly hydrate along with 
HPMC to form a strong hydrogel (Figure 6.13). Thus, diffusion was the 

predominant than the erosion. Slight decrease in diffusion was observed up to 4 
hr, due to MCC content. However, this effect was not significant and diffusion 
was the predominant through out the dissolution profile. This further confirms the
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18 21 24

• Time (h) . :
Figure 6.14. Percent water uptake, axial, and radial swelling results for M-3 formulation 
(HPMC K4M : MCC PH301 at 25:75). .
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O— ■ Water uptake 
□— Axial swelling 
A— Radial swelling
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hypothesis that starch can form a strong hydrogel with non-ionic HPMC, as 

discussed earlier.

6.1.2.2. Swelling Study

The swelling study results for M-3 (HPMC K4M : MCC PH301 at 25:75) are 
graphically presented in Figure 6.14. As can be seen, the water uptake was 
significantly high for initial 3 h and remained almost constant through out the 

study. Similarly, the axial and radial expansion were also maximum at 3 h and 
declined at very slow rate (due to surface erosion). This can’also be seen from 

the photographs of tablets at different time interval at the top of the Figure 6.14. 
Initially during 3 h, the dissolution meditim penetrated up to the core of the HPMC 

matrix tablet and might have prepared the viscous hydrogel which is sufficient to 
retard glipizide diffusion. ^Though, complete drug was released at 12 h by 

diffusion, the hydrogel was so strong to maintain its integrity. After 24 h, the outer, 
most gel layer was fully hydrated and chain disentanglementlbegun, i.e. erosion 

of the matrix. :i
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6.1.2.3 SEM Study

Figure 6.15 (a-e) depicts the changes in the HPMCiMCC tablet (M-3) surface 

structure as the dissolution progresses. Tablet surface was slightly rough before

(c) M-3 at 6 h
Figure 6.15. SEM photographs of M-3 tablet surface after dissolution at different time 
points.
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(b) M-3 cross-section at 6 h

(C) M-3 cross-section at 12 h 
Figure 6.16. (a-c) SEM photographs of 
HPMC-MCC {optimized batch M-3) tablet 
cross-section after dissolution at different 
time points.

dissolution (0 h) and as the dissolution
proceeds, surfaces becomes rubbery
due to quick hydrogel forming nature
of HPMC, drug starts to diffuse out of
the tablet core and results in pore
formation on the tablet surface.
Further, the tightness of the surface
particles weakens with dissolution.
Whereas Figure 6.16 (a-c) are the
cross-section of the HPMC:MCC tablet
at 0, 6, and 12 h, respectively which
further confirms the observations
made above. ,

«■

Figure 6.17 (a-e) depicts the changes 
in the M-25 (HPMC K4M :MCC PH301 
:Starch 1500 at 25:30:45) surface 
structure after 0, 3, 6, 9, 12 h 
dissolution study. The phenomenal of 
formation of viscous gel of starch in 
presence of HPMC can be seen from 
the figure. This further confirms the 
contribution of excipient on release 
profile discussed earlier. In 
comparison to M-3, surface of and M- 
25, was more viscous elastic gel type 
in nature.
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(c) MCC-HPMC 6 h
Figure 6.17. SEM photographs of M-25 (HPMC K4M : MCC PH301 : Starch 1500 at 
25:30:45) tablet surface after dissolution at different time points.
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Figure 6.18. Effects of dibasic calcium phosphate and di-sodium hydrogen phosphate on 
the glipizide release from MCC-algiiiate matrices. \ ■
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6.2. MCC-Alginate & MCC-Glyceryl Behenate Matrices

In this study, MCC-sodium alginate matrices were studied without and with 
sodium and/or calcium salts to tune the glipizide release.

6.2.1. IN VITRO DISSOLUTION & RELEASE KINETIC STUDIES

Figure 6.18 depicts the effects of dibasic calcium phosphate (DCP) and di
sodium hydrogen phosphate (DHP) on drug release profiles of different MCC- 
alginate matrices (M-36 to M-43). On dissolving alginates in water, the molecules 
hydrate and the solution gains viscosity. The dissolved molecules are not 
completely flexible; rotation around the glycosidic linkages in the G-block regions 
is somewhat hindered, resulting in a stiffening of the chain. Solutions of stiff 
macromolecules are highly viscous. After gelation, the water molecules are 
physically entrapped by the alginate matrix, but are still free to1 migrate. The water 

holding capacity of the gel is due to capillary forces. Complete drug release from 
the matrices was achieved within 2 h except for M-39. The glipizide release data 
indicate that the presence of divalent cation extend the duration of drug release
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as compared to that of matrices without any cation (M-36 & M-37). This is due to 
the ability of the alginates to form an insoluble gel with cations, which act as a 
barrier for the penetration of the dissolution media into the matrices and for the 

diffusion of the drug from the matrices. Moreover, the amount of MCC as an 

insoluble carrier also plays significant contribution in release profiles. When, the ' 
proportion of alginate and salt is approximately equal, the formulation shows 
longer dissolution duration (see release profiles of M-39 and M-42) as compared 

to other proportions. Gungor, S. et al has also seen similar observation in their 
studies (Gungor et al., 2003). Functional properties of the polymer can be further 
investigated in order to achieve a desired release kinetics for the desired duration, 
period.
The anionic Protonal LF 120M can form a highly viscous gel with cationic 
chitosan, and the glipizide release was significantly retarded as compared to 
alginate-inorganic salt mediated ionotropic gels (compare the release profiles of 
M-39 and M-42 with M-46 and M-47). Only about 30-45% glipizide was released 
by first order release mechanism within 12 hr with the formulations containing 
chitosan (M-46 and M-47, Figure 6.19, Table 6.4).

Time (h)
Figure 6.19. Effects of calcium gluconate and chitosan on the glipizide release from 

' MCC-alginate matrices.
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Moreover, MCC PH 301 was also combined with the glyceryl behenate and the 
effects of these auxiliary excipients on glipizide release characteristics were 
studied. Batch M-48 is discussed in the next section with other guar gum 
matrices. Glyceryl behenate was waxy in nature and matrices were tried to 
prepare by hot-melt granulation technique. HPMC or MCC were added to the 
melted glyceryl behenate and mixed thoroughly, allowed to cool at room 
temperature. This mixture was sieved; lubricant/glidants were added and 

, compressed to form compact mass. In this case, the powder showed poor flow 
and compression characteristics, acceptable hardness was not achieved within 
the full compression scale, majority of the tablets resulted in capping as well as 
cracks on the surface. Hence, these batches were not studied further. Release 
exponent and regression coefficient for different release kinetics models are 
summarized in Table 6.4.
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6.3. EC- HPMC, Guar Gum & Xanthan gum Matrices

Ethylcellulose (EC), a hydrophobic polymer, is an ether cellulose derivative and is 
used to control drug release (Klinger et al., 1990; Katikaneni et al., 1995; Rekhi 
and Jambhekar, 1995; Pollock and Sheskey, 1996). Natural polysaccharide such 
as xanthan gum and guar gum matrices were also tried.

6.3.1. IN VITRO DISSOLUTION & RELEASE KINETIC STUDIES

‘In vitro’ release profile for matrix tables (M-52 to M-61) prepared with EC and 
HPMC K4M, K15M, and K100M are shown graphically in Figure 6.20, Figure 
6.21, and Figure 6.22, respectively. EC-HPMC tablets exhibited a much slower 
release during 0-4 h. The dissolution rate was the slowest because of low water 
affinity of the EC. Callahan et al observed that EC absorbs very little water from 
humid air or during immersion (Callahan et al., 1982; Velazquez de la et al., 
2001). This may be the reason for maintaining the integrity of tablets at the end of 
the dissolution study. This suggests that water and glipizide diffused through the 
tablets without any important damage to the matrix structure and similar results 
were observed by Neau (Neau et al., 1999). As the relative composition of EC
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EC 7 FP:HPMC (K100M) 
-a- M-59 (75:25) 
-O- M-60 (50:50) 

M-61 (25:75)

I '»--- •--- 1 I--- '--- *»--- 1--- 1--- «--- '--- '--- 1--- 1--- «---'1--- «--- 1--- '--- »--- *
0 2 4 6 8 10 12

Time (h)
Figure 6.22. Effects of EC 7 FP : HPMC K100M ratio on the glipizide release profile.

6

Time (h),
Figure 6.21. Effects of EC 7 FP : HPMC K15M ratio on the glipizide release profile.
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increased in the tablet, it retards the penetration of dissolution medium by 

providing more hydrophobic environment and thus cause delay in release of drug 

from the tablet. The physicochemical properties of the EC do not seem to affect 
the release profile significantly after 4 h. The glipizide diffusion was expected to 
take place through a porous network created by glipizide already dissolved within 

the matrix together with the initial voids in the matrix, and filled by liquid medium 
(Kulvanich et al., 2002). After 4 hr, glipizide release decreased with increase in 
HPMC content and viscosity/molecular weight. The drug release rate decreased 
in the rank order HPMC K4M>K15M>K100M as observed and discussed in 
HPMC-MCC matrices. Thus, HPMC was found to be dominating excipient 
controlling the release rate of glipizide in matrix tablets.
SEM photograph of EC-HPMC (group I, J-2) tablet surface (3 and 6 h) and tablet 
cross-section (6 h) after dissolution are shown in Figure 6.23 (a-c). It is obvious 
from the figure that there was no considerable change in the tablet surface even

(c) M-52 after 6 h (cross-section)
Figure 6.23. SEM photograph of M-52 (EC-HPMC) tablet surface (a, b) and tablet cross- 
section (c) after dissolution at different time points.
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EC 7 FP:MCC PH301:Stareh 1500 
M-62 (50:50:00)
M-63 (25:50:25) 
y-64 (25:25:50)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time (h)

Figure 6.24. Effects of EC 7 FP : MCC PH301: Starch 1500 ratio on the glipizide release 
profile.

As shown in Figure 6.24 both the co-excipients (MCC and Starch) used in this 
investigation exhibited substantial enhancement in the drug release rates from 
the tablets. The EC-MCC system can sustain the drug release up to 3 h, but as 
starch is added, the matrix resulted in complete drug release within 0.7 h. The 
faster release rates observed with microcrystailine cellulose and starch might be 
due to its inherent disintegrant properties as discussed earlier in HPMCC-MCC 
matrices and HPMC-starch matrices section. Similar findings have also been 
reported by other researchers where microcrystailine cellulose (Chilamkurti et al., 
1983; Cameron and McGinity, 1987) and starch (Michailova et al., 2001) used as 
co-excipient caused an increase in the release rates of drugs.

194 Section III Results & Discussion: Glipizide Matrices

after 6 h. This may be due to hydrophobic nature of EC which does hot allow the 
dissolution medium to wet the tablet surface and dissolve the drug easily. The 
cross-section after 6 h showed a dried gel layer (due to HPMC) which controlled 
the release. However, the matrix did not showed much pores or channel indicting 
that the EC matrix structure was intact.
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Figure 6.25. Effects of MCC PH301 and HPMC K4M on glipizide release profiles from 
xanthan gum matrices. 1;
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It was not possible to obtain tablets for the formulation composition of M-65 to M- 
67. The tablet powder mixtures were with poor carr’s index value, (below 5%) and 

it was difficult to compress it into matrix form. Even at maximum compression 
force, the guar gum containing mixture resulted in hardness of 2 kg/cm2. Such a 

low hardness was not suitable for the handling of formulation ahd matrices were 
broken easily. These batches were discontinued for further study.

Xanthan exhibits pseudoplasticity (shear-reversible. property) in aqueous 
solutions. This characteristic solution property of the xanthan gum can be 

explained on the basis of its helical structure. A xanthan solution in presence of 
salts like sodium or potassium chloride can maintain its ordered structure and 
viscosity. Increase in xanthan gum viscosity is due to the unwinding of the 
ordered conformation such as helix into a random coil with a consequent 
increase in resultant shape and size of the molecules. The presence of anionic 
side chains on the xanthan gum molecules enhances hydration and makes 

xanthan gum soluble in cold water. In addition, the form and the rigidity of the 

macromolecules determine the rheology of the solutions. Nine xanthan gum 
based formulations were screened to select those characterized by a minimal 
burst effect and a slow release of glipizide over 12 h (shown in Figure 6.25 and
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Figure 6.26). At a fixed glipizide dose, the total content of hydrophilic natural 
xanthan gum show a dramatic change in their dissolution profile as shown in 

Figure 6.25 (M-68 and M-69).
At lower xanthan gum level, rapid swelling of matrices with less tight hydrogel 
structure resulted in higher initial drug release followed by completion within 9 h. 
Conversely at the higher xanthan gum level, the hydrated gel layer became 
highly viscous and due to tight network formation, the initial drug release was 

diminished and drug diffuses slowly continuously for more than 12 h. This 
difference in release profiles can be explained on the basis of a change in the 

integrity of the matrix at different polymer concentration. Moreover, the decreased 
drug release rate in the order of increasing proportion of xanthan gum can be 
reasoned that as the amount of xanthan gum in the matrix increased, there would 
be a greater degree of hydration with simultaneous swelling. This would result in 
a corresponding lengthening of the drug diffusion pathway and reduction in drug 
release rate. It seems that, there is some threshold level for xanthan gum, within 
which the slight difference in its concentration can result in statistically significant 
different drug release profiles. Xanthan can produce much more viscous gel as 
compared to HPMC and similar findings were reported by other researchers also. 
(Dhopeshwarkar and Zatz, 1993).
Partial replacement of xanthan gum by MCC PH301 caused increase in drug 
release and (M-70 and M-71 as compared to M-69) and linearization of the 
release profile (M-70). During dissolution, xanthan gum absorbs water, swells, 
and becomes a hydrated gel. At the same time, MCC PH301, having 
disintegration properties as discussed earlier, promoted the disintegration and 
erosion of the matrices, which resulted in higher drug release. Batch M-70 gave 

the glipizide release within the defined constraints and was considered optimized 
for further study. When HPMC K4M was added to xanthan gum matrix (M-72), it 
swells considerably immediately and release the glipizide from the channels 
created by dissolution medium penetration. However, as time elapse, xanthan 
and HPMC showed synergetic gelling ability and produce such an extremely 
visco-elastic gel that only 75% of glipizide released within 12 h.
As shown in Figure 6.26, the combination of two different excipients with xanthan 
gum (M-73 to M-76) gave more linear release profiles as compared to above 
matrices of xanthan gum only or with single excipient (M-68 to M-72). This may 

be due to the alteration in the thickness, porosity and gel structure of more 
complex peripheral hydrated layer through which drug diffuses out.. Inclusion of 
MCC PH301, starch 1500, and lactose resulted in intermediate drug release rate 

as compared to M-68 and M-69. Hence, apart from providing acceptable flow and 

compression properties to the formulation, these auxiliary excipients contributed 
significantly in controlling the drug release without burst effect or lag phase (very
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-o-
—^V-—

Xanthan gum matrices 
M-73 <80:15:15 Xa:MCC:HPMC) 
M-74 (70:20:20 Xa:MCC:starch) 
M-75 (70:25:15 Xa:HPMC:starch) 
M-76 (80:25:05 Xa:HPMC:iactose)

'0 2 4 6 8 10 12

Time (h)

Figure 6.26. Effects of co-excipients on the glipizide release from xanthan gum matrices.

negligible initial drug release). Glipizide release of matrix M-75 containing 
xanthan, HPMC and starch fits within the constraint limits and was selected as an 
optimized batch.

