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ABSTRACT
Purpose The purpose of this study was to correlate the gel
strength of swollen matrix tablets with their in vitro robustness
against agitation intensity and applied mechanical forces. Five
commercial products, i.e. Glucophage®, Alfuzosin®,
Tromphyllin®, Preductal® MR and Quetiapin® formulated
as water-soluble/erodible matrix tablets were investigated.
Methods Effect of agitation speed (50–150 rpm) on drug re-
lease, hydration/erosion and gel strength was investigated
using USP paddle apparatus II. The gel strength of matrix
tablets during dissolution at different conditions was charac-
terized by a texture analyzer.
Results Commercial tablets formulated with HPMC of
higher viscosity, such as K15M or K100M, demonstrated
the gel strength in swollen state >0.02 MPa. In this case, the
release mechanism was predominantly diffusional and, there-
fore, not affected by stirring speed and mechanical stress. In
contrast, the Quetiapin® matrix tablet, formulated with
HPMC K 4 M in amount of approx. 25%, demonstrated
the gel strength dropped below 0.02 MPa after 6 h of release.
In this case, the drug was predominantly released via erosional
mechanism and very susceptible to stirring speed.
Conclusion Sufficient gel strength of swollen tablets is an im-
portant prerequisite for unchanged in vitro performance in
consideration of mechanical stress.
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mechanical stress . release robustness

ABBREVIATIONS
GI Gastrointestinal
HPMC Hydroxypropyl methylcellulose (hypromellose)
NaCMC Sodium carboxymethyl cellulose
MCC Microcrystalline cellulose

INTRODUCTION

Hydrophilic matrix tablets remain an important approach to
achieve controlled oral drug release. They are formulated
using non-cross-linked, water-swellable polymers, e.g. hy-
droxypropyl methylcellulose (HPMC), that swell rapidly
enough to form a continuous ‘gel layer’ surrounding the dry
core in order to control the rate of drug release during passage
of the matrix through the gastrointestinal (GI) tract.

The behavior of the hydrophilic matrix tablet during re-
lease is nowadays well understood. Upon hydration, the aque-
ous medium penetrates gradually from the surface to the core.
Considering the physical state of the drug, zones with dis-
solved and undissolved drug are distinguished (1).
Considering the matrix, the surface of the tablet swells, and
an outer gel layer is formed associated with polymer chains
relaxation (2,3). Gradual matrix hydration toward the core
results in formation of a polymer concentration gradient while
three zones, namely, outer gel layer, swollen glassy layer and
dry core can be identified. Accordingly, the erosion front
(swollen matrix–solvent boundary), diffusion front (solid
drug-drug solution boundary) and swelling front (polymer
glassy–rubbery transition boundary) were described (1,2).
Drug dissolution in the gel and polymer relaxation affect the
relative movement of the fronts and, thus, the distance be-
tween swelling and diffusion fronts (4,5).

Respectively, the mechanical strength and diffusion rate is
decreased through the polymer from the surface towards the
core (6,7). With progressing hydration time, the polymer con-
centration at the gel surface ultimately becomes too low
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(critical polymer concentration) to withstand shear forces by
the surrounding solution. Consequently, the outermost layer
of chains starts to detach from the gel surface and slows down
further increasing of the swollen layer thickness of the tablet
(7). This critical polymer concentration will be constant for
each formulation during the entire dissolution process when
the shear force environment remains constant (8–10). As poly-
mer disentangles from the erosion front, drug release from
matrix tablet occurs via a combination of two mechanisms:
drug diffusion through the gel layer and matrix erosion. The
drug release mechanism can be considered as relaxation- or
diffusion-controlled (Fickian behavior) if the time for polymer
chain relaxation is higher than the time for drug diffusion
through the polymer or if the diffusion time is higher than
relaxation time, respectively. In cases where the relaxation
time was approaching the diffusion time, the non-Fickian, or
anomalous diffusion, was observed (11–14). The mechanism
of drug release is dependent on the movement of particular
fronts, especially on the interlay of the erosion and diffusion
fronts (1,11,15). The effect of these mechanisms is strongly
dependent on the composition and dimensions of tablets, as
well as the solubility of the drug and its distribution in the
matrix. For example, decrease of drug solubility and slower
dissolution rate predetermined the presence of solid drug-
particles in the gel layer, resulting in reduced polymer chain
entanglement and, consequently, decreased the mechanical
strength/ resistance of gel toward erosion (16). It was shown
that even freely soluble drugs (e.g. diprophylline with solubility
of 235 mg/mL) can be transported by gel-layer (17).
The properties and content of the matrix forming poly-
mer are key parameters affecting the processes
governing drug release (6,18–22).

