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Abstract. Hydrophilic matrix tablets are prone to mechanical stress while passing through the gastroin-
testinal tract, which may result in inappropriate drug-release characteristics. Intrinsic viscosity is a physical
polymer property that can be directly compared across various types and grades of polymers and
correlated with the mechanical susceptibility of swollen matrix tablets. Five tablet formulations containing
different HPMC and HPC polymers were prepared and analyzed using an in vitro glass bead manipulation
test. The dissolution rate results were modeled using the Korsmeyer—Peppas equation and a correlation
was found between the fit constants k and n, goodness-of-fit measure parameters, and intrinsic viscosity.
Moreover, the dissolution profiles were used to calculate the degree of mechanical susceptibility for each
formulation, defined as the ratio of the average dissolution rate after manipulation and the initial
dissolution rate before manipulation. It was confirmed that an increased intrinsic viscosity polymer value
resulted in a decrease in mechanical susceptibility. Considering this, two simple rules were defined for
designing robust matrix tablets with respect to mechanical stresses.
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susceptibility.

INTRODUCTION

Hydrophilic matrix tablets are one of the most common
extended-release dosage forms. The mechanisms and model-
ing of drug release from hydrophilic matrices has been exten-
sively studied and reviewed in the scientific literature (1-3),
including in our previous work (4-6). In cases in which release
from swollen tablets is predominately erosion-controlled, the
tablet matrices are greatly influenced by hydrodynamic con-
ditions, shear stress, and friction forces that occur in vivo or in
vitro (7,8).

Mechanical stress applied to matrix tablets during gastro-
intestinal transit may lead to faster disruption of the gel layer
and influence the plasma drug concentrations over time. This
can change the therapeutic efficacy and safety and also result
in non-bioequivalence of products in the case of generic drug
development. Achieving product bioequivalence is especially
critical when the formulations tested show different suscepti-
bility to the mechanical stress applied because in vitro stress
simulation tests are less predictive of in vivo behavior due to
the complexity of the gastrointestinal tract (7,9).

In a fasting state, the stress on the tablet mainly depends
on the migrating myoelectric complex, which cycles every 90
to 120 min and normally starts in the stomach. The movement
of tablets during this phase is rapid and tablets are subject to
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increased mechanical stress, especially during gastric empty-
ing (10,11). The destructive forces in the human stomach and
small intestine were measured using a “Destructive force—
Dependent Release System”, and the results obtained were
1.9 and 1.2 N, respectively (12). Theoretically, each matrix
tablet with a swollen gel layer should be able to resist these
mechanical forces in order to achieve the desired release profile.

Additionally, gastrointestinal motility is elevated during
and after food intake. This causes even greater mechanical
stress on matrix tablets. There is also evidence that food intake
stimulates the transport of gastrointestinal content from the
terminal small intestine into the colon, a mechanism that is
known as gastroileal or gastro-ileocecal reflex, which can again
exert elevated mechanical stress on the matrix tablet (10,13).

In the search for in vitro—in vivo correlation (IVIVC) or
the in vitro—in vivo relationship (IVIVR), various gastrointes-
tinal mechanical stress conditions can be simulated in vitro
using a modified or novel dissolution apparatus. There are
few examples, such as a rotation beaker apparatus (14), appli-
cation of mechanical stress on swollen matrices with glass
beads (15), or systems that simulate the pressure forces
exerted by gut wall motility (16). These models were used to
evaluate matrix tablet formulations and determine the robust-
ness of the gel layer during dissolution testing by introducing
the mechanical stress phase in the test.

The viscosity of the nascent gel layer formed on the
matrix tablet has a major influence on both the water uptake
kinetics and the erosion rate, and thereby determines the gel-
layer robustness during periods of increased physical stress.
The viscosity of the nascent gel layer can be adjusted by using
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different viscosity grades of the polymers and by varying the
amount of the polymer in the tablet bulk (17).