With EC-HPMC matrices, as the molecular weight/viscosity and composition of 
HPMC in matrix tablet increases, the release profile changes from super case-ll 
transport to Fickian diffusion mechanism (M-52 to M-61, Table 6.5). Tablets 
prepared with only xanthan gum follows Higuchi’s square root of time equation 
when in low concentration, while follows Korsemeyer-Peppas’ power law 
equation (M-68 and M-69). Matrices of xanthan with either MCC or HPMC 
releases drug by Korsemeyer-Peppas’ equation at all studied combinations (M-70 
to M-72). M-75 (xantan-HPMC-starch) formulation comply with zero order release 
mechanism as depicted in Table 6.5.
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6.3.2. CHARACTERIZATION OF OPTIMIZED FORMULATIONS

From the release profiles of EC-HPMC, EC-MCC, and xanthan gum matrices, M- 
70 and M-75 were selected as the optimized formulations as they fit all the 
release constrains. Both formulations were studied further for release mechanism 
by Kopcha model {Kopcha et al., 1991), swelling study, and SEM.

6.3.2.1. Release Mechanism by Kopcha Model

Matrix tablets M-70 (xanthan : MCC PH301 at 70:40) showed predominance of 
erosion relative to diffusion for initial 2 h. This was contributed by the presence of 
water insoluble MCC. However, xanthan gum prepared strong gel and the 
diffusion takes over erosion term after 2 h and was maintained through out the 
release profile. For the M-75 formulation (xanthan : HPMC K4M:Starch 1500 at 
70:25:15) showed matrix erosion as major release mechanism. However, the 
diffusion term increase up to 5 h and become steady after that, it was less 
significant than erosion.

Figure 6.27. Kopcha model parameters A (diffusion term) and B (erosion term) as a 
function of time for .M-70 and M-75 formulations.

6.3.2.2. Swelling Study

Results of water uptake, axial and radial expansion for M-70 (xanthan : MCC 
PH301 at 70:40) are enumerated in Figure 6.28 and the photographs at different 
time intervals are also presented. It is evident that water uptake was continuously 
rising through out the study. Same is the case with radial and axial swelling. This 
supports the observation of Kopcha model that the diffusion was predominant. 
The terminal water uptake and radial/axial swelling was less steep because the 
diffusional path length, hence distance to be traveled for dissolution media to
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Time (h)
Figure 6.28. Percent water uptake, axial, and radial swelling results for M-70 formulation 
(xanthan : MCC PH301 at 70:40).

reach the dry core increases with time. Hence, the drug release profile fits into 
the Korsemeyer-Peppas power law equation.
Figure 6.29 summarizes the results of water uptake, axial and radial expansion 
for M-75 (xanthan : HPMC K4M : Starch 1500 at 70:25:15). Though water uptake 
was continuously increasing with time similar to M-70, the radial and axial 
expansion was almost constant after 6 h. This suggests the role of erosion to 
maintain constant diffusional path length because of proper synchronization 
between erosion and diffusion. This ultimately releases the drug by zero order. 
Over hydration of the outer most gel layer and its erosion can be seen in the last 
photograph. ,
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Water uptake 
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Radial swelling
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Time (h)
Figure 6.29. Percent water uptake, axial, and radial swelling results for M-75 formulation 
(xanthan : HPMC K4M : Starch 1500 at 70:25:15).

6.3.2.3. SEM Study

Surface structure of M-70 after 12 h dissolution was studied by SEM analysis and 
shown in Figure 6.30. From the above discussion, it is evident that the release 
was due to diffusion of drug and hence the opening of the channels can be seen 
in the form of pores on the surfaces (shown by arrows). The higher magnification 
photographs shows viscous gel like rubbery structure.
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Figure 6.30. Scanning electron micrograph of M-70 after 12 h dissolution at different 
magnifications (pores created due to diffusion are shown by arrows).

Scanning electron micrograph of M-75 surfaces after 12 h dissolution are 
presented in Figure 6.31. The micrographs further verify the hypothesis of 
surface erosion as discussed above in Kopcha model and swelling study. None 
of the micrograph showed any pores nor any viscous gel like structure. Instead, 
the eroded surfaces were observed.
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Figure 6.31. Scanning electron micrograph of M-75 after 12 h dissolution at different 
magnifications.
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6.4. Carbopol Matrices

Matrices of different grade carbopol polymers with other co-poiymers or 
excipients were prepared to study and understand the effects of matrix 

composition on their in vitro release kinetics.

6.4.1. IN VITRO DISSOLUTION & RELEASE KINETIC STUDIES

Generally, in the dry state, the drug is trapped in a glassy core of carbopol matrix 
system. As the external surface of carbopol matrices hydrated, it also forms a 
gelatinous layer, which is significantly different structurally from the other 
traditional matrix tablet. The hydrogels are not entangled chains of polymer, but 
discrete microgels made up of many polymer particles, in which the drug is 

dispersed. The crosslink network enables the entrapment of drugs in the hydrogel 
domains. Since these hydrogels are not water soluble, they do not dissolve, and 
erosion in the manner of linear polymers does not occur. But, when the hydrogel 
is fully hydrated, osmotic pressure from within works to break up the structure, 
essentially by sloughing off discrete pieces of the hydrogel. As the 
thermodynamic activity or chemical potential increases, the gel layer around the 
tablet core actually acts almost like a rate-controlling membrane, resulting in 
linear release of the drug. Because of this structure, drug dissolution rates are 
affected by subtle changes in hydration rate and swelling of the individual 
polymer hydrogels, which are dependent on the molecular structure of the 
polymers, including crosslink density, chain entanglement, and crystallinity of the 
polymer matrix. Upon exposure to water, the polymer chains, start gyrating and 
the radius of gyration becomes bigger and bigger. Macroscopically, this 

phenomenon manifests as swelling and the magnitude and rate of swelling is 

dependent on the pH of the dissolution medium. The channels, which form 
between the polymer hydrogels, are influenced by the concentration of the 
polymer, as well as the degree of swelling. Increasing the amount of polymer will 
decrease the size of the channels, as does an increase in swelling degree 
(Hosmani, 2006). All of these factors affected glipizide release profiles 
significantly and discussed below. All the carbopol resins-, when first dispersed in 
water; they are tightly knotted together via hydrogen bonding, thus limiting its 
thickening capability until the resins are partially neutralized. This neutralization 
ionizes the carbopol polymer, generating negative charges along the polymer 
backbone. Repulsions of these like, negative charges cause the molecule to 

uncoil into an extended structure. However, to achieve the highest possible 
performance with the polymer, the molecule must be completely uncoiled. This

204 Section HI Results & Discussion: Glipizide Matrices



Carbopol 931P:lactose 
-O- M-77 (90:00) 
-O- M-78 (60:30) 
-A- M-79 (30:60)

0 2 4 6 8 10 12

Time (h)

Figure 6.32. Effects of Carbopol 931P : lactose ratio on the glipizide, release profile.

reaction is rapid and gives instantaneous thickening and; swelling (Noveon 
Bulletin, 2002b). [
The glipizide release influenced; by the change in Carbopol ! 931P and lactose 
ratio is depicted in Figure 6.32. Rate of hydration of carbopol matrices are highest 
because of its strong hydrophilic; nature. Thus, when this matrix come in contact 
of dissolution medium, it rapidly hydrate and form a strong elastic gel which 
restrict the entry of medium towards the glassy core, hence almost negligible 
release during first hour. Directly compressible lactose was included as diluent for 
its high aqueous solubility which increases the rate and! amount of water 
imbibition to peripheral layer (Nandita and Sudip, 2004). Lactose increases the 
rate of swelling of polymers, which in turn forms a gelled matrix to control the 
release linearly. As lactose is water soluble, it easily dissolves in dissolution 
media and hence! higher lactose concentration provides more channels for the 
drug to diffuse out of the hydrated gel layer resulting in higher release rate. The 
dissolution data of all the;! batches (M-77 to M-97) were fitted to different drug 
release modalities and an overview of the comparative j kinetic constants, 
regression coefficients, best fit model, MDT50 and MDTao values are summarized 
in Table 6.6. Matrices composed of Carbopol 931P: lactose followed zero-order 
drug release kinetics due to highly water soluble characteristic;!of lactose.
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^ Carbopol 931P:MCC PH301:Tulsion 344
-b- M-80 (30:00:80)
-O- M-81 (30:20:60)
-A- M-82 (30:40:40)

*1-----■------'-----r—«-----1-----r-----1-----1------------5------1-----1-----1-----1-----1-----1-----1-----1-----1-----1-----1------1-----1-----i-----

2 4 6 8 10 12

Time (h)
Figure 6.33. Effects of Carbopol 931P : MCC PH301 : Tulsion 344 ratio on the glipizide 
release profile.

Tulsion-344 is ion exchange resin containing sulfonic (anionic) functional group. 
At pH 6.8 of dissolution medium, carbopol is also anionic. Thus it was tried to 
check whether the anionic ion exchange resin can give synergistic effect on 
swelling and hence viscosity of carbopol by providing negative change to the 

matrix. However, as can be seen in Figure 6.33, there was no significant 
contribution of ion-exchange resin on the release profile of glipizide from carbopol 
matrices.
Figure 6.34 enumerates the effects of Carbopol 931P : MCC PH 301 ratio on 
glipizide release profiles. It is obvious from the figure that at higher carbopol 
levels (M-83), the release profile can be divided in three segments, the initial 
burst effect (0-1 h), almost steady phase (1-8 h) and last rapid release phase (8- 
12 h). This can be explained as follow: As the pKa of the carbopol polymer is 
6.0+0.5, at dissolution medium pH of 6.8, higher swelling occurs because of 
maximum dissolution medium penetration. This result in porous gel due to 
channels created by medium penetration and through which glipizide diffuses 
faster and easily during initial burst. On the other hand, in the presence of nearly 
neutral pH, the hydroxyl group of the dissolution media combines with the 
carboxylic group of the polymer via hydrogen bond and this result in thickening of 
the gel layer. This mechanism is time dependent and can take from few minutes
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Carbopol 931P:MCC PH301 
-O- M-83 (90:10)
-O- M-84 (70:30)

M-85 (60:40)
M-86 (50:50)
M-87 (40:60)
M-88 (Car. 941P 70:30)

0 2 4 6 8 i 10 12
i-

Time (h)
- ”t':

Figure 6.34. Effect of Carbopol 931P: MCC PH3Q1 ratio on the glipizide release profile, 

to several hour to attain maximum thickening (Noveon Bulletin, 2002a). Hence,
,i,

once the viscous gel layer develops in the presence of dissolution medium, it 
retards the glipizide release significantly (approximately 20 % drug release in 1-8 
h). Lastly when the hydrogel is fully hydrated, as discussed earlier, due to 
osmotic pressure developed within the matrix play role to break up the gel 
structure by sloughing off discrete pieces of the hydrogel until complete erosion, 
and thereby higher drug release during 8-12 h. When carbopbi content is higher 

(M-83 and M-84), matrix followed Higuchi’s square-root of time and Korsemeyer- 
Peppas release kinetics, respectively (shown in Table 6.6). f 
This tri-phasic release behavior is gradually decreased and nfiore linearization of 

release profile is observed as the MCC PH301 content increased. This ultimately 
changes the bbst/fit release model from Higuchi or Korsemeyer to first order as 

shown in Table 6.6: The decreased initial burst can be reasoned that the presence 
of insoluble MCC PH 301 hinders! the penetration of dissolution medium and 
thereby swelling also, which ultimately changes the gel integrity and decreased 
release rate. During the middle phase,: the insoluble and disintegrant nature of 

MCC PH301 caused linear increase iri release rate. In addition, this continuous 
erosion of the outermost gel layer and drug release, osmotic pressure developed 
was much lower and hence terminal! glipizide release was alsp controlled in linear 

fashion (M-84 to M-87, Figure 6.34). From this group, M-84 J
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0 2 4 6 8 10 12

Time (h)
Figure 6.36. Effects of Carbopol 974P : MCC PH301/HPMC K4M ratio on the glipizide 
release profile.
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Carbopol 971P:MCC PH301 
-a- M-89 (90:10) 
-O- M-90 (70:30) 
-A- M-91 (50:50)

0 Q—*’r~'--T——r~~ i.. 1.. 1— t— i.. i.. |.. t...i..i ■ [ T—*—>—«—«—r 
8 100 2 4 6 8 10 12

Time (h)
Figure 6,35. Effect of Carbopol 971R : WCC PH301 ratio on the glipizide release profile.
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batch fitted the glipizide release at ail time points of the desired constraint, and 
considered as an optimized. This batch follows Korsemeyer-Peppas power law 

equation with the n value of 0.5, indicating the drug release by fickian diffusion 
mechanism. Decrease drug release with Carbopol 941P observed was due to 

difference in cross-link density of the polymer (M-88). The pattern of glipizide 
release profiles from the Carbopol 971P : MCC PH301 matrices (Figure 6.35, M- 
89 to M-91) are identical to that of the Carbopol 931P : MCC PH301 matrices and 
can be explained same as above. The glipizide release data fits into Peppas and 
Higuchi models. The only difference' is the overall suppression of drug release 

rate, and can be reasoned for the increase in the viscosity of the Carbopol 971P. 
The matrices prepared with Carbopol 974P : MCC PH301 at different ratios (M- 
92 to M-94) resulted in rubbery type structure, and tablets were not broken at 
maximum scale of the hardness tester {>10-12 kg/cm2). At the higher force of 

hardness tester, tablets developed crakes but not broken into discrete fragments. 
The glipizide release from the Carbopol 974P : MCC PH301 matrices (Figure 
6.36, M-92 tp M-94) became faster as the MCC PH301 proportion in the matrix 
increases. At the lowest level of MCC PH301, glipizide release was sustained up 
to 5 h. As seen from the Table 6.6, as the carbopol content increases in the 
matrix, best fit model shits from first order to Korsemeyer-Peppas model with 
diffusion mediated drug release mechanism.
Only Carbopol 974P containing matrix, M-95, gave almost identical release 
profile to that of M-92. Matrix tablets completely prepared with Carbopol 974P 
could not reduce the drug release rate further. Hence, HPMC K4M was included 

in the next two batches (Mr96 and M-97). Inclusion of HPMC K4M synergistically 
increases the viscosity of the hydrogel and resulted in significant decrease in 
glipizide release with almost negligible glipizide release within first hour of 
dissolution. This is because of the inherent quick gelling power of the HPMC 

K4M. It should be noticed; that with same HPMC level, the bhange in carbopol 
quantity resulted in almost similar glipizide release. This indicate that there exists 
some threshold level for'carbopol quantity beyond which further increase in 

carbopol fraction just increases the matrix weight and do not actively change the 
active drug release. This can be further confirmed by comparihg the release data 

of M-92 and M-95. The drug release data fitting into the different release kinetic 
models revealed that formulation M-95 to M-97 fits into zero-order and Peppas 
models with supercase - II transport release mechanism (n > 1) as depicted in 
Table 6.6. v
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6.4.2. CHARACTERIZATION OF OPTIMIZED FORMULATIONS

In the group of all carbopol matrices (M-77 to M97), batch M-84 (Carbopol 931P : 
MCC PH301 at 70:30) was the optimized batch and was studied further for 
thorough understanding and confirmation of the drug release kinetics as follow.