The erosion rate depends on the gel strength of the outer
gel layer under certain release conditions (10,23,24). Among
the different parameters affecting in vitro drug release, the hy-
drodynamic condition (agitation intensity) andmechanical de-
structive forces play a significant role in drug release from
hydrophilic matrices (25,26). However, the in vivo drug release
can differ from the predicted in vitro, due to extensive mechan-
ical forces in the GI tract (26–29). Therefore, the design of a
mechanically robust formulation (which can be defined by
sufficient gel strength) is a key to achieve predictable in vivo
plasma concentrations (6).

Among these physiological conditions, hydrodynamic
properties (agitation intensity) and mechanical destructive
forces within the stomach and intestine have a significant im-
pact on drug release from hydrophilic matrix tablets (30). It
has been reported that the tablets can undergo mechanical
forces of 2 N or 1.2 N when passing through the human
stomach and small intestine, respectively (25,31). These forces
can accelerate the erosion and overall release from
hydrophilic tablets (26,30,32,33) and in vivo drug release can
significantly differ from that determined in vitro (34).

Therefore, formulations with sufficient gel strength can deliver
the drugmostly to lower GI segments with greater predictabil-
ity based on in vitro results and less inter-subject variability (6).

Besides hydration and erosion studies, the understanding of
gel strength at the gel-solution interface (erosion front) and
across the gel layer under dissolution conditions with different
agitation can provide a new insight into the robustness of
hydrophilic matrix tablets against mechanical stress.
Therefore, the aim of this study was to correlate the gel
strength of hydrophilic matrix tablets with their in vitro me-
chanical robustness.

MATERIALS AND METHODS

Materials

Five commercial products, namely, Glucophage® XR
500 mg (Merck Serono GmbH, Darmstadt, Germany),
Alfuzosin-ratiopharm® uno 10 mg (Ratiopharm GmbH,
Ulm, Germany ) , Tromphy l l in® re tard 300 mg
(Trommsdorff GmbH & Co. KG, Alsdorf, Germany),
Preductal® MR 35 mg (Les Laboratories Servier, Gidy,
France), and Quetiapin-ratiopharm® 50 mg (Ratiopharm
GmbH, Ulm, Germany) formulated as hydrophilic matrix
tablets (35) were investigated. As a matrix forming agent,
hypromellose (HPMC) - Methocel® K100M, K15M and
K4M (Colorcon, Dartford Kent, UK), was applied in the
composition of all investigated products.

Determination of HPMC Content and Type

The HPMC content was quantified by phenol-sulphuric acid
assay (20). The kinematic viscosity of dissolved tablet in 50 ml
water was determined by using capillary viscometer
(Ubbelohde viscometer types 50,113/Ic and 50,110/I) at
25°C. The type of HPMC was estimated using the linear
regression of relationship between 8th root of kinematic vis-
cosity and reference products (Methocel® K100 M, K15M
and K4M) based on Philipoff equation η1/8 = (KC+1), where
η is viscosity in centistokes (cSt), C is concentration of HPMC
in mg/ml and K is constant specific for each molecular
weight of HPMC. Due to the assignment of HPMC to
only 3 types of HPMC, the effect of other excipients in
the tablet was neglected.