The polymer viscosity grade is linked to the intrinsic
viscosity of the polymer, which is in turn related to the poly-
mer molecular weight, the degree and type of substitution, and
the particular polymer-solvent system used. Several studies to
date have described polymer properties that affect the release
from matrix tablets (17,18). These studies predominantly eval-
uated the viscosity grades of the polymers tested, whereby
viscosity was measured in water solution at a prescribed con-
centration. This polymer property is called apparent viscosity
and needs to be experimentally determined separately for
each polymer grade and concentration using a procedure that
is time-consuming and subject to errors due to differences in
methodology and experimental setup (own data). Moreover,
various polymer types and grades employ different experimen-
tal procedures to characterize their apparent viscosity as part
of their specification. As such, it is tedious and not straightfor-
ward to assess the equivalence of characteristics of different
polymer types by simply comparing their apparent viscosities.

Intrinsic viscosity, however, is a physical polymer proper-
ty independent from polymer concentration and can be direct-
ly compared across different types and grades of polymers,
which makes it advantageous compared to apparent viscosity
measurements. At low polymer concentrations, the intrinsic
viscosity is related to the rate of increase of apparent viscosity
as a function of polymer volume fraction. Therefore, polymers
with higher intrinsic viscosity are more effective at increasing
the apparent viscosity of the solution.

In our study, the intrinsic polymer viscosity was correlated
specifically with the mechanical susceptibility (MS) of matrix
tablets. The term “mechanical susceptibility” here refers to the
decreased integrity of the swollen gel layer of matrix tablets
after the application of mechanical stress. The more pronounced
or higher the mechanical susceptibility of the gel layer, the faster
the release of the incorporated drug substance after mechanical
manipulation.

Our results show that an increased intrinsic viscosity val-
ue resulted in a decrease of mechanical susceptibility of the
swollen gel layer. Considering this, two simple rules for de-
signing robust matrix tablets with respect to the mechanical
stresses was obtained. To establish the rules, formulations with
different cellulose ether polymers—hydroxypropyl cellulose
(HPC) and hydroxypropylmethyl cellulose (HPMC)—were
prepared and their gel-layer robustness was evaluated using
a specially designed dissolution testing procedure.

MATERIALS AND METHODS

Materials

A model drug indapamide with pH independent solubility
of less than 0.1 mg/ml measured in aqueous buffer media, pH 1 to
8 at 37°C, was purchased from Biocon, India. Excipients used
were HPMC USP Type 2208, grades K100M, K15M, K4M (Dow
Chemical Company, Midland, MI, USA), HPC HXF (Hercules,
Aqualon, Wilmington, DE, USA) lactose monohydrate 200
mesh (Friesland Campina, Netherlands), polyvinylpyrolydone
PVP K30 (BASF, Ludwigshafen, Germany), microcrystalline
cellulose Avicel PH 102 (FMC BioPolymer, Drammen, Norway),
colloidal silica dioxide Aerosil 200 (Degussa, Frankfurt,
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Germany) and magnesium stearate (Mallinckrodt Chemical
Inc., St. Louis, MO, USA). Reagents for HPLC assay, acetoni-
trile, methanol, EDTA and glacial acetic acid were obtained from
Merck, Germany.

Preparation of the Tablet Formulations Studied

Five tablet formulations containing 1.5 mg of sulfonamide
model drug (indapamide) were prepared. The drug exhibits
weakly acidic properties (pK, 8.8) and solubility less than
0.1 mg/ml in aqueous buffer solutions ranging from pH 1 to 8 at
37°C. Formulations containing various cellulose ether derivatives
were prepared as follows (see Table I for compositions). A model
drug, lactose monohydrate, and polyvinylpyrolydone were
blended and granulated with purified water using a Collette
Gral—PRO 25 (Machines Collette, Belgium) high shear granu-
lator. The granules were dried under vacuum and sieved with
Frewitt MG 636 (Key International, USA), with an oscillating
sieve using a mesh size of 0.5 mm. The granulate loss on drying
(LOD) was 2.6% tested 30 min at 80°C using loss on drying
balance (Mettler-Toledo International Inc.). These granules
were used for all five formulations investigated. For each formu-
lation, the prescribed amount of granules, selected cellulose
ether derivative, colloidal anhydrous silica, and microcrystalline
cellulose were blended in a bin blender (Erweka, Heusenstamm,
Germany). Finally, magnesium stearate was added to obtain the
final mixture. The final mixture was compressed into tablet cores
8 mm in diameter using a tablet press (Ima Kilian LX 18, Co-
logne, Germany) with a compression force of 7 to 10 kN to obtain
tablets with a hardness of 100 to 120 N and a target mass of
200 mg (Kraemer automatic tablet tester, Germany).