6.4.2.1. Release Mechanism by Kopcha Model

As discussed in vitro dissolution section, Carbopol 931P can hydrate quickly due 
to anionic nature; the dissolution media penetrate easily and dissolve the drug. 
This dissolved drug diffusion is the key mechanism for drug release kinetics. 
Results of Kopcha model analysis for M-84 are enumerated in Figure 6.37. It is 
seen from the figure that diffusion term is much higher than the erosion term, and 
confirms that the predominance of diffusion mechanism responsible for the drug 
release. The swelling of this .matrix in dissolution medium was almost similar to 
that of batch M-70 (xanthan gum : MCC PH301). At end of the swelling study, the 
swollen tablet maintains its integrity and this supports the negligible erosional 
term as suggested by Kopcha model analysis. Moreover, Kopcha model results

Time (h)
Figure 6.37. Kopcha model parameters A (diffusion term) and B (erosion term) as a 
function of time for M-84.
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show the decrease in rate of diffusion as the time passes. This can be explained 

on the basis that as the volume of swollen matrix increases, the diffusionai 
pathlength increases, and drug takes' more time to travel it and appear in the 
dissolution medium.

6A.2.2. SEM Study

The scanning electron micrographs of the matrix surface after 12 h dissolution at 
different magnification are shown in Figure 6.38. The pores created by opening of 
the channels through which drug has diffused out are seen clearly and indicated 

by arrows in the figure. This adds one more confirmation for the predominance of 
diffusion as a major mechanism for drug release. Moreover, the glassy matrix 
core converted into a rubbery visco-elastic gel like structure is also obvious. The 
lower magnification SEM photograph show the integrity (without erosion) of the 
swollen hydrogel at the end of the dissolution study.

Figure 6.38. Scanning electron micrograph of M-84 after 12 h dissolution at different 
magnifications (pores created due to diffusion are shown by arrows).
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Gelcarin GP-379/911 :MCC PH301 
-a- M-101 (GP-379 100:0) 
-O- M-102 (GP-379 75:25) 
-TV- M-103 (GP-379 50:50)
—0— M-104 (GP-911 100:0) 

M-105 (GP-911 75:25) 
-C- M-106 (GP-911 50:50)

i--------]--------1--------1------- 1------- 1------- 1------n--------1--------1--------1--------1--------1--------1--------1--------1------- 1------- 1------- 1--------s--------1

0 2 4 : 6 8 . 10 12

Time (h)
Figure 6.39. Effects of Gelcarin type and Gelcarin : MCC PH301 ratio on the glipizide 
release profiles.
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6.5. Carrageenan Matrices

The gelling ability of different types of carrageenans was applied to sustain the 
drug release from the directly compressed matrices alone or in combination with 
other co-excipients or release rate modifiers and outlined below.

6.5.1. IN VITRO DISSOLUTION & RELEASE KINETIC STUDIES

The key element to drug release from swellable matrices is the use of polymers 
that will undergo transition from the glassy to the rubbery state, which is 
characterized by a gel like layer, upon hydration by water. This transition should 
occur fairly rapidly so that the drug has to pass through the viscous gel layer 
before it is released (Nerurkar et al., 2005). The rate at which the drug is released 
from the swellable hydrophilic matrices is determined by combination of one or 
more processes such as hydration of the polymer that leads to swelling, diffusion 
of the drug through the hydrated polymer, drug dissolution and polymer erosion 
simultaneously.
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Different carrageenan types were checked for their performance to sustain the 
glipizide release from directly compressible matrices. The batches M-98 to M-100 

were prepared with K-carrageenan (S. D. Fine Chem) but all the prepared powder 
mixture characteristics were beyond the limits for good compressibility and flow 

properties (data not shown). The matrices tried to prepare and resulted in 
hardness of less than 2.5 kg/cm2, some of them also resulted in excessive 

capping and not included in further study.
Figure 6.39 depicts the effects of Gelcarin GP-379 and Gelcarin GP-911 on the 
glipizide matrices prepared with Gelcarin and MCC PH301. The premature 
disintegration and complete release within 20 min for matrices containing 

Gelcarin 911 (K-carrageenan, M-104 to M-106, Figure 6.39) was due to very rapid 
hydration of the gelling polymer particles in the dissolution media to form gel layer 
which is rigid and brittle. It was not able to maintain its integrity on rapid and 

excessive hydration. Moreover, in presence of water insoluble MCC PH 301, the 
isolated pockets of gelcarin aggregates could have assisted the disintegration of 
the tablets due to localized wetting and the formation of a discontinuous gel layer 
(Wan et al., 1993). This consequently led them to behave as disintegrants rather 
than as release retarding polymers. Similar observation have been supported by 
other researchers (Nerurkar et al., 2Q05).
At the same time, Gelcarin GP-379 (i-carrageenan) containing matrices (Figure 
6.39, M-101 to M-103) forms elastic and cohesive gels upon hydration, that can 

v maintain its network in the presence of MCC PH301 also and sustained glipizide 

release up to 7-9 h depending on the gelcarin : MCC ratio. Hence, Gelcarin GP- 
379 was further studied with other polymers and cations. Results of dissolution 
curve fitting into different drug release models, kinetic constants, MDT50 and 

MDT8o have been summarized in Table 6.7. The in vitro dissolution profiles of 
matrix with only Gelcarin GP-379 fits into zero order kinetics. The addition of
MCC PH 102 changes the release profile from zero order to Korsemeyer-Peppas

\ ,

type (M-101 to M-103). The drug release from these matrices is mainly by super 
case II transport mechanism (n > 1) as shown in Table 6.7.
Presence of HPMC gave synergistic effect on the viscosity of the Gelcarin GP- 
379 gel formed, and its effects can be seen on the release profiles of M-107 to M- 
109 (Figure 6.40). M-107 and M-108 batches maintained the linear drug release 
up to 11 h, but Gelcarin GP-379 : MCC PH301 at 80:30 ratio (M-109) produced 
extremely viscous hydrogel that allowed only about 10% glipizide to be released 
within 12 h. Since the sulfated groups containing carrageenans are anionic in 
nature, they have a tendency to interact with nonionic HPMC, resulting in an 
increase in the gel viscosity. Nerurkar et al has also reported similar observations
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6 10 12

Time (h)

Figure 6.40. Effects of KCI, Protonal LF 120M and Starch 1500 on the glipizide release 
profiles from the Gelcarine GP-379: HPMC K4M matrices.

\ . ■'T

(Nerurkar et al., 2005). Moreover, ionic interactions between anionic sodium 
carboxy methyl cellulose and HPMC as well as Carbopol and HPMC have also 

reported by other scientists (Rao et al., 2001; Samani et al., 2003). The ability of 
Gelcarin to form hydrogen bonds with the hydroxyl groups of HPMC led to a 
synergistic effect on gel viscosity that could better control thje release of active 

drug by its resistance to erosion. 1 .
The effects pf Protonal LF 120M, Starch 1500, and inorganic salt KCI on the 

Gelcarin GP-379: HPMC K4M matrices behavior was investigated and the results 
are depicted in Figure 6.40 (M-110 to M-112). All of them had a beneficial effect 
on the viscosity of, the matrices and thereby contributed on the glipizide release. 
M-110 gave initial high release due to good aqueous solubility of KCI, while in M- 

111 batch Protonal LF 120M promoted the quick gelling of HPMC by ionic 
interaction. This led to rapid entry of water molecules into hydrated layer before 
glipizide started to diffuse out from the gel; hence, lag phase was observed 
during first hour, later on drug released continuously. Addition of starch (M-112) 
showed its disintegration effect as discussed earlier and gave comparatively 
rapid release (complete drug release within 6 h). Except M-109, best fit model for 
in vitro drug release of this group matrices was zero-order (Table 6.7).
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Gelcarin GP-379:KCI 
M-113 (70:40) 
M-114 (80:30) 
M-115 (95:55) 
M-116 (120:70) 
M-117 (153:87)

0 2 4 6 8 10 12

Time (h)

Figure 6.41. Effects of Gelcarin GP-379 : KCI ratio on the glipizide release profiles.

The complete glipizide release was observed within 5-8 h, at the different ratios 
of Gelcarin GP-379 : KCI studied as shown in Figure 6.41 (M-113 to M-117). 
Gelcarin-379 : KCI ratio at 70:40 (M-113), glipizide release was linear and 

followed zero-order kinetics (Table 6.7), but increase in gelcarin content produce 

more viscous gel and hence, increase the resistance for drug diffusion, which led 
to slow initial release. At fixed Gelcarin GP-379 : KCI ratio (same as M-133), as 
the total polymer blend was increased, glipizide release rate was also increased. 
This can be explained that on contact with dissolution media, as water start to 
penetrate into the matrix to form the gel, water dissolves KCI and creates 

channels from which drug can easily diffuse out. Moreover, apart from gelcarin 

GP-379 : KCI gelation, the dissolved KCI within the gel layer changes its 
viscosity, porosity, gel structure, tensile strength also. This later effect is more 
pronounced as compared to gelcarin GP-379 : KCI gelation, which resulted in 

higher drug release and hence, lower MDT50 and MDT8o values (M-115 to M-117) 
at higher matrix loading. Thus, in all cases, type and level of carrageenan present 
in the matrix is a main drug release governing factor. In vitro dissolution data of 
M-114 to M-117 fits: into Higuchi or Korsemyere-Peppas model. Depending on 
the n value, glipizide release from these matrices varies from super case II 
transport mechanism {n > 1) to anamolous type (0.5 < n < 1) as shown in Table 

6.7. ;
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Figure 6.42. Effects of eudragit types and HPMC K4M or MCC PH 301 on the glipizide 
release profiles.

6.6. Eudragit Matrices

Eudragit L100 and Eudragit S100 were included in the direct compression 
sustained release matrices to check their performance alone or in combination of 
other co-excipients and inorganic salts. Moreover, their role in the drug release 
mechanism was also studied by Kopcha model analysis, swelling study and SEM 
analysis.

6.6.1. IN VITRO DISSOLUTION & RELEASE KINETIC STUDIES

Eudragit L100 is a methacrylic acid-methacrylate copolymer with a free carboxyl 
to ester groups of approximately 1:1. While Eudragit S100 is an anionic 
copolymer of methacrylic acid and methyl methacrylate at a ratio 1:2 between the 
free carboxyl and the methyl ester groups. This difference makes Eudragit L100 
hydrophilic and Eudragit S100 hydrophobic. The difference in the drug release 
profiles of these polymer containing matrices is based on this carboxyl .ester 
group ratio.
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In vitro dissolution profiles for the matrices containing both type of eudragit alone 

and with MCC PH301 and HPMC K4M are depicted in Figure 6.42 (M-118 to M- 
123). Eudragit L100 due to its hydrophilic nature allows'dissolution media 
penetration into the matrix to cause swelling and prepare hydrogel. Only Eudragit 
LI 00 matrix can sustain the drug release up to 5.5 h (M-118). Eudragit L100 also 

contributes significantly in drug release by polymer particle erosion, which is 
characterized by erosion of partially swollen polymer particles. Unlike the 

classical eroding tablets, which dissolve completely during the dissolution test, a 
turbid solution or suspension is formed during the drug release study of tablets 
showing polymer particle erosion. Lindner et al. and Zuleger et al have also 
noticed this special type of polymer particle erosion controlled drug delivery with 
Tylose, a methyl hydroxyl ethyl cellulose (Lindner and Lippold, 1995; Zuleger and 
Lippold, 2001). Addition of MCC PH301 (M-119) causes slight increase in the 

overall drug release rate and results in lower MDT50 and MDT8q as compared to 
that of only Eudragit L100 matrices. The increased release rate is due to 
swellable insoluble particles of MCC which promote disintegration. The Eudragit 
L100 : HPMC K4M matrix (M-120) can successfully sustain the drug release over 
12 h (Figure 6.42). HPMC and eudragit both are hydrophilic in nature and 

absorbs aqueous media readily, causes swelling of the polymer and controls the 
drug release linearly by forming hydrogel. In contrast to HRMC-MCC matrices 
(drug release is combination of diffusion and erosion), this matrices releases drug 
solely by eudragit polymer particle erosion. Visual observation of the dissolution 
process showed the insoluble particles suspended in the dissolution media. The 
kinetic constants for different models with the regression coefficients are 

summarized in Table 6.8 add the best fit model for the release profile for these 
three batches (M-118 to M-120, Table 6.8) was zero order.; Batch M-120 was 
found to be optimized one as it passes dissolution constraints at all time points 
and studied further for characterization of swelling behavior. (Eudragit S100 has 

poor compressibility (/e value below 4) and the batch containing this polymer

alone (M-121) was difficult to compress, resulted in tablets with hardness of less 
than 3 kg/cm2 at maximum compression force (hence no dissolution data for this 

batch). The presence of MCC PH301 or HPMC, K4M improved the powder 
mixture characteristics and matrices with acceptable hardness could be 
produced. Both the batches (M-122 and M-123) completed the dissolution study 

within 1 h and not satisfied their ability to sustain the drug release as shown in 
Figure 6.42. Similar findings have been reported by Colo et al. (Colo et al., 2002). 
Further the eudragit L100 was combined with other excipients such as lactose, 
Starch 1500, Protonal l_AF 120M and chitosan to investigate whether any 

combination of these polymer-excipient can control the drug release or not.
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0 2 4 6.8 10 12

Time (h)
Figure 6.43. Effects of different polymeric combinations with eudragit L100 on the 
glipizide release profiles.