Dissolution Study

Since investigated extended-release hydrophilic matrix tablets
are intended to release most of the active substance in the
intestinal environment, USP phosphate buffer solution pH
of 6.8 was used as the main dissolution medium. Dissolution
testing was conducted using an USP Apparatus II with a
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paddle agitation speed of 50, 100 or 150 rpm (VK 7000,
VanKel Industries, NJ, USA) in 900 mL dissolution medium
under sink condition (26). Dissolution studies were performed
in triplicate.

Hydration and Erosion

Tablets were weighed (initial weight) and placed in 900 ml
phosphate buffer pH 6.8 and agitated during the dissolution
test (paddle agitation speed 50, 100 or 150 rpm), and were
withdrawn from dissolution vessels at 1, 2, 4 and 6 h, weighted
(wet weight), dried at 105°C overnight and reweighed (dry
weight). The experiments were performed in triplicate.

hydration %ð Þ¼wet weight−dry weight
dry weight � 100

weight loss %ð Þ¼initial weight−dry weight
initial weight � 100

Determination of Gel Strength upon Hydration

One planar base of the tablet was deep-coated with imperme-
able Eudragit® RS dissolved in isopropanol and subsequently
glued with the covered side of the tablet to the bottom of a
small petri-dish (diameter 30mm). These samples were placed
into dissolution paddle apparatus filled with 900ml phosphate
buffer pH 6.8 and stirred with paddle at 50 or 150 rpm. The
gel strength of swollen tablets at predetermined time intervals
was measured using a texture analyzer (TA.XTplus, Stable
Micro Systems Ltd., UK) equipped with a 2 mm in diameter
flat-tipped, round steel probe (Fig. 1). The test conditions
where pre-test speed was 0.2 mm/s, trigger force – 0.1 g,
and test speed – 0.1 mm/s. Gel strength was calculated as
the ratio between the penetrating force and the displacement
of the probe inside the gel according to the following equation:

G¼ F
x
� 1
rP

� 0:0098

where, G – gel strength (MPa), F – force (g) registered at probe
penetration, x – penetration depth (mm), rp – radius of the
probe (1 mm). The gel strength at the gel-solution interface
was considered as the first point after the probe was in full
contact with the gel (trigger force reached) and the initial noise
disappeared. The averaged gel strength was calculated as
mean of 5 consequent points (35).

RESULTS

All five investigated commercial products contained
hypromellose (HPMC) as a matrix forming agent. However,
the behavior of the tablet upon contact with dissolution me-
dium in vitro or gastrointestinal fluid in vivo strongly de-
pends on type and amount of HPMC. Therefore, to
understand differences in release behavior, tablets were
characterized in their dimension and analyzed in term
of type/amount of HPMC (Table I).

Release profiles were not affected by agitation speed in
range 50–150 rpm in case of Glucophage®, Preductal® and
Alfuzosin® (up to 8 h), but increased for Tromphyllin® (in-
creasing stirring speed from 50 to 100 rpm) and markedly for
Quetiapin® (Fig. 2). Visual observation of Quetiapin® tablets
after release at paddle speed of 50 rpm showed that the resi-
due of the HPMC matrix tablet was a small soft gel mass
which fell apart when touched.

Hydrated matrix tablets were characterized using a texture
analyzer at different times of dissolution. Three regions in a
swollen matrix tablet according to the degree of hydration and
therefore the mechanical properties, can be identified using
the texture analyzer: gel layer (highest hydration), swollen
glassy layer (low hydration) and dry core (no hydration) as
schematically shown in Fig. 3. The gel strength was the lowest
at the gel-solution boundary, but gradually increased towards
the center of the tablet. Followed partially by the hydrated
region (swollen glassy layer) which is characterized by contin-
uous subsided increase of the gel strength until the dry core is
reached (Fig. 3).