Intrinsic viscosity and apparent viscosity

Intrinsic viscosity [#] is a fundamental property of the
solute and solvent combination. It is defined as the relative
increase of viscosity of the solution ((—#0)/10) divided by the
volume fraction of the solute (¢), taken at the limit of zero
solute fraction (Eq. 1; 19,20).

. N —T"o
o] = lim (1)

Intrinsic viscosity values for cellulose derivatives were cal-
culated or obtained from the literature, as presented in Table II.
Apparent viscosities were obtained from manufacturer specifi-
cations and confirmed by our own experimental data (Table II).
For HPMC types, all manufacturer specifications were experi-
mentally confirmed. In the case of HPC, the experimentally
determined apparent viscosity was higher compared to values
found in the literature due to a lower solution temperature
during measurement (see Table II for details). Apparent viscos-
ities were measured using a viscosimeter (LVF Brookfield, Mid-
dleboro, MA, USA) as described in the USP procedure for
cellulose derivatives (23).

In vitro Dissolution Test Simulating Transition
through the Pylorus

Dissolution tests were performed using a dissolution tester
(Erweka DT6, Heusenstamm, Germany) coupled with a Vankel
automatic sampler (Vankel VK8000, USA). Standard vessels with
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Table I. Compositions of Tablet Formulations Studied (mg)
Formulation F1 F2 F3 F4 F5

Granulate with model drug (indapamide) 88.1 88.1 88.1 88.1 88.1

HPMC USP Type 2208, K15M (DOW) 70.0

HPMC USP Type 2208, K4M (DOW) 70.0 100.0

HPMC USP Type 2208, K100M (DOW) 70.0

HPC HXF (Hercules, Aqualon) 70.0

Microcrystalline cellulose 40.0 40.0 10.0 40.0 40.0

Colloidal anhydrous silica 0.4 0.4 0.4 0.4 0.4

Magnesium stearate 1.5 1.5 1.5 1.5 1.5

Target mass 200.0 200.0 200.0 200.0 200.0

baskets (USP Apparatus 1) were used at a stirring rate of 100 rpm
and 900 ml of purified water as a dissolution medium. The water
was degassed prior the test with a Caleva MD1000 degasser (UK)
and the temperature was set to 37°C+0.5°C. For each time point,
1.7 ml of samples were automatically collected and filtered
through 4.0 pm tip filters (Erweka, Heusenstamm, Germany) to
2.0 ml vials. The dissolution medium was not replaced.

After 1.5 h from commencing the test, tablets were trans-
ferred to plastic tubes containing 5 ml of medium and 9 g of
glass beads with a density of approximately 2.5 g/ml and 1 cm
in diameter. The tubes were vertically shaken for 10 min on a
laboratory shaker (IKA, Staufen, Germany) at 300 strokes/
min. After this manipulation, the tablets were transferred
back to baskets and the dissolution test continued. Sampling
times were 1.5,2,4, 6, 8,12, 16, and 20 h. A similar dissolution
test was previously used by Sako et al. to simulate situations in
the gastrointestinal tract with elevated mechanical stress (15).
For comparison, the dissolution test of formulation F4 was
performed without the mechanical manipulation.