Different Eudragit L100 combinations were compressed into the matrices and 
their cumulative dissolution profiles are shown in Figure 6.43 (M-124 to M-129). 
Inclusion of water soluble lactose, promoted the entry of dissolution media into 
matrix by forming channels and thus with increase in lactose caused increase in 
drug release by zero order (M-124 and M-125, Table 6.8). As can be seen from 
the release patterns, the addition of the starch (M-126) raised the initial glipizide 
release and fitted the complete release profile within constraints, hence selected 
as optimized. It follows Korsemeyer-Peppas release kinetics with non-Fickian 
(anomalous) release mechanism as shown in Table 6.8. The eudragit, carboxylic 

group containing polymer, reacted with cationic chitosan (M-128) to provide 
highly viscous matrix structure, which hinders polymer particle erosion of the 
eudragit molecules and ultimately released hardly about 40% of the active drug 
within 12 h. In contrast to this,, when chitosan was replaced by negatively charged 
Protonal LF 120M (M-129), complete drug was released within 10 h. This can be 

reasoned that repulsion of the like charges of carboxylic groups of eudragit and 
alginate, which moves apart each other, generally known as swelling. Therefore, 
because of rapid hydration, more dissolution media enters the matrix to cause 
over-hydration and promoted eudragit particle erosion, and thereby increased 

drug release.
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6.6.2. CHARACTERIZATION OF OPTIMIZED FORMULATIONS

In the group of all eudragit matrices (M-118 to M-129), batches M-120 (Eudragit 
L100 : HPMC K4M at 75:25) and M-126 (Eudragit L100 : HPMC K4M : Starch 
1500 at 50:40:10) were the optimized batches, and were studied further for 
thorough understanding of drug, release kinetics by Kopcha model, swelling 
study, and SEM analysis.

6.6.2.1. Release Mechanism by Kopcha Model

Both the matrix tablets (M-120 and M-126) showed similar drug release 
mechanism according to Kopcha Model Figure 6.44). It showed that there was a 
predominance of erosion through out the release profile. Initially up to 3 h, the 
erosion term increased as Eudragit L100 swells continuously. However, after this 
period, HPMC forms hydrogel and slow down the erosion. Consequently, 
marginal rise in diffusion term was also observed in the terminal phase due to 
diffusion through HPMC hydrogel. However, the magnitude of diffusion was far 
less than the erosion. This observation further supports the polymer particle
erosion theory of Eudragit L100 matrices.

\

Figure 6.44. Kopcha model parameters A (diffusion term) and B (erosion term) as a 
function of time for M-120 and M-126 formulations.

6.6.2.2. Swelling Study

Results of water uptake, axial and radial expansion for M-120 and M-126 are 
depicted in Figure 6.45 and Figure 6.46, respectively. Water uptake and axial as 
well as radial expansion for M-120 was highest at 3 h. All three parameters 
declined continuously after 3. h. These observations are in accordance to the 
Kopcha model results. The HPMC hydrogel formed in this case was not

/ % N
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Figure 6.45. Percent water uptake, axial, and radial swelling results for M-120 
formulation (Eudragit L100 : HPMC K4M at 75:25). v

sufficiently elastic to hold the eroded particles within the hydrogel. Hence, the 
eroded polymer particles were suspended in the dissolution medium during in 
vitro dissolution study. This phenomenon was responsible for gradual reduction in 
matrix size as can be seen in the photographs shown at the top of Figure 6.45.
For the matrix tablet M-126 containing Eudragit L100 along with HPMC K4M and 
Starch 1500, comparatively more elastic hydrogel was formed because of the 
synergistic interaction of starch and HPMC (discussed earlier). However, this 
hydrogel is not strong enough to restrict the erosion completely but it reduces the 
magnitude of erosion slightly. The outer most layer of this hydrogel has a 
capacity to imbibe large amount of water and can suspend the eroded polymer 

particles before released into dissolution medium (the last photograph at the top 
of Figure 6.46). Erosion phenomena can be predicted from the decrease in radial 
swelling. The continues rise in axial swelling and water uptake can be explained

Section III Results & Discussion: Glipizide Matrices 223
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by more elastic hydrogel formation at the surface. Near to end of release profile, 
diffusion contribution of drug release increased and become almost equal to 
erosion due to the hydrogel formation.

0 3 6 9 12 15 18 21 24

Time (h)
Figure 6.46. Percent water uptake, axial, and radial swelling results for M-126 
formulation (Eudragit L100 : HPMC K4M : Starch 1500 at 50:40:10).

6.6.2.3. SEM Study

Surface morphology of M-120 at different magnification after 12 h dissolution is 
shown in Figure 6.47. From the above discussion, it is evident that the release 
was due to erosion of Eudragit matrix and eroded (rough) surfaces can be seen 
clearly in the micrographs.

224 Section III Results & Discussion: Glipizide Matrices



Figure 6.47. Scanning electron micrograph of M-120 after 12 h dissolution at different 
magnifications.

Scanning electron micrographs for surface characteristics of M-126 at different 
magnification after 12 h dissolution are displayed in Figure 6.48. As can be seen 
from micrographs, the surfaces of M-126 batch was smoother than M-120 batch. 
As discussed earlier, formation of more elastic hydrogel and almost equal 
magnitude of erosion and diffusion at the end of 12 h dissolution, might be 
responsible for slightly smooth surfaces.
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Figure 6.48. Scanning electron micrograph of M-126 after 12 h dissolution at different 
magnifications.
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6.7. Sodium Alginate Matrices

Generally, in the presence of aqueous medium, alginate molecules hydrate. The 

dissolved molecules are not completely flexible, rotation around the glycosidic 
linkages in the G-block regions is somewhat hindered, resulting in a stiffening of 
the chain. In addition, this solution of stiff macromolecules is highly viscous 
because of the physical gel formed by hydrogen bonding (Handbook of 
Pharmaceutical Excipients; 1986).
Batch M-130 was prepared with the sodium alginate : CarbOpol 931P at 50:50 
ratio, but due to, the poor: compressibility of, the sodium alginate powder (S.D. 
Fine Chem), compression pf tablet powder mixture yielded no tablets. Matrices of 
sodium alginate (S. D. Fine chem.) and disodium hydrogen phosphate (DHP) 
with carbopol and HPMC K4M were prepared to check whethpr any combination 
can synergistically increase the viscosity of the gel upon hydration or not. The

•i.

release profiles are shown in the Figure 6.49 (M-131 to M-135). It is obvious from 
the release data for M-131 that the pattern of release profile is similar to that of 
M-83 (Carbopol 931 P:MCC PH301). It indicated the Carbopol 931P played a 

significant role in controlling the glipizide release may be; due to its higher 
proportion as compared to sodium alginate. When sodium 'alginate content is 

increased with inclusion of DHP (M-132), all the glipizide was released within 4 h. 
This can be attributed to the good solubility of DHP, which easily dissolves in 

aqueous medium and leaves the matrix by forming channels through which 
glipizide can; easily diffuse out. Moreover, sodium alginate changes the structural 
properties of negatively charged carbopol gel by providing free carboxylic groups, 
that causes! repulsion between both negative charges and resulted in more 

swelling of gel. This loose gel structure has tendency to'get dissolve/erode 

rapidly in continuously rotating dissolution medium, and gave complete drug 
release within 4 h. !

Matrix system containing sodium alginate : HPMC K4M at 75:25 ratio (M-133), 
resulted in complete drug release before 2 h, while reverse ratio (M-134) 
sustained the glipizide release up to 6 h. This indicated that , the presence of 
sodium alginate significantly changes the hydrogel structure, viscosity, and 
tensile strength of the HPMC K4M. Alginate swelling causes rapid hydration of 
the matrix system, increases the porosity of the matrix due to excess water 
penetration and crosses the disentanglement concentration of the . polymer, 
above which the hydrogel starts to erode easily and results in higher drug release 
rate. With the same HPMC K4M ievel, the drug release for M-135 was extended 

up to 3 h as compared to that of M-133, This may be the result of gelation of 
alginate in the presence of cations to produce more viscous gel, which hinders
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Time (h)
Figure 6.49. Effects of sodium alginate : carbopol/HPMC K4M : DHP ratio on the 
glipizide release profiles.

the drug release. Except from batch M-131, all other bathes from M-132-to M-135 
follows zero order release.
The Protonal LF 120M was combined with HPMC K4M to study the ability of they 
matrix system to sustain the drug release. As shown in Figure 6.50 (M-136 to M- 
138), the presence of HPMC K4M quantity showed no significant difference in 
their release profiles. This ensures the dominant role of Protonal LF 120M on the 

glipizide release. All three bathes followed zero order release kinetics (Table 6.9). 
Alginates contain various proportions of mannuronate and guluronate monomers. 
To form a gel, alginates must contain a sufficient level of guluronate monomers in 
a block to react with divalent calcium cation, Ca2+. Regions of the guluronate 

monomers in one alginate molecule can be linked to a similar regions in another 
alginate molecule by means of calcium or other cations. The divalent calcium 
cation, Ca2+, fits into the guluronate block structure. This binds the alginate 

polymers together by forming junction zones,-resulting in gelation of the solution. 
Therefore, to add to the understanding of the formulation possibilities, a system 
containing a poly anionic polymer (Protonal LF 120 M) and cationic polymer or 
inorganic ionic salt (chitosan, calcium gluconate, or dibasic calcium phosphate 
(DCP)) mixtures have been assessed in terms of their ability to produce matrix 

tablets and their drug release performance is depicted in Figure 6.51 (M-139 to
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Protonal LF 120M:DCP/Ca Gluconate/Chitosan 

- M-139(Protonal:DCP 50:50)
M-140 (ProtonakCa glu 75:25)

-141 {ProtonakCa glu 50:50)
M-142 (ProtonakCa glu 25:75)
M-143 (Protonal:Chitosan:HP!ViC K4M 50:50:10) 
M-144 (Protonal:Chitosan:Starch 1500 40:40:30)

Protonal LF 120M:HPMC K4M 
-a- M-136 (100:00), 
-O- M-137 (110:10) 
-A- M-138 (110:20)

—i—""T......i.......r- i---- 1——|----- r  i------ 1.....i....... |.......i..... »..... i------ r*

6 8 10 12

Time (h)
Figure 6.50. Effects of the Protonal LF 12QM : HPMC K4M ratio on the glipizide release 
profiles.

0 2 4 6 8 10 12

Time (h)

Figure 6.51. Effects of Protonal LF 120M : DCP/calcium gluconate/chitosan ratio on the 
glipizide release profiles.
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Figure 6.52. Extrapolation of accelerated stability study for determination of shelf-life for 
M-3 formulation. ,

M-144). As seen from the figure, it is clear that both the calcium salts and 
chitosan caused gelation of alginate and prolonged the glipizide release 
depending on the alginate to salt/chiiosan ratio used. However, none of the 
system could extend the drug release more than 5 h, it can be expected that the 
increase in polymer loading of the matrix can sustain the drug release further. 
For, M-140 to M-142, as the calcium gluconate concentration increases, the 
release profile changes from matrix to Korsemeyer-Peppas to zero order release 
kinetics. Preformulation batches with chitosan (M-143 and M-144) followed zero 
order release pattern Table 6.9.

6.8. Stability Studies

All the optimized batches were subjected to accelerated stability study (40 ± 2°C / 
75 ± 5% RH) according to ICH guidelines. 6 month accelerated data for the 
optimized formulations showed negligible change over time for the parameters 
like appearance, weight variation, thickness, hardness, and drug content. The 
similarity factor (f2) was calculated by a comparison of the dissolution profile at
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each time points with the control at the initial condition. The f2 factors obtained 
ranged from 84 to 96, with a 2 to 7% average difference, and the formulations 

were found to be stable. Evaluation of shelf-life was carried out as per the ICH 
Q1E Step4 (Evaluation of Stability Data) guidelines for the drug substances 

intended for room temperature storage. Long-term and accelerated stability data 
showed little change over time, so the shelf-life up to twice the length of available 

long-term data can be proposed. Extrapolation of the shelf-life beyond the length 
of available long-term data can be proposed. For this, an approach for analyzing 
the data on a quantitative attribute that is expected to change with time is to 

determine the time at which the 95% one-sided confidence limit for the mean 
curve intersects the acceptance criterion (not more than 5% change in assay 
from its initial value) can be accepted. The accelerated stability data of the 
developed formulations were linearly extrapolated (zero-order kinetics) to 
calculate the shelf-life. Shelf-life for M-3, M-25, M-70, M-75, M-84, M-120, and M- 
126 were found to be 2.84, 2.91, 2.69, 2.78, 2.59, 2.97, and 3.12 years, 
respectively. The linear extrapolation of acceleiated stability data for M-3 
formulation is shown in Figure 6.52. s
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7. NATEGLINIDE MATRICES
Based on the previous experience of unique properties of different polymers and 

excipients investigated and their role in the cumulative drug release kinetics, 
following few systems were tried to develop sustained release matrices of 
nateglinide. All nateglinide formulations contain 180 mg of nateglinide, 2 mg of 
aerosil, and 4 mg of magnesium stearate.

7.1. HPMC-MCC-Starch Matrices

Both the HPMC . K4M and MCC PH301 possess the direct compression 
properties. As we have seen earlier, the mixture of these two polymers resulted in 
a unique matrix system .that can sustain the drug release via combined 
mechanism of diffusion arid erosion depending on the polymer ratio used. The 

hydrophilic matrix tablets of high dose drug - nateglinide were tried by varying 

the HPMC K4M to MCC PH301 ratios and also drug to total polymer ratio. The 
formulation was optimized to target the continuous drug delivery up to 12 h, with 

minimum polymer levels and without any risk of burst effect or lag phase due to 
low or high polymer loading in the matrices.