Generally, all investigated HPMC-based matrix tablets be-
haved similarly upon hydration and all three regions (gel layer,
swollen glassy layer and dry core) could be clearly detected.
However, al l regions were more pronounced for
Glucophage® and Preductal® tablets (Fig. 4A and D). The
gel strength vs. penetration distance profiles of Tromphyllin®
begins with a short plateau before linear increase in gel
strength (Fig. 4C). In this case, a thin but detectable, uniformly
hydrated layer formed due to the low amount (20%) of
HPMC in the formulation. The transition from the gel layer
to the swollen glassy layer became less pronounced with the
progressed dissolution time, especially for Alfuzosin® and
Quetiapin® (Fig. 4B and E).

Thus, the gel strength at the erosion front was 50–90 KPa
and decreased continuously over the dissolution time for all
investigated tablets (Fig. 5). Interestingly, the gel strength for

Fig. 1 Schematic representation of
gel strength determination upon
hydration.
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Quetiapin® matrix tablet was higher at early phases, e.g. 2 h,
but towards 6 h dropped to the lowest values of approx.
20 KPa (Fig. 5).

For all investigated products, tendentially, the higher gel
strength was registered at higher stirring speeds (Fig. 6), prob-
ably, due to a thinner gel layer remaining on the surface of
tablets at higher stirring speed. In this case, the mechanical
properties of the swollen glassy layer have a stronger impact
on the determined gel strength. Nevertheless, this difference
was negligible for Glucophage®, Alfuzosin® and Preductal®,
but not for Quetiapin® (Fig. 6 A-C vs. D). In the case of
Quetiapin®, a stronger drop of gel strength occurred upon
stirring at 150 vs. 50 rpm (Fig. 6D).

The hydration is mainly determined by the properties of
the matrix (amount and property of matrix forming polymer)
and release medium. Therefore, the hydration of investigated
tablets increased gradually with the dissolution time, while it
was almost independent of stirring speed (Fig. 7).

The erosion, characterized by weight loss of solids during
dissolution, is mainly determined by gel strength and mechan-
ical stress. It increased over the dissolution time and differed
depending on the stirring speed. Thus, the slope of declining
curves “weight loss – time” was barely affected by stirring
speed for Alfuzosin® tablets (Fig. 7A). For Preductal® tablets,
the mentioned slope, and its susceptibility to stirring
speed was higher (Fig. 7B). The highest slope was for
Quetiapin® tablets which also strongly increased with
increased stirring speed (Fig. 7C).

DISCUSSION

The difference in susceptibility to mechanical stress of investi-
gated commercial products based on hydrophilic matrix tab-
lets (26) can be well explained by the physical properties of
tablets in the media during in vitro drug release. The drug
release rate is dependent on the movement of different fronts
and consequently strongly dependent on the interlay of the
erosion and diffusion front (1,11,15).

Therefore, drug release from such tablets is strongly asso-
ciated with the gel strength and, thus, with intensity of erosion
and susceptibility to mechanical stress. While the gel strength
upon hydration depends on the type, molecular weight,
amount of matrix forming polymer in the tablet, drug solubil-
ity and presence of other excipients.

Robust products demonstrated a relatively high gel
strength (Fig. 5). E.g. freely soluble metformin hydrochloride
(Table II) was formulated in Glucophage® with approx. 40%
of high viscosity HPMC of type K100M, sodium
carboxymethyl cellulose (NaCMC) and microcrystalline cellu-
lose (MCC) (Table I). It is worth to mention that besides the
matrix former, other formulation ingredients (e.g. drug and
filler) are counted for in the formation of a stronger gel layer inTa
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these formulations. For example, it was shown that a combi-
nation of HPMC with NaCMC, e.g. in Glucophage®, has
two effects. Firstly, rheological synergism of HPMC and
NaCMC results in prolongation of the release profile (42),
and secondly, the complex formation between anionic poly-
mer NaCMC and cationic drug metformin mitigates rapid
initial release of the highly soluble drug and retardation of
drug release (43). Regarding the effect of the filler, domains
of microcrystalline cellulose remain within the hydrating ma-
trix, which results in weak physical cross-linking between
MCC and HPMC, and thus increased gel strength (43).