HPLC Assay

Samples collected from the in vitro dissolution test were
analyzed for the amount of dissolved drug using a 2695D
Waters HPLC system with UV detection at wavelength
254 nm. A chromatographic column Chromolith Speed ROD
RP-18e (Merck, Germany) with dimensions 50x4.6 mm was
thermostated at 36°C. The mobile phase was composed of
acetonitrile/methanol/NaEDTA/glacial acetic acid in a ratio
of 275:175:550:1 (volume ratio). A NaEDTA solution was

prepared by dissolving 1 g of EDTA dihydrate in 5,000 ml of
purified water. The mobile phase flow rate was 2.0 ml/min and
100 ul of sample solution was injected from the vials, which
were maintained at 4°C. Retention time of the model drug was
around 1 min; the run time of the analysis was 1.3 min.

Modeling and Evaluation of Mechanical Susceptibility

Dissolution testing data were manipulated and analyzed
within the R software environment for statistical computing
and graphics (24). The non-linear least squares method was
used to fit the different dissolution profiles. The Korsmeyer—
Peppas release rate constant k£ and the exponent n were
calculated by fitting the dissolution curves to Eq. 2.

O(r) = k" )

Q(1) is the percentage of drug released at a given time
point ¢. The exponent n was used as a criterion to evaluate the
release-mechanism kinetics.

Moreover, the degree of MS was quantified by comparing
the quantity of dissolved drug after the application of mechanical
stress with the linear extrapolation curve defined by the initial
slope of the dissolution curve (Eq. 3). The initial dissolution rate
(AQ/AD)iniia Was defined as the average dissolution rate at 1.5 h,
immediately before the mechanical stress treatment.

MS(t

_ % dissolved at time point t . o) 3)
" linear extrapolation of initial slope ~ (AQ/Af) s X ¢

Table II. Polymer Type and Amount (w/w%) in Tablet Formulations Studied, Intrinsic Viscosity, and Apparent Viscosity Data

Formulation F1 F2 F3 F4 F5
Polymer KIi5M K4M K4M K100M HPC HXF
Amount (W/w%) 35% 35% 50% 35% 35%

Intrinsic viscosity (dL/g) 8.98* 7.37% 7.37% 11.01* 10.20°
Apparent viscosity (mPas) 11,250-21,000¢ 3,000-5,600° 3,000-5,600° 80,000-120,000° 14,000-18,000°
(13,367+2,173)° (3,003+500)° (3,003+500)° (88,000+11,314)° (55,150+7,000)°

“ Calculated (19,21)
b Obtained from literature (20)

¢ Apparent viscosity, 2% in water at 20°C, mPas (product specification, DOW)
4 Apparent viscosity, 2% in water at 25°C, mPas, using cylinder type Brookfield LVF viscosimeter (22)
¢ Apparent viscosity, 2% in water, at 20°C, mPas, using cylinder type Brookfield LVF viscosimeter (experimental data (n=3), measured

according to USP procedure for cellulose derivatives
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RESULTS AND DISCUSSION

The Influence of Mechanical Stress on In Vitro Drug Release
from Various Cellulose Ether-Based Matrix Tablets

The results of the mechanical stress simulation test demon-
strate that the dissolution profiles from various tablet formula-
tions were very similar before mechanical manipulation. As
evident from Fig. 1, the mechanical manipulation produced a
“kink” in the dissolution curve at the 1.5 h time point. After-
wards, the drug release was the slowest for the formulation F5
containing HPC HXEF, followed by F4 containing HPMC
K100M and F1 with HPMC K15M (Fig. 1). These formulations
were less affected by mechanical stress than F2 and F3 with
HPMC K4M. The drug release from the F2 formulation was
faster in comparison to F3 because the amount of the HPMC
K4M as a matrix-forming agent was lower.