7.1.1. IN VITRO DISSOLUTION & RELEASE KINETIC STUDIES

The influence of the different HPMC grades on the cumulative nateglinide release 
from HPMC; : MCC PH301 (25:75) hydrophilic sustained release matrices is 
represented in Figure 7.1; (J-1 to J-8). The drug release phenomenon can be 
explained as discussed earlier in glipizide matrices. In each grade, for a fixed 

polymer level, the viscosity of the particular polymer selected governs the 
performance of the matrix by affecting the diffusional and mechanical 
characteristics of the gel. Briefly, the drug release rate decreased in the rank 
order K4M>K15M>K100M:due to their increasing molecular weight and ability to 

produce more viscous gel barrier that increases the resistance for the' drug to 

diffuse out of the matrix; Normal grade HPMC (#40 sieve) differs from the 
controlled release HPMC CR grade (#100 sieve) in their particle size only and 
influences the polymer performance of hydrophilic matrix systems. The smaller 
particle size have more surface area relative to equivalent weights of fractions 
with larger particle size, that, provides for better polymer-water contact, thus 
increasing the overall rate at which complete polymer hydration and gelation 

occurs. This leads to the more effective formation of the protective gel barrier so
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Time (h)
Figure 7.2. Influence of hardness on the nateglinide release from the HPMC K4M : MCC 
PH301 matrices.
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Figure 7.1. Influence of different HPMC grades on cumulative nateglinide release from 
HPMC : MCC PH301 matrices.
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critical to the performance of hydrophilic matrix tablets. From the Figure 7.1, it 
can be seen that controlled release grade HPMC CR swells immediately upon 
hydration, the water penetrates the matrix, dissolves nateglinide and starts to. 
diffuse out, which results in initial high drug release. Nevertheless, once the gel 
gains enough viscosity, it; becomes too much tortuous, and the diffusion path 

length increases, that significantly decreases the drug release rate (compare the 
dissolution profiles of J-4 with J-7 and J-2 with J-8) at the end of dissolution 
study. In contrast to this, normal grade HPMC can maintain the constant drug 

release rate until the matrix reaches disentanglement concentration and 
dissolves completely. HPMC K4M normal grade results in similar profile initially, 
and maintaining constant drug delivery up to 12 h and hence was selected for all 
further studies. At higher compression force (and thereby higher hardness), drug 
diffusion is impaired greatly due to decreased porosity of matrix, reduced water 
penetration and matrix hydration. as discussed earlier. The reduction in 
cumulative drug release from HPMC K4M : MCC PH301 -matrices shown in 
Figure 7.2 can also be explained on this basis. Among the group of J-1 to J-8 

batches, Hixson-Crowell was the best Jit model for J-1 and J-6, while the rest of 
batches followed Korsemeyer-Peppas release kinetic model. The drug release 
was governed by non-fickian anomalous transport mechanism for all batches (0.5 
<n< 1, Table 7.1).
Moreover, MCC is one of the most compressible direct-compression fillers and 
has the highest dilution potential. This can be explained by the nature of the 
microcrystalline particles themselves, which are held together by hydrogen bonds 
between hydrogen groups on adjacent cellulose molecules and accounts almost 
exclusively for the strength and cohesiveness of compacts. When compressed, 

the MCC particles are deformed plastically due to the extremely large number of 
clean surfaces brought in contact during the plastic deformation and the strength 
of the hydrogen bonds formed (Shangraw, 1989). It has extremely low coefficient 
of friction (both static and dynamic) and therefore has no lubricant requirements 

itself. ; ;
If the polymer level is too low, a complete gel layer may not form (Cheong et aft., 
1992). Because hydrophilic matrix tablets containing HPMC absorb water and 

swell, the polymer level in the outermost hydrated layers decreases with time. 
The outermost layer of the matrix eventually becomes diluted to the point where 
individual chains detach from the matrix and diffuse into the bulk solution. The 
polymer chains break away from the matrix when the surface concentration 

passes a critical polymer concentration of macromolecuiar disentanglement 
(Harland et al., 1988; Bohderoni et al., 1992; Ju et al,, 1995). Effect of slower 
release for higher polymer levels is due to the longer period, of time required to 

reach the. disentanglement concentration at the tablet surface, which in turn.
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0 2 4 6 8 10 12

Time (h)
Figure 7.3. Influence of HPMC K4M : MCC PH301 ratio at different polymer loading on 
nateglinide release profiles,
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equates to greater resistance to surface erosion. There is a threshold level of 
retardation of drug-release rate that is achievable, where a further increase, in 

polymer loading does not result in further decrease in drug-release rate. This is 
because drug release does not result solely from polymer erosion, but also from 
drug diffusion through the hydrated polymer layers. Thus, polymer loading can 

also significantly affect the wetting time, hydrogel structure, its integrity, and 
mechanical strength. Hence, matrices with different drug : polymer ratio at 

different loading were also prepared and the changes in nateglinide release 

patterns are depicted in Figure 7.3 (J-9 to J-16).
The decrease in drug release rate from J-9 to J-14 is because of increase in 
HPMC content, and hence- it decreased burst effect. The use of water insoluble 
microcrystalline cellulose as the tablet excipient also partly contributed to the 
prevention of the tablet matrix from disintegrating. Each MCC microfibril is 
composed of two areas: One is the paracrystalline region, an amorphous flexible 
mass of cellulose chains, and the other is crystalline region, which is composed 
of tight bundles of microfibrils in a rigid lipear arrangement. On contacting water, 
the amorphous regions sweH rapidly due to the rapid passage of water into the 
compact and the instantaneous rupture of hydrogen bonds (Shangraw, 1989). 
While the denser crystalline domains prevent the complete dissolution of the

%
 N

at
eg

lin
id

e 
re

le
as

e



S
ec

tio
n 

III
 R

es
ul

ts
 &

 D
is

cu
ss

io
n:

 N
at

eg
lin

id
e 

M
at

ric
es

 
24

1

o
I—
«
2E

. 5.
11 t

O00cd 4.
49

in 2.
92 • 1.
99

2.
89

3.
88 0COcd 5.
53

4.
71

4.
21

3.
63

om
Q
ll 4.

24
2.

35 h-IO
CO

0
CO

▼“**
T"“CM

•M"CD
CM 0.

95
1.

48
0.

46 03q
*T— 1.

99 min 3.
24

2.
64

2.
29

2.
03

iX-t

0

Ull:

= c
-* Tn fD cill
Ilf
%.%-S

Hlft

D3
X'-
" H

ix
.C

ro
w

.
Pe

pp
as

Pe
pp

as
Pe

pp
as

Pe
pp

as
H

ix
.C

ro
w

.
Pe

pp
as

Pe
pp

as
Pe

pp
as

Pe
pp

as
Pe

pp
as

Pe
pp

as
H

ix
.C

ro
w

.
H

ix
.C

ro
w

.
Pe

pp
as

Pe
pp

as

M
s?3?
1

•E
i“ 1.

00
0.

99 0q

86*0 0.
99

0.
99

0.
89

0.
89

0.
89

0.
97

0.
96

0.
99 0q

0
q 0.

99 CO03d
O
c 0 

|cmX
81

§”|£|.
W0 CM

O
O -0

.0
3 CO0

d -0
.0

4

0
d

I -0
.0

3
-0

.0
4 CO

0
d

1

in0
d -0

.0
5

-0
.0

5
-0

.0
5

-0
.0

3
-0

.0
4 "M"Od

t -0
.0

5
if
<0 

ea?©£
cr Oq

•’T"” 1.
00 0q

T-’

CD
CD
d 0.

99
0.

99 0q
l—

0
q

0
q

0
q

0
q
T—

0
q

0
q 0.

99 Oq 0.
99

a!

PI
SQ)j f'll?Ipll

NCM
00 15

.9
7

11
.5

2 CO
CM

inCM

"vf00d
CM

T*CO

in

CD

tt-
co 24

.7
7 "M"00

T—'=t

5
Is-'
CM 17

.3
2

22
.2

1
6.

63

CD
■M-
CM
T—

in

r-

§

CM

T—
33

-xx.:':©‘4

fcn>w(■©I52i C 0.
79 CM

CD
d 0.

69 00
'Cfd 0.

52 0CD
d

0

d 0.
44 CM

CO
d

00■M-d

00
CO6 0.

58
1.

04 CO
1d̂ 0.

74 0300

©
CD
«CO,
CD
CD

X

a©E
5

IIS

0.
96 CD

CD
d 0.

97 CD
CD
d 0.

99
0.

97 00
CD
d 0.

99 -a-qd 1.
00

0.
98

0.
99

0.
95

0.
97

0.
97 Is-03d

LL.
s©1© .r

CO
CM
lO
T— 20

.5
2 CD

q
CD

'CflO
•*?CM 22

.3
6

.2
0.

08 CO
in
inCM 22

.0
4 CD

in
CD
CM 26

.6
2

24
.9

6
26

.0
8

19
.8

6 CO
0
CM
CM 23

.8
1 CO

CO

inCM

»_s©©
0

cr
Oq 0.

99 0q
CD
CD
d 0.

98
0.

98 "'tCD
d

CO
03d

96'0 0.
99

0.
86

0.
99

0.
99

0.
99

0.
97 qd

;pi^.

•+LW
Ll,

A
m0

n

0.
99

 -0.0
7

0.
95

 -0.1
1

0.
98

 -0.0
9 Is-

d

03d 0.
95

 -0.1
4

0.
98

 -0.1
2 m

T—d
1

CD
CD
O 0.

76
 -0.1

2 CM
CM
O1

03CO
d

00
T“d

CO
00
d 0.

98
 -0.2

1
0.

92
 -0.1

9
0.

99
 -0.1

2
0.

99
 -0.1

4
0.

99
 -0.1

7
0.

98
 -0.2

2

ll

®

cffiffll
0

*£ 5.
37

6.
96 00

CD

h-
"M-

00 7.
70

6.
92 CO

''fr
00 7.

54

-M-

CD
03 9.

10
8.

79 00
0

03 6.
84

7.
74

8.
40 CO

03

lit
jC

1

CO

T—
I

-3
CM
i

“3
CO

,—>

xf

t"3
in

t-3
CD

1
”3

Is-

1
“3

00
1~3

031—3 J-
10

J-
11

J-
12

J-
13

J-
14

J-
15

J-
16

ba
tc

he
s 

J-
1 t

o 
J-

16
.

Ta
bl

e 
7.

1.
 C

om
pa

ris
on

 o
f d

ru
g r

el
ea

se
 ki

ne
tic

s o
f d

iff
er

en
t m

od
al

iti
es

 fo
r t

he
 in

 v
itr

o 
na

te
gl

in
id

e 
re

le
as

e,
 b

es
t f

it m
od

el
, M

D
T5

0 a
nd

 M
D

TS
o f

or



matrix due to its limited interaction with water (Picker, 1999; Durig and Fassihi, 
2002). In case of J-15, overall the matrix loading is reduced such an extent that 
HPMC quantity in the matrix was not sufficient to prepare cohesive gel and 
therefore, nateglinide suffers less resistance to diffuse through the loose gel 
formed. This ultimately results in higher drug release as compared to J-14 & J-15. 
As discussed earlier, Starch 1500 actively contributes in the hydrogel formation 
with HPMC and results in almost liner drug release for J-16. In this group of 
matrices, except J-13 and J-14 (which followed Hixson-Crowell model), all other 
batches best fit into Korsemeyer-Peppas drug release kinetics with non-fickian 
anomalous transport mechanism (Table 7.1).

7.1.2. CHARACTERIZATION OF OPTIMIZED FORMULATIONS

From J-1 to J-16, in vitro dissolution of batch J-11 and J-16 passes all the 
constrains defined previously and studied further for their swelling behavior and 
SEM analysis to confirm the relative contribution of diffusion and/or erosion by 
Kopcha model.

7.1.2.1. Release Mechanism by Kopcha Model

Overall dissolution profiles of the hydrophilic matrix formulations J-11 (HPMC 
K4M : MCC PH301 at 62.5:187.5) and J-16 (HPMC K4M : MCC PH301 : Starch 
1500 at 50:60:90) were fitted into Kopcha model to understand the proportion of 
the drug diffused from the matrix or drug released by erosion of the outermost gel 
layer and results are shown in Figure 7.4. As seen from the figure for J-11, 
throughout the dissolution study, ratio of A/B > 1. It suggests diffusion term is 
highly predominant in this case. However, the erosion term increases initially up

Figure 7.4. Kopcha model parameters (A and B) versus time profile for J-11 and J-16 
formulations, respectively.
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to 4 hour, it is not as significant as diffusion. Initially until the water molecules 

penetrate the matrix core ,and prepare hydrogel strong enough to control the 

diffusion of nateglinide, drug is release form the matrix surface easily by erosion 
due swelling of insoluble MCC PH301. Nevertheless, once hydrogel gains 

enough viscosity, it controls drug release mainly by diffusion.
In case of J-16, slight lower level of HPMC as compared to J-11 and presence of 
starch 1500 (because of swelling power of amylose content) as well as insoluble 
MCC PH301 results in A/B < 1 up to 7 hour. Later on HPMC hydrates .completely 
and hydrogel gain enough viscosity to possess control over functionality of MCC 
and starch, hence nateglinide release mainly by diffusion (A/B > 1, Figure 7.4). 
However, from the figure one can see that the difference in magnitude of the 
diffusion and erosion terms is almost equal throughout the dissolution study. In 
short, the drug release in this case is combination of diffusion and erosion where 
initially erosion prevails slightly and later on diffusion predominates.

7.1.2.2. Swelling Study

The behavior of the gel layer, formed around the hydrophilic matrices after water 
uptake, is of major importance for the drug release ^profiles. The structural 
features of the gel layer are related to the kinetics and mechanism of both water 
uptake and drug; release. Hence, the kinetics of tablet swelling were also 
investigated and correlated to drug release. The results of water uptake as well 
as radial and axial swelling for J-16 are enumerated in Figure 7.5. As the matrix 

comes in contact with water, water starts to penetrate inside, percent water 
uptake rises, with axial and radial swelling of tablet up to 3 hour. This is the time 
taken by matrix system to get hydrated completely. Simultaneously erosion of; 
surface MCC PH3Q1 and Starch 1500 molecules before HPMC hydrates1 

completely is responsible for initial drug release. The water uptake, axial and 
radial swelling remains almost constant up to 6 hour. Then radial swelling 
decreases gradually (which can be seen in the photographs also at the top of the 
Figure 7.5) but axial swelling still increases until end of the study. This results in 
minor reduction of water uptake rate. Anisotropic swelling (more swelling in the 

longitudinal direction than;in the radial direction) was seen for HPMC containing 
nateglinide matrices. Similar phenomena during the swelling of HPMC compacts 
were observed by Papadimitriou et al. (Papadimitriou et al., 1993; Brabander et 
al., 2003), who related the axial relaxation of the HPMC compacts to the relief of 
stress induced during compaction and the unidirectional swelling to the 
orientation of molecules during compression. This corresponds with continuous 

increase in drug diffusion in Kopcha model study.
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Water uptake 
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Radial swelling
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Time(h)

Figure 7.5. Percent water,uptake, axial, and radial swelling results for J-16 formulation 
(HPMC K4M : MCC PH301 : Starch 1500 at 50:60:90).

7.1.2.3. SEM Study

Since the rate of swelling and erosion determines the mechanism and kinetics of 
drug release, the surface analysis of matrices was carried out at the end of the 
dissolution study. Figure 7.6 depicts the surface images of J-11 after in vitro 
dissolution at different time points giving idea about the progress of hydrogel 
formation. It can be clearly seen that on hydration, the surfaces of the tablets 

showed the formation of a smoother gel due to the polymer relaxation upon 
absorption of water. Further, the matrix surface showed smaller pores, which 
would probably explain the routes for the drugs to travel within the body of the gel 
layer and finally diffuse out. This supports the results of Kopcha analysis that 
diffusion of the drug is predominant drug release mechanism for J-11.

244 Section ill Results & Discussion: Nateglinide Matrices

%
 S

w
el

lin
g



(c) J-11 at6h
Figure 7.6. SEM photographs of J-11 tablet surface after in vitro dissolution at different 
time points. ' ,

It is clear from the Figure 7.7 (a-c, & f), that the surface morphology is rough 
initially upto 6 h compared to that after 6 h (Figure 7.7 (d-e)). The micrograph 
showed that there was a formation of viscous gel after 6 h and controlled the 
release through diffusion. The mechanism for drug release upto 6 h might be
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erosion of matrix tablets. Moreover, the pores on the surface, as visible in Figure 
7.7 (c & f), are opening of the channels through which drug has diffused out. The 
observations are in accordance with the results of swelling study and Kopeha 
model analysis.