Other robust formulation of freely soluble - alfuzosin hy-
drochloride (Table I) was formulated with >70% K15M
(Alfuzosin®) and demonstrated relatively high gel strength
(Fig. 5) with an erosion not strongly depended on the agitation
speed (Fig. 7A). This agrees with previous studies that the
erosion rate in vitro and in vivo decrease with increasing fraction
of a highmolecular weight HPMC in tablets above the report-
ed values for polymer percolation threshold of 30–35% w/w
(21,44). Also Glucophage® and Alfuzosin® were relatively
robust against biorelevant mechanical stress when a loading
force 2 N was applied after 1, 2 or 4 h of dissolution (26).

Fig. 2 Dissolution profiles for different products at different agitation speed: (A) Glucophage®, (B) Alfuzosin®, (C) Tromphyllin®, (D) Preductal®, (E)
Quetiapin®.
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Fig. 4 Gel strength profiles of investigated products by texture analyzer in different swelling time (in pH 6.8 with paddle apparatus at 50 rpm: (A) Glucophage®,
(B) Alfuzosin®, (C) Tromphyllin®, (D) Preductal®, (E) Quetiapin®.

M
Pa

Fig. 3 Schematic representation of
gel strength profile within swellable
matrix tablet.
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For Preductal® tablets, the gel strength and erosion were
almost independent on agitation speed (Fig. 6C and 7B,
respectively) and varying the stirring speed in the investigated
range did not affect the drug release (Fig. 2D). However, the
effect of biorelevant mechanical stress was significant (26).

In contrast, slightly soluble quetiapine (Table II) formulat-
ed with only approx. 25% HPMC K 4 M in the Quetiapin®
(Table I) demonstrated non-robust drug release (Fig. 2E).
Undissolved quetiapine particles in the gel layer could be a
reason for reduced entanglement of polymer chains and low
robustness of the tablets (16). Moreover, quetiapine is a weakly

basic drug and was formulated with sodium citrate to main-
tain sufficient solubility in the higher pH of the intestine.
Based on a Hofmeister effect, sodium citrate can reduce swell-
ing of HPMC particles and formation of continuous gel, and
thus, accelerate erosion (45). In fact, the erosion was very
pronounced (Fig. 7C) being the predominant release mecha-
nism for Quetiapin® matrix tablets. The gel layer of
Quetiapin® tablets demonstrated rapid decrease of gel
strength upon hydration (Fig. 5) which was strongly dependent
on agitation speed (Fig. 6D). Therefore, quetiapine matrix
tablets were most affected by biorelevant mechanical stress

Fig. 6 Effect of stirring speed at 50 rpm vs. 150 rpm on gel strength at gel-solution interface (MPa) in different swelling times: (A) Glucophage®, (B) Alfuzosin®,
(C) Preductal®, (D) Quetiapin®. Commercial product Tromphyllin® was not available for this experiment.

Fig. 5 Gel strength (MPa) at gel-
solution interface tested in
phosphate buffer solution pH 6.8 at
paddle speed of 50 rpm.
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resulted in high variations of plasma concentrations profiles
(26).

CONCLUSION

Our findings clearly demonstrated that drug release from tab-
lets formulated with highermolecular weightHPMCandwith
content ≥20% w/w was robust against a wide range of agita-
tion speeds (50–150 rpm) and applied biorelevant mechanical
stress during in vitro release. This could be attributed to suffi-
cient gel strength ≥20 KPa up to 6 h of hydration. These
findings may provide deeper insight for formulation scientists
to select formulation components more properly to achieve
more robust dosage forms.
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