To gain more insight into drug-release mechanisms, the
dissolution results obtained were used to calculate the Kors-
meyer—Peppas constant k and the exponent n by fitting the data
to Eq. 2 (Fig. 2). The exponent n can be used as a criterion to
evaluate the release-mechanism kinetics and usually assumed
values between 0.45 and 0.89 (for cylindrical shapes). When n is
equal to 0.89, the release kinetic is of zero order, and hence, with
values for n approaching 0.89, the dissolution profile of a drug
becomes progressively more linear (1,2). The exponent # is also
a descriptive measure of the drug-release mechanism. For val-
ues of n approaching 0.89, the drug release is more erosion-
controlled, and for values of n approaching 0.45 the release is
more diffusion-controlled (1,2).
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Fig. 1. Mean dissolution profiles for tablet formulations tested (compo-
sitions from F1 to F5 are presented in Table I) under mechanical stress
test conditions in water as a dissolution medium: a 20 h time scale with
SD error bars (n=3), b 3 h time scale, manipulation at 1.5 h is indicated
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Fig. 2. Mechanical stress simulation test: percent of dissolved drug
versus time (h) for tablet formulations studied (compositions from F1
to F5 are presented in Table I) using water as a dissolution medium.
Dashed lines represent curves after fitting the dissolution profiles to
Eq. 2: a 20 h time scale, b same plot up to 10 h

For all formulations tested, in our case the exponent n
value was approaching 0.89, hence the release mechanism was
predominately erosion-controlled (Table III). In this case, the
swollen polymer gel layer erodes from the matrix tablet sur-
face due to the solubility of polymer in surrounding media and
hydrodynamic stress. This mechanism is especially prominent
in cases when solubility of the drug is low (note that the
solubility of our drug was less than 0.1 mg/ml). After contact
with the surrounding media, the matrix tablet swells and gel
layer erodes from the surface, especially in the presence of
other hydrodynamic forces; for example, gastrointestinal mo-
tility. The drug then dissolves and diffuses out from the eroded
gel layer. In other words, the erosion of the hydrophilic poly-
mer was faster compared to diffusion of the incorporated
drug, and thus the release was more erosion-controlled (1,2).

The best-fitted values k and n for each formulation were
calculated using a non-linear least squares procedure. Corre-
lation coefficients and standardized residual error of the fits
were also calculated. The standardized residual error & is
defined by

1 n
T Tm_1 Ej:; € (4)

where ¢; is the fit error for time point j and m is the total
number of data points. The standardized residual error is a
convenient measure of fit prediction accuracy. The fit results
are summarized in Table III.
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Table III. Korsmeyer-Peppas Release Rate Constants (k and n),
Correlation Coefficient (R? ), and Standardized Residual Error (7 )
for Tablet Formulations Studied

907

Table IV. Coefficients of determination for linear trends of Kors-
meyer—Peppas constants (k and n) and goodness-of-fit measures (R>
and ¢ ) against intrinsic viscosity and measured apparent viscosity.
Higher values in the case of intrinsic viscosity imply superior correla-

Formulation k n R? G tion with that parameter
F1 10.3785 0.7482 0.99217 3.183 Coefficient of determination
F2 13.1492 0.7117 0.97153 7.013
F3 11.3894 0.7481 0.98698 4.532  values Intrinsic viscosity Apparent viscosity
F4 8.8124 0.7582 0.99742 1.586
F5 8.4229 0.7499 0.99709 1.569 k 0.915 0.675
F4 (no stress) 7.1922 0.8156 0.99845 1.229 n 0.889 0.569
R? 0.886 0.681
G 0.925 0.548

In order to assess how much the “kinked” dissolution
curves deviate from the Korsmeyer—Peppas model, we fitted
the entire range instead of limiting the fit to the time interval
where less than 60% of the drug is dissolved, as is usually done
(25). This approach is validated by the good fit to data of
formulation F4, where the dissolution test was performed
without mechanical stress. In this case, the drug release was
most linear and the fit was excellent throughout the entire
range of time points (Table III). Using empirical dissolution
models, such as the Weibull or Gompertz equations, we obtain
better fits in the case of dissolution profiles for F1, F2, and F3.
However, due to their empirical nature no mechanistic insight
can be obtained from those results.