(c) J-16 at 6 h^ ' “ - (0 J-16at6 h (3000X)

Figure 7.7. SEM photographs of J-16 tablet surface after dissolution at different time 
points. Micrograph (f) taken after 6 h dissolution showed pores at high magnification.
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EC 7FP : MCC PH301 Combinations 

-O- J-17 (60:40-250)
-O- J-18 (60:40-200)
-A- J-19 (60:40-175)
-O- J-20 (50:50-200)

U ----- 1----- '----- «----- 1----- 5-----»----- '----- »-----1-----*-----*---------- »----- 1----- 1----- '----- *----- *-----J----- *-----*----- <----- *-----1----- »-----'« 1\
0 2 4 6 / 8 10 12

Time (h)

Figure 7.8. Influence of EC 7FP Premium : MCC PH301 ratio at different polymer 
loading on nateg|inide release profiles.
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7.2. Ethyl Cellulose & Carbopol Matrices

Ethyicellulose is hydrophobic in nature and when used with HPMC, it retarded the 
penetration of the dissolution media into the matrix, that resulted in initial 
suppression of the drug release rate (as seen in glipizide matrices of EC-HPMC). 
To overcome this situation, a polymer that can swell upon hydration and thereby 
improve the initial drug release kinetics is desired. From the results of the 
different polymer contribution on the drug release discussed in glipizide matrices 
section, MCC can be expected to fulfill the criteria. Hence, the EC 7FP Premium : 
MCC PH301 matrices were prepared and their in vitro dissolution results are 
discussed below.

7.2.1. IN VITRO DISSOLUTION & RELEASE KINETIC STUDIES

In vitro nateglinide release profiles for EC 7FP Premium : MCC PH301 
combinations (J-17 to J-20) are enumerated in Figure 7.8. It is obvious from the 
figure that, as the total polymer content of the matrix decreases (J-17 to J-19), 
the hydrated layer due to MCC forms less viscous gel, which promotes the
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mobility of the water molecules within the gel network of MCC and hence, the 
dissolved drug can easily diffuse out. This ultimately resulted in lower MDT50 and 
MDTso values, as depicted in Table 7.2. As per the hypothesis applied, inclusion 

of MCC PH301 in EC 7FP Premium matrices increases the initial drug release, 
but still none of these three batches showed complete drug release within 12 h. 
EC is hydrophobic polymer, which restricts the entry of water molecules into the 
matrix, and thereby controls the swelling and gelling property of MCC. Reducing 
EC/MCC ratio (J-20) resulted in more hydration and swelling of MCC. This alters 

the integrity and tourtosity of the hydrogel and promotes the nateglinide diffusion. 
The drug release profile of this batch was within the limits desired at all time 
points and considered one of the optimized batch to study the release 
mechanism in further detail using Kopcha model, swelling study and SEM 
analysis. The dissolution profiles of J-17 to J-19 best fits in to Hixson-Crowell and 

first order release kinetic models, while batch J-20 follows Korsemeyer-Peppas 

release kinetics. All these formulations releases the nateglinide via non-fickian 

anomalous transport mechanism (0.5 < n < 1, as shown in Table 7.2). As the 
EC/MCp ratio decreases, the drug release kinetic shifts from Hixson-Crowell to 
Korsemeyer-Peppas model.
The carbopol polymer contains the acrylic acid backbone. The main differences 
are related to the presence of a comonomer and the cross-link density. Figure 7.9 
summarizes the percent nateglinide release as a function of dissolution time for 
the Carbopol 934P : Eudragit L100 combination formulations. At the same total 
polymer level, the increase in carbopol content (J-21 and J-22) causes more and 
more polymer chain gyration with increased radius of the gyration. This resulted 
in highly swollen hydrogel and increased diffusion path length, which increases 
the overall mean dissolution time of the system. Moreover, eudragit also 
contribute significantly in drug release by polymer particle erosion, which is 
characterized by erosion of partially swollen polymer particles. Unlike the 
classical eroding tablets, which dissolve completely during the dissolution test, a 

turbid solution or suspension is formed during the drug release study of tablets 
showing polymer particle erosion. The visual observation of the dissolution 
process revealed that J-21 show the lower extent of swelling due to lower 
carbopol content) and more turbidity in the medium (due to higher eudragit 
content) as compared to that of the batch J-22. Lindner et al. and Zuleger et al 
have also noticed this special type of erosion controlled drug delivery with Tylose, 
a methyl hydroxyl ethyl cellulose (Lindner and Lippold, 1995; Zuleger and 
Lippold, 2001).
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100 -

0 2 4 6 8 10 12
O

Time (h)
Figure 7.9. Influence of Carbopol 934P : Eudragit L100 : Starch 1500 / MCC PH 301 
ratio on nateglinide release profiles.

Partial replacement of Eudragit L100 with Starch 1500 up to certain extent (J-23 
as compared to J-21), can also result in almost similar release profile, and also 
reduces the formulation cost. However, in case of matrices with Carbopol 934P 

and Stach1500 (J-24), a polymer-polymer interaction occurs and Starch 1500 
gave synergistic effect of drug release retardation (like it actively contributes in 
the drug release kinetics from HPMC hydrogels). As seen from the in vitro 
release data for J-24, nateglinide release rate reduces to a considerable extent 
after 3 h. Morepver, high carbopol content can also slow down the drug release 
due to its highly cross-linked gel network. From this group of matrices, J-21 and 
J-23 followed the constraint limits for their dissolution, considered optimized and 
studied further for thorough understanding and conformation of drug release 
mechanism. Looking at the results of the drug release kinetics of different 
modalities (Table 7.2) and formulation composition (J-21 to J-24), the best fit 
model for dissolution profiles changes from Korsemeyer-Peppas to zero-order to 
first order. Depending on the value n, these formulations release nateglinide 

either by non-fickian anomalous or by supercase-ll transport mechanism.
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7.2.2. CHARACTERIZATION OF OPTIMIZED FORMULATIONS

From this group of matrices, three optimized batches, namely J-20 (EC 7FP 
Premium ; MCC PH301 at 100:100), J-21 (Carbopol 934P : Eudragit L1#«L:: 

70:130) and J-23 (Carbopol 934P : Eudragit L100 : Starch 1500 at 80:80:40) 
were subjected to further characterization.

7.2.2.1. Release Mechanism by Kopcha Model

Figure 7.10 enumerates the results of Kopcha model analysis for batches J-20, J- 
21, and J-23, respectively. For J-20 matrix system, hydration of MCC results in 
formation of hydrogel capable enough to control the drug release mainly by 
diffusion of the dissolved drug molecules. Initially up to 2 hour, MCC PH301 
promotes release of drug by swelling of MCC and creation of channels through 
which drug diffuses before firm gel is formed. Throughout the dissolution study

0 2 4 6 S 10 12 0 2 4 6 8 10 12

Time (h) Time (h)

Figure 7.10. Kopcha model parameters (A and B) versus time profile for J-20 (EC 7FP 
Premium : MCC PH301 at 100:100), J-21 (Carbopol 934P : Eudragit L100 at 70:130), 
and J-23 (Carbopol 934P : Eudragit L100 : Starch 1500 at 80:80:40) formulations, 
respectively.
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A/B is greater that unity and indicates that diffusion is the main drug release 
mechanism from this ethylcellulose matrix.ln case of Carbopol 934P : Eudragit 
L100 containing matrix system J-21, as we have discussed earlier, Eudragit L100 

causes nategiinide release by polymer particle erosion (can be seen in Figure 
7.10 up to half course of dissolution). The carbopol swells in dissolution media 

due to repulsion of like negative charges of carbopol molecules and it is time 
dependent process. Complete hydration of carbopol increases hydrogel viscosity 

and is mainly responsible for control of drug release by diffusion through the gel 
during later half course of dissolution. Overall, the drug release is a.combination 
of diffusion and erosion, where initially erosion prevails followed by diffusion 

predominance.
As seen in Figure 7.10 for J-23, erosion increases during initial 4 hour and then 
declines gradually with rise in diffusion term. This can be explained on the basis 
that amylose content of Starch 1500 absorbs water readily and induce swelling of 
matrix before Carbopol 934P molecules uncoil completely to gain visco-elastic 

property. Moreover, the Eudragit L100 also supports the drug release by polymer 
particle erosion.

7„2.2.2. Swelling Study

Since the degree of hydration is one of the factors determining the degree and 
velocity of drug release from the hydrogel matrices, the relation between the 
kinetic parameters of water penetration and the viscosity is a characteristic 
indicator for the gel structure, the degree of swelling and the drug release rate 
(Michailova et al., 2000). Hence, the kinetics of tablet swelling was also 
investigated to get insight the drug release mechanism.
The photographs of J-20 matrix system at different time interval of swelling study 
and the results of water uptake, axial and radial swelling are depicted in Figure 

7.11. In contact with dissolution media, MCC gets hydrated, swells, and forms gel 
that controls diffusion of the drug throughout the dissolution study. Rapid 
increase in axial and radial swelling with increase in water uptake during initial 3 
h indicate hydrogel formation. The swelling remains almost constant up to 9 hour, 
then radial swelling decreases gradually which can be seen in photographs also. 
However, the increase in water uptake continues due to increase in axial swelling 
(anisotropic effect like HPMC based matrices) because of the relaxation of the 

stress induced during to compression of matrices.
In J-21, carbopol containing matrices, as shown in Figure 7.12, a continuous 
increase in matrix height and diameter is seen. This is because upon exposure to 
water, the polymer chains start gyrating and the radius of gyration becomes
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Time (h) |

Figure 7.11. Percent water uptake, axial, and radial swelling results for J-20 formulation 

(EC 7FP Premium : MGC PH301 at 100:100). J;

■ 1 I

bigger and bigger which results in swelling. Dissolution medi;a of pH 6.8 causes 
neutralization and ionizes the carbopol polymer, generating negative charges 
along the polymer backbone. Repulsions of these like negative charges cause 
the molecule to uncoil into an extended structure. This leads to increase in water 
uptake (around 600 % of its original volume) continuously and can be observed 
clearly in the photographs of matrices at different time intervals. The dissolution 
media penetrated'in to matrix dissolves nateglinide, and diffuse it out. Initially up 
to 6 hour, diffusion rate is lower until matrix gets hydrated'completely. Then it 
increases gradually until the dissolution .ends. This further supports the results of 
Kopcha analysis. This confirms the key role of Carbopol 934P as a drug release 
retardant in hydrophilic matrices.
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Figure 7.12. Percent water uptake, axial, and radial swelling results for J-21 formulation 
(Carbopol 934P : Eudragit L100 at 70:130).

The results of swelling study for J-23 are shown in Figure 7.13. The carbopol 
hydrogel are structurally different from other hydrogels. The hydrogels are not 
entangled chains of polymer, but discrete microgels made up of many polymer 
particles, in which the drug is dispersed. Since these microgels are not water 
soluble, they do not dissolve and erosion in the manner of linear polymers does 
not occur. But, when the hydrogel is fully hydrated, osmotic pressure from within 
works to break up the structure, essentially by sloughing off discrete pieces of the 
hydrogel (Noveon Bulletin, 2002). These fully hydrated discrete pieces can be 
seen clearly in photographs of 12 hour and 24 hour. The drug release governed 
by the erosion of this gel are in accordance of the erosion predominance 
suggested by the Kopcha model analysis.
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Time (h)
Figure 7.13. Percent water uptake, axial, and radial swelling results for J-23 formulation 
(Carbopol 934P : Eudragit L100 : Starch 1500 at 80:80:40).
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7.2.2.Z. SEM Study

Figure 7.14 shows the surface images of the J-20 matrix after 12 hour dissolution 
at different magnifications. The matrix structure of the EC-MCC tablets were 
maintained after 12 hour dissolution due to water insoluble EC. However, matrix 

becomes porous after dissolution because the water sweilable MCC created gel 
through which drug diffused during 12 hour dissolution. Undissolved EC particles 
are clearly observed in the micrographs shown in Figure 7.14.

Figure 7.14. Scanning electron micrograph of J-20 after 12 h dissolution at different 
magnifications.
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The surface images of carbopo! containing batch J-21 are. depicted in Figure 

7.15. Carbopol 934P is hydrophilic in nature due to carboxylic groups, it forms 
very smooth gel (like HPMC) and controls the drug release rate in controlled 
manner. It absorbs plenty of water and the hydrogel in the form of discrete 

swollen microgels are seen in the SEM images. When the hydrogel is fully 
hydrated, osmotic pressure from within works to break up the structure, 
essentially by sloughing off discrete pieces of the hydrogel. This can be seen 
clearly in the photographs and SEM images, confirming the diffusion as a major 
drug release mechanism; Because of its high water uptake the outermost 
microgel layer becomes almost translucent. Initially carbopol takes time to reach 
at completely hydrated state and therefore drug release occurs by erosion. 
During this period also, diffusion is there but not as significant as erbsion, but 
upon complete hydration, carbopol controls the drug release by diffusion 
mechanism.
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Figure 7.16 depicts the SEM images of J-23 matrix tablets contairung Carbopol 
934P, Eudragit L100 and starch 1500. As the external surface of carbopol 
matrices hydrated, it also forms a gelatinous layer, which is significantly different 
structurally from the other traditional matrix tablet. Images at lower magnification 
shows the smooth hydrogel formed due to carbopol. Higher magnification images 
clearly indicate the eudragit mediated erosion of matrix. This confirms the drug 
release mechanism of this matrix is mainly erosion mediated as discussed earlier 
in Kopcha model analysis.

Figure 7.16. Scanning electron micrograph of J-23 after 12 h dissolution at different 
magnifications.
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100

80 -

Xanthan Gum : HPMC K4M Combinations 
j-25 (72:23:05-250) Lactose 
J-26 (80:13:07-225) Lactose 
J-27 (40:15:45-200) Starch 1500 
J-28 (25:15:60-150) Starch 1500 
J-29 (50:20:30-150) Eudragit L100

0 2 4 6 8 10 12

Time (h)
Figure 7,17. Influence of Xanthan gum : HPMC K4M : Lactose / Starch 1551 Eudragit 
L100 ratio at different polymer loading on nateglinide release profiles.
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7.3. Xanthan Gum Matrices

Xanthan gum, a natural gum was used as a main matrix former to retard the 
nateglinide release. As we have seen earlier in glipizide matrices, that free 
carboxylic, groups of anionic xanthan gum interact with the non-ionic HPMC to 
produce a firm gel and significantly hinders the drug diffusion. Hence, some water 
soluble excipients can be added to increase the porosity of the matrix to improve 
the release rate of active material. Other alternative is the addition of swellable 
material, which swells upon hydration, increases the distance between the 
interacting HPMC and xanthan molecules and causes weakening of the gel 
strength, and thereby promotes the drug release.

7.3.1. IN VITRO DISSOLUTION & RELEASE KINETIC STUDIES

The results of in vitro dissolution study for xanthan gum : HPMC K4M matrices 
with other excipients - lactose, Starch 1500 and Eudragit LI00 are depicted in 
Figure 7.17 (J-25 to J-29). Lactose, being water soluble easily promoted the 
nateglinide release through the channels and pores from which it diffuses out.
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0 2 4 6 8 10 12

Time (h)
Figure 7.18. Influence of Xanthan gum : Eudragit L100 : Starch 1500 / EC 7FP Premium ' 
/ MCC PH301 on nateglinide release profiles.
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Starch 1500 played its role due to its inherent swelling power and disintegrant 
properties while Eudragit L100 increased drug release because of its 
characteristic polymer particle erosion mechanism. Apart from this, the level of 
natural gum and HPMC in matrix is also a governing factor for changes in MDT of 
different matrices. In short, use of all three excipients help in linearteation of the 
dissolution data, though none of them could complete drug release from xanthan 

: HPMC matrices within 12 h at level they were used. Further changes in the 
composition of the polymer and excipients can be made to modulate different 
release rate formulations. Table 7.3 gives comparative idea about the kinetic 
constants of different drug release modalities. Regression coefficients of different 
drug release model suggests that addition of lactose (J-25 and J-26) or Eudragit, 
L100 (J-29) into Xanthan gum : HPMC K4M matrices results in Hixson-Crowell or 
first order kinetics whereas addition of Starch 1500 (J-27 and J-28) gives the 
release profiles which best fits into Higuchi’s square root of time kinetics.
The next group of matrices are based on the combination of xanthan gum with 
Eudragit L100 with or without other additives. Their release profiles are 
enumerated in Figure 7.18 (J-30 to J-35). Removal of HPMC from xanthan : 
HPMC matrices changes the complete dissolution profiles. In xanthan gum : 
Eudragit L100 combinations, as xanthan can not form protective gel barrier so
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quickly as HPMC (to retard the drug diffusion), eudragit particle erosion starts 
immediately upon contact with dissolution medium and resulted in nateglinide 
burst release with inverse proportion of xanthan level in the matrix system (J-30 
to J-32). After about 1 h, xanthan becomes fully hydrated and slow down the drug 
release promoted by the presence of eudragit, starch, and MCC. Similar to 
HPMC, ethylceilulose aiso prepared the tortuous barrier even at least total 
polymer level (J-34). This heterogeneous gel successfully controlled nateglinide 
release throughout 12 h within the defined dissolution constraints and selected 
for further study to confirm the drug release mechanism. As shown in Table 7.3, 
batches J-30 to J-32 fits into Higuchi’s square-root of time model, whereas J-33 
and J-35 follows Hixson-Crowell and first order kinetics, respectively. The 
optimized batch J-34 follows Korsfemeyer-Peppas kinetics and releases 
nateglinide by non-fickian anomalous transport mechanism.

7.3.2. CHARACTERIZATION OF OPTIMIZED FORMULATIONS

Within this group of matrices only J-34 was found to be optimized one and in vitro 
dissolution data are analyzed by Kopcha model. SEM images were used for 
better understanding of drug release mechanism.

7.3.2.1. Release Mechanism by Kopcha Model

The relative contribution of diffusions and erosional mechanism of drug release 
for J-34 (Xanthan gum : Eudragit L100 : EC 7 FP Premium at 75:35:40) is shown 
in Figure 7.19. Initially until xanthan gum is hydrated fully and forms viscous 
resistant barrier, the drug release is mainly due to Eudragit L100 mediated 
polymer particle erosion (diffusion is there but not so significant). At 4 hour 
diffusion line crosses the erosion line suggesting equal contribution of both the

Figure 7.19. Kopcha model parameters (A and B) versus time profile for J-34 formulation 
(Xanthan gum : Eudragit L100 : EC 7 FP Premium at 75:35:40).

262 Section ill Results & Discussion: Nateglinide Matrices



terms followed by predominance of diffusion term due to hydrogel formed upon 

complete hydration of xanthan gum. Xanthan gum forms smooth highly viscous 
hydrogel through which drug can diffuse, and thus it governs the constant drug 

release rate up to the end of the dissolution study.

7.3.2.2. SEM Study

The matrix surface can. give idea about the hydrated gel structure as well as the 
possibility of drug release mechanism. Scanning electron micrographs of the J-34 

after completion of dissolution study are shown in Figure 7.20 at different 
magnifications. The images shows the viscous hydrogel structure of xanthan 
gum. Its hydrogel is strong enough to control the polymer particle erosion of 
Eudragit L100 and hence continuous gel surface is observed in the micrographs. 
The pores created due to diffusion of nateglinide are clearly seen and confirms 
the diffusion as a major drug release mechanism from xanthan gum matrices.

Figure 7.20. Scanning electron micrograph of J-34 after 12 h dissolution at different 
magnifications.

Section ill Results & Discussion: Nateglinide Matrices 263



Protonal LF120M : Chitosan Combinations
-o- J-36 (20:20:60-250) MCC PH301
-O- J-37 (10:10:80-200) MCC PH301
-a- J-38 (10:10:40:40-200) Starch 1500:Eudragit LI 00

0 2 4 6 8 10 12

Time (h)

Figure 7.21. Influence of Protonal LF 120M : Chitosan : MCC PH301 / Starch 1500 / 
Eudragit L100 on nateglinide release profiles.

7.4. Alginate-Chifosan and Eudragit-HPMC Matrices

Protonal LF 120M, anionic sodium alginate forms ionotropic hydrogel in presence 
of cationic salts or other cationic polymer such as chitosan. Alginate-chitosan 

combinations were tried to check the ability of combined gel to sustain the 
nateglinide release.

7.4.1. IN VITRO DISSOLUTION & RELEASE KINETIC STUDIES

Cumulative Nateglinide release from the different combination of Protonal LF 
120M : chitosan matrices with the other auxiliary additives - MCC PH301, Starch 

1500 and Eudragit L100 are given in Figure 7.21. Looking at the matrices 
composition and their release profiles, it is obvious that the Protonal LF 120M 
and chitosan prepare extremely viscous gel. Further, the cations in dissolution 

medium strengthens it to such an extent that hardly up to 50 % of drug can 
release even in the presence of swelling or disintegration promoting excipients in 
the matrices (J-36 to J-38). However, it can be valuable in controlling the active
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Time (h)

Figure 7.22. influence of Eudragit L100 : HPMC K4M : Starch 1500 ratio at different 
polymer loading on nateglinide release profiles. ■

agent release for longer duration of time for other applications also. Drug release 
kinetic constants summarized in Table 7.4 suggests Hixson-Crowell as the best 
fit model for J-36, while Higuchi for J-37 and J-38. !

As discussed above in carbopol-eudragit matrices, Eudragit ;L100 promotes the 

drug release via polymer particle erosion; its functionality was checked in HPMC 
based matrices. -Nateglinide release profiles for the matrices prepared with 
HPMC K4M : Eudragit L100 at different polymer ratio ancJ different polymer 
loading level are depicted in Figure 7.22. At constant total polymer loading, the 

increase in Eudragit 1100 level results in decreased MDT5o and MDT80 (Table 
7.4), indicating higher drug release rate due to higher degreeiof erosion from the 

outermost get layer (see the release profiles for J-39 to J-41). Moreover, at the 

same polymer ratio, decrease in matrix loading gives overall higher drug release 
(compare the release profiles for J-41 and L-42) duo to lower hydrogel tourtosity 

at lower matrix former concentration. Overall, higher drug release rate of J-44 as 
compared to J-43 is responsible for lower HPMC K4M and higher Eudragit L100 
content of the formulation. Partial replacement of Starch 1500'in place of Eudragit 
L100 can make the formulation more economic without significant change in the 
formulation release kinetics. From this group of matrices (J-36 to J-44), two 

batches, J-42 and J-44 fits into the predetermined drug release constraints at all

-I'.
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time, points and found to be optimized formulations. Drug release mechanism of 
both these formulations was studied in detail by Kopcha model analysis, swelling 
study and SEM analysis, As shown in Table 7.4 and Figure 7.22, the decrease in 
Eudragit L100 / HPMC K4M ratio shifts the drug release profiles from Higuchi’s 
matrix type to Hixson-Croweil kinetics due to more linearization of dissolution 
curves, in vitro dissolution profiles of the optimized formulations, J-42 and J-44 
fits into Kdrsemeyer-Peppas and Higuchi’s square-root of time kinetics, 
respectively with non-fickian anomalous transport release mechanism (0.5 < n < 
1, Table 7.4).

7.4.2. CHARACTERIZATION OF OPTIMIZED FORMULATIONS

From J-36 to J-44, in vitro dissolution of batch J-42 and J-44 passes all the 
constrains defined previously and found to be optimum. Since the rate of swelling 
and erosion determines the mechanism and kinetics of drug release these 

formulations were studied further for their swelling behavior arid SEM analysis to 
confirm the relative contribution of diffusion and/or erosion by Kopcha model.

7.4.2.1. Release Mechanism by Kopcha Model

Figure 7.23 represents the; results of Kopcha model analysis for J-42 and J-44. ln 
both the case, diffusion increases initially and then takes over the erosion, 
followed by major drug release due to diffusion. In case of j-42, at the start of 

hydration process, the surface Eudragit L100 particles shows erosion and slight 
high drug release.; Simultaneously HPMC starts to form hydrogel quickly to retard 
the drug release and within 2 hour HPMC mediated diffusion becomes higher and 
governs drug release up to the end of study. While in case of j-44, during 2-4

Figure 7.23. Kopcha model parameter? (A and B) versus time profile for J-42 (Eudragit 
L100 : HPMC K4M at 114:61) and J-44 (Eudragit L100 : HPMC K4M : Starch 1500 at 
80:40:80) formulations, respectively.
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hour diffusion and erosion are almost equally contribute in nateglinide release. 
Finally, HPMC acts as major drug release retardant. In both the cases, at the end 
of dissolution study, the erosion term reaches almost zero level and drug release 
is solely by diffusion of nateglinide through unique HPMC hydrogel.

7.42.2. Swelling Study

Figure 7.24 shows the results of the axial and radial swelling as well as water 
uptake of batch J-42. In this case, all three parameters increase up to 12 hour 
and then gradually declines and it can be seen in the photographs attached 
herewith. Upon hydration, HPMC swells and forms hydrogel capable of retarding 
the drug release at almost constant rate by diffusion.

Oh 3 h ■ 6h 12 h 24 h

Time (h)
Figure 7.24. Percent water uptake, axial, and radial swelling results for J-42 formulation 
(Eudragit L100 : HPMC K4M at 114:61).
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The swelling study results for batch J-44 are enumerated in Figure 7.25. As seen 
with other HPMC containing matrices, here also anisotropic swelling was 

observed. Upon hydration, progressive increase in the size of this hydrated layer 
results in axial and radial swelling up to 3 hour, followed by decline in radial 
expansion. However, matrices expand axially and water uptake remains almost 
constant until the end of study and it can be seen in photographs. As compared 

to J-20, fast expansion in axial and radial direction may be attributed to the 
presence of Starch 1500 and its swellable amylose fraction. HPMC gel prevents 
the polymer particle erosion of Eudragit L100 by forming strong hydrogel. ■ •. ,

_ j j i—i ,—i | r~z i j t i i i i i

0 3 6 9 12 15 18 21 24

Time (h)

Figure 7.25. Percent water uptake, axial,'and radial swelling results for J-44 formulation 
(Eudragit L100: HPMC K4M : Starch 1500 at 80:40:80),
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7.4.2.3. SEM Study

Figure 7.26 represents the SEM images of batch J-44. The combined HPMC- 
starch gel results in smooth viscous hydrogel through which drug can diffuse in a 
controlled manner. As with other HPMC matrices, the pores created by diffusion 
of drug are seen within the structure of this heterogeneous hydrogel. This is in 
accordance with the diffusion predominance at the end of dissolution study 
discussed in Kopcha model parameters analysis.

Figure 7.26. Scanning electron micrograph of J-44 after 12 h dissolution 
maqnifications

7.5. Stability Studies

All the optimized batches were subjected to accelerated stability study (40 ± 2°C / 
75 ± 5% RH) according to ICH guidelines. The accelerated stability data for all 
optimized formulations of both drugs showed no change in appearance and 
negligible variation (within + 3 SD) over time for the parameters like weight
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Figure 7.27. Extrapolation of accelerated stability study for determination of shelf-life for 
J-21 formulation.

variation, thickness, hardness, and drug content. 6 month accelerated data for 
the optimized formulations showed negligible change over time for the 

parameters like appearance, weight variation, thickness, hardness, and drug 

content. Thp similarity factor (f2) was calculated by a comparison of the 

dissolution profile at each time points with the control at the initial condition. The 

f2 factors obtained ranged from 82 to 92, with a 2 to 7% average difference, and

the formulations were found to be stable. Shelf-life of optimized formulations were 
calculated by linear (zero-order) extrapolation of the accelerated stability data as 
discussed under ‘Stability Studies’ of ‘Glipizide Matrices’. Shelf-life for J-11, J-16, 
J-20, J-21, d-23, J-34, J-42, and J-44 were found to be 2.73, 2.87, 3.06, 2.64, 

2.98, 3.17, 2.95, and 3:22 years, respectively. The linear extrapolation of 
accelerated stability data for J-21 formulation is shown in Figure 7.27.
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8. IN VIVO STUDY
In vitro - in vivo correlations (IVIVCs) can decrease regulatory burden by 
decreasing the number of biostudies required in support of a drug product, IVIVC 

can impart in vivo meaning to the in vitro dissolution test and can be useful as 
surrogate for bioequivalence. Further, IVIVC can also allow setting of more 

meaningful dissolution specifications. Both the regulatory agencies and industry 

sponsors have understood this value of IVIVCs. Therefore, the activity in the area 
of IVIVC for oral extended release dosage forms.has increased in the last Shears 

(Uppoor, 2001),
From the list of optimized formulations, selected batches were subjected to in 
vivo study to establish IVIVC. Pharmacokinetic parameters for glipizide 
containing matrices M-3 (HPMC K4M : MCC PH301 at 25:75), M-25 (HPMC K4M 
: MCC PH3Q1 : Starch 1500 at 25:30:45), M-75 (xanthan gum : HPMC K4M : 
Starch 1500 at 70:25:15), and M-120°(Eudragit L100 : HPMC K4M at 75:25) were 
compared with that of the marketed sustained release formulation Glytop® 2.5 

SR. Similarly, results of in vivo study of nateglinide containing matrices J-11 
(HPMC K4M : MCC PH301 at 62.5:187.5) and J-21 (Carbopol 934P : Eudragit 
L100 at 70:130) were compared with that of marketed immediate release 
formulations Natelide® 60.

8.1. Pharmacokinetic study of M-3 Matrices

As compared to initial IVIVC development and evaluation of predictability using 
single batch, more additional data may be needed to define the IVIVC’s 
predictability completely. Some combination of three or more formulations with 

adequate different (e.g. by 10%) release rates is considered optimal (US FDA 
CDER Guidance for the Industry, 1997). Out of the 9 batches (A-1 to A-9) of 
HPMC K4M : MCC PH301 system studied using 32 full factorial design, three 

batches namely A-3, A-6 (» M-3), and A-4 exhibited the slow, medium, and fast 
release profile, respectively. Hence, these three batches were selected for 
establishment of IVIVC according to US FDA guidelines.