Correlation between Polymer Intrinsic Viscosity and Drug
Release

The order of intrinsic viscosities of polymers investigated
was (in increasing order): HPMC K4M<HPMC K15M<HPC
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HXF<HPMC K100M. The same polymer order was also
determined for measured apparent viscosity. If viscosities are
correlated with dissolution rates (Fig. 1, constant k in
Table IIT), it is seen that lower intrinsic viscosities result in
faster drug release. A similar pattern is also evident from
apparent viscosities as given by our own measurements.

In addition, we used the correlation between fitted Kors-
meyer—Peppas constants and intrinsic viscosity to evaluate the
influence of intrinsic viscosity on the release mechanism
(Fig. 3). The data suggested that the best-fitted Korsmeyer—
Peppas constants (k and n) and resulting goodness-of-fit meas-
ures (R?> and G ) are correlated to the polymer intrinsic
viscosity. The plots in Fig. 3 suggest that higher intrinsic vis-
cosity is related to more linear drug-release profiles (higher
values of exponent n) and in overall slower drug release
(lower values of k). More importantly, both goodness-of-fit
measures, R> and & , improve with higher intrinsic viscosity,
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Fig. 3. Relationship of Korsmeyer—Peppas fit constants (k and ) and goodness-of-fit measures (R? and & )
with respect to the polymer intrinsic viscosity. Open points were not included in the linear trend but are
plotted on the same figure to show the effect of increased polymer concentration (F3 versus F2)
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Fig. 4. Percent of released drug versus time for Formulation F4 tested
with mechanical manipulation (straight line) and without manipulation
(dashed line). Note that the linear assumption of release until 1.5 h is
justified by the dissolution result at 1 h of sampling time point

indicating decreasing deviation from the Korsmeyer—Peppas
model. This suggests the hypothesis that formulations utilizing
polymers of higher intrinsic viscosity are more resilient to
mechanical stress and are therefore less prone to the effects
of mechanical stress. The concentration of polymer is impor-
tant as well, as can be observed by comparing formulations F2
and F3 on Fig. 3.

In addition, the linear trends of the best-fitted Kors-
meyer—Peppas constants and goodness-of-fit measures were
plotted as a function of polymer intrinsic viscosity. These
roughly linear trends reduce in significance if plotted against
measured apparent viscosity, as seen from the comparison in
Table IV.

The results above suggest that the effect of mechanical
stress on tablets is largely dependent on the rheological prop-
erties of the polymer matrix at various degrees of hydration,
ranging from the partially hydrated core to the continuously
eroding gel layer. It has previously been reported that the
kinetics of the relevant processes of matrix hydration and
polymer erosion both scale with inverse powers of the average
molecular weight of the matrix polymer (19). As given by the
Mark-Houwink-Sakurada relationship, the average molecu-
lar weight is related to the polymer intrinsic viscosity by the
following relationship,

1
m.— (%) 5)

1.50 =

1-254 F3 F2
£ 1.00- 1

\ F4
F5
0759 Manipulation
0.50 T T T
0 5 10 15
time [h]

Fig. 5. The degree of mechanical susceptibility (MS), after mechanical
stress application for formulations tested. Ratios greater than 1 indi-
cated that tablets were mechanically susceptible
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where K and o are independent of molecular weight but
dependent on the polymer—solvent system being studied.
The values of o range from 0.5 for a poor solvent up to 0.85
for a good solvent. In the case of HPMC in water, the best-
fitting value is estimated to be 0.821. Furthermore, the rate of
polymer erosion at constant hydrodynamic stress can be
expressed as (19)

Meroded (t )

Myotal

— oM, (©)

Here b and f are again certain time-varying constants
solely dependent on the nature of the polymer and the exact
hydrodynamic conditions. Combining Eqgs. 5 and 6, one
obtains

Meroded (t )

o€ i (7)

Because the formulations studied are shown to be ero-
sion-controlled, our results suggest that the above reasoning is
applicable to periods of increased mechanical stress. Specifi-
cally, assuming that the constants C :% and y :g are
comparable between different HPC and HPMC polymer
grades at increased levels of mechanical stress, we hypothesize
that polymers with higher intrinsic viscosity are more effective
at limiting the rate of erosion, thus explaining the observed
correlation between best-fitting Korsmeyer—Peppas constants
and goodness-of-fit measures.