8.1.1. DRUG ABSORPTION STUDY IN RABBITS AND PHARMACOKINETIC 
ANALYSIS

Based on the in vitro release profiles, following three formulations of HPMC K4M 
: MCC PH301 combinations studied by 32 full factorial design were selected for 

establishing IVIVC according to USFDA guidelines (1997a): slow (A-3), medium
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Figure 8.1. (a) Mean plasma glipizide concentration vs. time profile after administration 
of single dose of oral solution, slow (M-3), medium (M-6), and fast (M-4) release tablet in 
white albino rabbits. Each value represents the mean (n=3) (b) Fraction absorbed (FRA) 
in vivo vs. fraction dissolved (FRD) in vitro for establishment of IVIVC for slow, medium, 
and fast release tablet, (c) Comparison of observed and predicted plasma profile of slow, 
medium, and fast release formulation.
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(A-6 which is same as M-3), and fast (A-4) release rate matrix tablets. For 
pharmacokinetic study, the developed matrix tablets were administered orally to 
white albino rabbits. The: drug plasma concentrations for matrix tablets were 
monitored for 24 h and that for the oral solution was monitored for 12 h as shown 

in Figure 8.1 (a). The glipizide plasma profile following oral solution after 12 h 

was below LoQ and hence the same for 16, 20, and 24 h were extrapolated using 

A-ek’', where A is the intercept of the terminal elimination regression line of the 

In(concentration) vs. time profile. The mean glipizide pharmacokinetic parameters 
for oral solution and matrix tablets are summarized in Table 8.1. The results were 
calculated from plasma drug concentration data by non-compartmental analysis. 
The rapid decrease in glipizide concentration after oral solution administration 
reflects the fast disposition and elimination of the drug. The pharmacokinetic 
parameters like Cmax and MRT as well as the plasma concentration-time profiles 

of glipizide explicitly indicate that all three matrix tablets sustained the absorption 
of glipizide as compare to oral solution. Though the AUC of glipizide for matrix 
tablets were comparable with each other, the Cmax and ka for A-3 < A-6 < A-4, 
and MRT for A-3 > A-6 > A-4, which reflect the difference in the release rate 
kinetics of glipizide between them.

Table 8.1. Observed and predicted pharmacokinetic parameters of glipizide after 
administration oral solution and sustained release matrix tablets to white albino rabbits.

Forme-
lation

AUQu* (ng-h/ml) ,„(ng/mi) T' 'max MRT
(h) (h1)

• kg'
(h‘1)Observed Predated PE (%) Observed PredictecI PE(%) (h)

Oral soln 2287.51 - - 499.41 - - 1 4.21 0.59 0.26
A-3 Slow) 2452.29 2456.30 -0.16 182.30 194.41 -6.64 6 9.53 0.31 0.19
A-6 (Med) 2526.04, 2449.98 3.01 192.49 198.41 -3.08 j 6 9.10 0.32 0.19
A-4 (Fast) 2646.86 2463.84 6.91 245.34 235.73 3.92 i 6 8.37 0.41 0.22
Each value represents the mean of three rabbits.

8.1.2. ESTABLISHMENT OF IVIVC

It is necessary to establish an in vitro test method that can predict the progress of 
drug release and the absorption of products in vivo (Varshosaz et al., 2000), 
particularly during the development of an innovative dosage form. In the present 
study, the in vivo absorption profiles of developed formulations were 

deconvoluted using Wagner-Nelson method as described above. The possibility 
of developing a level A IVIVC between the in vitro fraction dissolved (FRD) and 

the in vivo fraction absorbed (FRA) for matrix tablets was investigated using 
linear and nonlinear regression. As can be seen from Figure 8.1 (b), a good linear 
point-to-point relationships were observed for A-3 (1^=0.9989), A-6 (r2=0.9941),
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and A-4 (r^O.9971) formulations with slope approaching to unity, indicating a 

close correlation between the in vitro release rate with their in vivo absorption.

8.1.3. INTERNAL VALIDATION OF IVIVC

The validity of correlations was assessed by determining how well the IVIVC 

models could predict the rate and extent of glipizide absorption as characterized 

by Cmax and AUCo-°„. The predicted and observed values for these criteria as well 
as the calculated % prediction error (PE) are listed in the Table 8.1. The 

\ predicted Cmax values were found to be very close to the observed mean values 
as can be seen by very low prediction errors for the slow (6.64%), medium 
(3.08%), and fast (3.92%) formulations. Similarly, the PE for observed mean and 

predicted AUCo-™ values were 0.16, 3.01, and 6.91% for slow, medium and fast 
release rate formulations, respectively. The percent PE values were, within the 
acceptable range of FDA guidance of IVIVC. The results of internal predictability 
is depicted graphically in Figure 8.1 (c), and revealed that the predicted profiles 
were comparable to the observed profiles for all three formulations. The 

established IVIVC confirms the efficacy of this in vitro model in simulating in vivo 
conditions.

8.2. Pharmacokinetic study of Glytop-2.5 SR, M-25, M-75 
and M-120 Matrices
i ■ ■

Initial IVIVC development and evaluation of predictability using single batch was 

carried out for Glytop 2.5 SR, M-25, M-75, and M-120 tablets. A group of three 

white albino rabbits was used for each formulation selected. Figure 8.2 
represents (a) Mean plasma glipizide Concentration vs. time profile after 
administration of single dose of oral solution and Glytop 2.5 SR in white albino 

rabbits including predicted plasma concentrations for Glytop 2.5 SR (b) Ln (Cp) 
vs. time curves for estimation of Ke and Ka. (c) Fraction dissolved (FRD) in vitro 
vs. fraction absorbed (FRA) in vivo for establishment of IVIVC for Glytop 2.5 SR. 
Similar pharmacokinetic details for M-25, M-75, and M-120 are depicted in Figure
8.3, ' Figure 8.4, and Figure 8.5, respectively. Whereas, comparative results of 
observed and convolution predicted AUCo-« and Cmax with other pharmacokinetic 
parameters are enumerated in Table 8.2. The pharmacokinetic parameters, 
grouped in Table 8.2, were calculated using a non-compartmental approach. The 
absorption parameters were calculated by the residual method (Bourne, 2002) 
and Cmax and tmaX were estimated directly from the plasma profiles.
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Figure 8.2. (a) Mean plasma glipizide concentration vs. time profile after administration 
of single, dose of oral. solution and Glytop-2.5 SR in white albino rabbits including 
predicted plasma concentrations for Glytop-2.5 SR. (b) Ln (Cp) vs. time curves for 
estimation of Ke and Ka (c) Fraction dissolved (FRD) in vitro vs. fraction absorbed (FRA) 
in vivo for establishment of IVIVC for Glytop-2.5 SR.
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Figure 8.3. (a) Mean plasma glipizide concentration vs. time profile after administration 
of single dose of oral solution and M-25 in white albino rabbits including predicted 
plasma concentrations for M-25 (b) Ln {Cp) vs. time curves for estimation of Ke and Ka. 
(c) Fraction dissolved (FRD) in vitro vs. fraction absorbed (FRA) in vivo for establishment 
of IVIVC for M-25.
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Glipizide plasma concentration vs. time curve after administration of M-25 is 
shown in Figure 8.3 (a). In vivo absorption profiles were also calculated by means 
of deconvolution method and obtained fraction absorbed in vivo (FRA) were also 
compared with their fraction dissolved in vitro (FRD) for each matrix system as 
shown in Figure 8.3 (c). Good point-to-point relationship was observed for M-25 
matrices with regression coefficient of 0.9849. The reliability of the developed 
IVIVC model was evaluated by using the internal predictability procedure as 
described in relevant regulatory guidance (US FDA CDER Guidance for the 
Industry, 1997). According to it, the permissible % prediction error (PE) values for 
Cma*and AUC should be less than ±15% for each product and less than 10% for 
the average. Data from oral solution was used as the impulse function during 
numerical convolution. As seen from the results, the IVIVC model fulfilled these 
criteria (Table 8.2) and the result for the internal predictability is depicted 
graphically in Figure 8.3(c). The established IVIVC was of level A, which confirms 
the efficacy of this in vitro model in simulating in vivo conditions. This kind of 
correlation is quite important since it represents a point-to-point relationship 
between in vitro dissolution and the in vivo input rate of the drug from the dosage 
form (Cardot and Beyssac, 1993).
The results of pharmacokinetic parameters for M-75 and M-120 are summarized 
in Table 8.2. All three developed directly compressed sustained release glipizide 
hydrophilic matrices showed comparable in vitro and in vivo profiles with respect 
to marketed sustained release formulation. There are negligible variations in Tmax 
and MRT of prepared matrices, which could reflect the difference seen between 
their in vitro release kinetics and confirms that prepared sustained release matrix 
is able to modify drug release from tablets in vivo also. It can be considered that 
directly compressed matrices successfully maintained AUC of glipizide, also 
suggesting that it was absorbed almost completely during transit through the 
gastrointestinal tract. Results of internal predictability revealed that the predicted 
profiles were comparable to the observed profiles of the developed and reference 
formulations.

Table 8.2. Observed and predicted pharmacokinetic parameters of glipizide after 
administration oral solution, Glytop 2.5 SR tablet (market sample), prepared sustained 
release matrices M-25, M-75 and M-120 to white albino rabbits.

Formu
lation

AUCo-m (ng-h/ml) Cmax (ng/ml) Tmax
(h)

MRT
(h)

ka 
(h 1)

ke
(h1)Observed Predicted PE (%) Observed Predicted PE (%)

Glytop SR 2817.68 2402.23 14.74 226.00 204.91 9.33 8 9.61 0.34 0.17
M-25 2547.12 2847.13 -11.78 192.49 217.08 -12.77 6 9.04 0.32 0.19
M-75 2754.57 2349.81 14.69 191.36 180.83 5.51 6 9.72 0.30 0.16
M-120 2962.15 2582.58 12.81 239.00 194.97 18.42 10 10.03 0.29 0.18
Each value represents the mean of three rabbits.
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Figure 8.4, (a) Mean plasma glipizide concentration vs. time profile after administration 
of single dose of oral solution and M-75 in white albino rabbits including predicted 
plasma concentrations for M-75 (b) Ln (Cp) vs. time curves for estimation of Ke and Ka (c) 
Fraction dissolved (FRD) in vitro vs. fraction absorbed (FRA) in vivo for establishment of 
IVIVC for M-75.
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Figure 8.5. (a) Mean plasma glipizide concentration vs. time profile after administration 
of single dose of oral solution and M-120 in white albino rabbits including predicted 
plasma concentrations for M-120 (b) Ln (Cp) vs. time curves for estimation of Ke and Ka. 
(c) Fraction dissolved (FRD) in vitro vs. fraction absorbed (FRA) in vivo for establishment 
of IVIVC for M-120.
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8.3. Pharmacokinetic study of Natelide-60, J-11 and j-21 
Matrices

In vivo oral absorption of nateglinide from the two different directly compressed 
matrices (J:11 and J-21) was evaluated under the fasted condition. Similarly, 
immediate release marketed preparation Natelide-60 is also included in the study 

for the comparison of drug release kinetics in vivo.
The mean plasma concentration-time profiles of nateglinide explicitly indicate 

that both J-11 and J-21 successfully sustained the absorption of nateglinide as 
shown in Figure 8.6 (a and b) and Figure 8.7 (a and b), respectively. sBoth 

matrices significantly delayed Tmax and prolonged MRT (Table 8.3), compared 
with immediate release tablets-Natelide 60, indicating that sustained release of 
nateglinide from directly compressed matrices successfully resulted in the

o
sustained absorption of nateglinide in vivo. The sustained plasma level was due 
to the constant release pattern of the matrix systems in vivo. The absorption 
parameters were calculated by method of residuals (Bourne, 2002). The 
absorption and pharmacokinetic parameters following administration of the 
marketed nateglinide immediate release (Natelide-60) and developed matrices J- 
11 and J-21 are summarized in Table 8.3. The In vivo absorption profiles of 
developed matrices were deconvoluted using Wagner-Nelson model (Bourne, 
2002). When fraction released in vitro (FRD) was plotted against fraction in vivo 
input (FRA) to seek an IVIVC as shown in Figure 8.6 (c) and Figure 8.7 (c), a 
linear correlation with a slope close to unity and intercept close to zero was 
obtained (r2 > 0.99), indicating a close correlations for J-11 and J-21, 

respectively. Further, to 'assess the predictability and the validity of the 

correlations, we determined the. observed and IVIVC model-predicted Cmax and 
AUC values for each formulation (internal validation of IVIVC model). The percent 
PE (±15 %) for both parameters are summarized in Table 8.3 and Figure 8.6 (a) 
and Figure 8.7 (a). Data from immediate release marketed formulation was used 
as the impulse function during numerical convolution. Overall, the 

pharmacokinetic parameters for J-11 and J-21 were almost comparable with 
each other and can be reasoned that the in vitro dissolution profiles of both 
batches are close to each other and fits within the constraints selected.
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Figure 8.6. (a) Mean plasma nateglinide concentration vs. time profile after 
administration of single dose of immediate release market formulation and J-11 in white 
albino rabbits including predicted plasma concentrations for J-11 (b) Ln (Cp) vs. time 
curves for estimation of Ke and Ka. (c) Fraction dissolved (FRD) in vitro vs. fraction 
absorbed (FRA) in vivo for establishment of IVIVC for J-11.
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Figure 8.7. (a) Mean plasma nateglinide concentration vs. time profile after 
administration of single dose of immediate release market formulation and J-21 in white 
albino rabbits including predicted plasma concentrations for J-21 (b) Ln (Cp) vs. time 
curves for estimation of Ke and Ka. (c) Fraction dissolved (FRD) in vitro vs. fraction 
absorbed (FRA) in vivo for establishment of IVIVC for J-21.
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Table 8.3. Observed and predicted pharmacokinetic parameters of,glipizide after 
administration oral solution, Glytop 2.5 SR tablet (market sample), prepared sustained 

release matrices M-25, M-75 and M-120 to white albino rabbits.
! Formu- 
j lation

AUC „ (ng-h/rrHI -'.i,.:- (ng.’rTii) 7,.,„ MRT
(h)

k
(h1);

ks ,
(h'1)Observed Predicted PE (%) Observed Predicted PE (%) (h)

Natelide-60 31843.71 - - 512.40 1 2.91 1.45 0.48
J-11 2307.12 1955.92 15.22 175.66 173.25 1.37 4 8.52 0.35 0.27
J-21 2244.14 2244.14 12.83 185.78 194.54 -4.71 6 8.40 0.37 0.26

Each value represents the mean of three rabbits.

After internal validation of developed IVIVC model, in vitro dissolution method
o

could be considered bioindicative and might be used as a surrogate for 
bioequivalence studies. An in vitro dissolution test can replace absorption studies 
during the pre-approval process, to develop a desirable formulation, and to 

ensure batch-to-batch bioequivalence. It could also be extremely useful in 
performing possible post-approval changes in the formulation, scale-up or 
changes in the drug substance or excipient supplier.
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