Evaluation of Mechanical Susceptibility

The effect of mechanical stress on matrix tablets was
made more apparent by comparing the quantity of dissolved
drug after the application of mechanical stress to the zero
offset linear extrapolation curve defined by the initial slope
of the dissolution curve, as described mathematically by MS in
Eq. 3. Equivalently, MS can be regarded as the ratio of the
average dissolution rate after manipulation and the initial
dissolution rate before manipulation. The motivation for this
definition was that the effect of mechanical manipulation at an
early time point, where approximately 10% of the drug was
dissolved, will mainly manifest itself as a linear translation of
the results upwards from the reference dissolution curve one
would obtain with a test without manipulation. This was con-
firmed by comparing dissolution results with and without
mechanical manipulation (Fig. 4).

As defined, MS is just one of the possible measures to
quantify the effect of mechanical stress. However, for time
points where the amount of dissolved drug is low (below
~50%), a simple interpretation is available. A MS value of 1
indicates that there is no observable mechanical susceptibility;
the dissolution curve is linear. MS values >1 signify that the
drug release is faster after mechanical manipulation. More
precisely, a MS value of 1.1 indicates in relative terms that
the amount of drug released is 10% higher at that particular
time point as a consequence of the mechanical stress applica-
tion compared to drug released from a non-manipulated tab-
let. Values below 1 imply that the dissolution curve is
significantly departing from the zero-order kinetics and that
the mechanical susceptibility is no longer relevant at these late
time points.
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Table V. Evaluation of Mechanical Susceptibility (MS) Calculated
from Eq. 3, after the Application of Mechanical Stress

F1 F2 F3 F4 F5

Formulation Degree of mechanical susceptibility, MS
Dissolution time 1.5 1.00 1.00 1.00 1.00 1.00
point (h) 2 1.13 1.26 1.27 1.09 1.06

4 1.12 1.34 1.25 1.02 1.00

6 1.05 1.32 1.18 0.94 0.93

8 1.00 1.30 1.15 0.88 0.87

12* 0.91 1.16 1.06 0.80 0.79

16* 0.82 1.01 0.94 0.73 0.72

“ At these time points the dissolution curves already deviate
significantly from zero-order kinetics

In Fig. 5, the time dependence of calculated MS after the
application of mechanical stress is shown separately for each
formulation studied. For composition F1, containing HPMC
K15M, the maximum MS value of 1.13 was smaller than that
of 1.34 in the case of F2, which contains HPMC of lower
viscosity K4M (Table V, Fig. 5). Similarly the composition F3
showed a maximum MS of 1.27, which demonstrated that the
increased amount of low-viscosity HPMC from 35 to 50% was
not enough to reduce the magnitude of the mechanical sus-
ceptibility (Table V, Fig. 5). For composition F4, with HPMC
K100M, the MS was low, and the maximum increase in drug
release just after application of stress was 9% (a MS value of
1.09). Similarly, the mechanical susceptibility of HPC HXF
sample F5 was also low, with MS only 6% (Table V, Fig. 5).

Limiting Mechanical Susceptibility: a Simple Rule

Applying mechanical stress after 1.5 h evidently caused
some abrasion of the matrix gel layer, resulting in faster drug
release. Relating in vitro data with known in vivo physiology
of the gastrointestinal tract, one can assume that formulations
F1, F4, and F5 would hardly be affected by stress conditions in
the gastrointestinal tract (transition through the pylorus, the
presence of food in the stomach, and motility of the gastroin-
testinal tract after consumption of a meal). For these formu-
lations, the MS was below the 15% increase of the initial
dissolution rate.

1.3
1.24
F2
1.14
2 1.0-
094 | 2h Fi
—-— 4h
0.8 | o 6h F5 F4
074 | = 8h
6 ; Y : Y
7 8 9 10 1

Intrinsic viscosity, dL/g

Fig. 6. Mechanical susceptibility (MS) immediately after mechanical
stress application for tested formulations F1 to F5 as a function of
polymer intrinsic viscosity
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Fig. 7. Comparison of mechanical susceptibility (MS) immediately
after mechanical stress application for tested formulations F2 and F3
with various amounts of HPMC K4M polymer

The main question that remains is how to select polymers
for matrix tablets that are not affected by mechanical stress
expressed through gastrointestinal transit. We tried to postu-
late a simple rule based on intrinsic polymer properties like
intrinsic viscosity. As seen from Fig. 6, the mechanical suscep-
tibility decreases with increasing intrinsic viscosity, and then
appears to reach a plateau for intrinsic viscosities >10 dL/g.
Comparing compositions F2 and F3, one can see that increas-
ing the amount of polymer lowers the MS (Fig. 7), but not as
much as by using polymers of higher intrinsic viscosity.

Based on Figs. 6 and 7, the following two simple formula-
tion rules for selecting polymers for a matrix tablet, where the
goal of the formulation is to limit mechanical susceptibility, can
be postulated (Table VI). The higher the intrinsic viscosity of the
polymer, the lower the MS limit that can be achieved. To assure
robust matrices, polymers with higher intrinsic viscosities should
be used. If only polymer with low intrinsic viscosity is available
or should be incorporated into the formulation, a greater pro-
portion of it should be used to achieve the desired limit on
mechanical susceptibility.

Without additional measurement points and testing addi-
tional polymer types and grades, it is difficult to search for a
more detailed functional relationship between mechanical sus-
ceptibility and intrinsic viscosity. It is clear that additional
factors, such as polymer and excipient particle size, polymer
swelling index, and dissolution medium, will all influence the
release of the drug from the matrix. However, because we
used matrices with a relatively low proportion of matrix-form-
ing agents, where the erosion process is much more expressed
compared to tablets with high polymer proportions, we strong-
ly believe that our rules regarding mechanical susceptibility
can be extended to tablets with higher polymer amounts.
Nonetheless, we should keep in mind that increasing the

Table VI. Proposed Polymer Amounts and Approximate Intrinsic
Viscosities Relating to Mechanical Susceptibility (MS) Limits

Polymer Intrinsic viscosity
MS limit amount (w/w) (approximate; dL/g)
<1.10 35% >10.0
<1.15 35% >9.0
<1.25 35% >8.5
<1.25 50% >7.5
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amount of polymer with low intrinsic viscosity is not as effec-
tive as replacing it with polymer of higher intrinsic viscosity.
This rudimentary study shows that there appears to be a
minimum threshold value to intrinsic viscosity that assures a
controlled, non-accelerated, drug-dissolution profile even in
the presence of increased stress conditions in the gastrointes-
tinal tract. Intrinsic viscosity is thus shown to be an important
formulation property related to the safety and efficacy of the
product under various conditions of product administration.

CONCLUSIONS

This study demonstrated that polymer physical parame-
ter intrinsic viscosity can be used instead of apparent viscosity
to predetermine the robustness of matrix tablets. A simple and
effective experimental procedure was used to quantify the
mechanical susceptibility of swollen matrix tablets. Based on
these results, two simple rules were postulated that can be
used to guide the development of matrix tablet formulations
that ensure matrices with low susceptibility to mechanical
stress. The first is that one has to use polymer with high
intrinsic viscosity to formulate tablets with low mechanical
susceptibility. The second rule is that increasing the amount
of polymer with low intrinsic viscosity is not as effective as
replacing it with polymer of higher intrinsic viscosity. The
rules obtained can save time, enabling quick decisions and
results in the competitive environment of the pharmaceutical
industry.
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