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a b s t r a c t

The release of a model drug substance, methylparaben, was studied in matrix tablets composed of hydrox-
ypropyl methylcellulose (HPMC) batches of the USP 2208 grade that had different chemical compositions.
It was found that chemically heterogeneous HPMC batches with longer sections of low substituted regions
and lower hydroxypropoxy content facilitated the formation of reversible gel structures at a tempera-
ture as low as 37 ◦C. Most importantly, these structures were shown to affect the release of the drug from
vailable online 29 September 2010

eywords:
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matrix tablets, where the drug release decreased with increased heterogeneity and a difference in T80
values of 7 h was observed between the compositions. This could be explained by the much lower erosion
rate of the heterogeneous HPMC batches, which decreased the drug release rate and also released the
drug with a more diffusion based release mechanism compared to the less heterogeneous batches. It can
therefore be concluded that the drug release from matrix tablets is very sensitive to variations in the

f HPM
atch-to-batch variation
hemical heterogeneous

chemical heterogeneity o

. Introduction

The improvement in patient compliance that is experienced
ith long acting dosage forms has contributed to the development

f hydrophilic matrix tablets. These tablets are achieved by com-
ressing a well mixed composite of a hydrophilic polymer and the
rug substance into a tablet (Lapidus and Lordi, 1968). The sus-
ained release is achieved by the dissolution of the polymer that
tarts when the tablet comes into contact with water. The poly-
er eventually forms a concentrated polymer solution around the

ablet that is referred to as a gel. This gel-layer acts simultaneously
s a protective barrier to water ingress and a diffusional/erosional
arrier for the drug release (Colombo et al., 1996). The ability of the
olymer to rapidly hydrate and quickly form a coherent gel with
ufficient mechanical integrity is closely connected to the chemical
nd physico-chemical properties of the polymer. Thus, to be able
o predict the dissolution rate of the polymer and hence the drug
elease rate it is extremely important to know the properties of the

olymer that affect the functionality of the matrix tablets.

Hydroxypropyl methylcellulose (HPMC) is a traditional gel for-
er in hydrophilic matrix tablets. The release of a drug from
atrixes composed of HPMC has been shown to depend on the

∗ Corresponding author. Tel.: +46 317723420; fax: +46 317723418.
E-mail addresses: anna.viriden@chalmers.se, anna.viriden@astrazeneca.com

A. Viridén).
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degree of substitution (Alderman, 1984; Bonferoni et al., 1995) and
the molecular weight (Gao et al., 1996; Ju et al., 1995; Kavanagh and
Corrigan, 2004; Reynolds et al., 1998). The degree of substitution
renders the solubility of the chain in aqueous solutions and thus
influences the swelling of the matrix tablet (Alderman, 1984). The
swelling and the dissolution rate are also affected by the molecular
weight, where it is expected that batches with a higher molecular
weight are eroded from the matrix at lower release rates (Gao et
al., 1996; Ju et al., 1995; Kavanagh and Corrigan, 2004; Reynolds
et al., 1998). A proper selection of grades has not always fulfilled
the requirements for the products, however, and there have hence
been batch-to-batch variations in matrix performance (Dahl et al.,
1990; Viriden et al., 2009b). This can be explained to some extent
by the broad specification limits that allow a rather large variabil-
ity in substituent content, where for example Dahl et al. (1990)
showed how the release of naproxen decreased with a decreased
hydroxypropoxylic (HPO) content in the same HPMC grade. They
stated that further work is needed to fully characterise the solubil-
ity behaviour of the various chemically substituted HPMC samples
in order to understand their behaviour in matrix tablets. Neverthe-
less, it has not always been possible to explain the behaviour of the
polymers by the average degree of substitution, and attention has

instead been directed to the influence of the substituent pattern,
which has been shown to affect the physico-chemical properties of
cellulose derivatives (Haque and Morris, 1993; Haque et al., 1993;
Hirrien et al., 1996; Neely, 1963; Schagerlof et al., 2006; Takahashi
et al., 1987; Viriden et al., 2009a,b).

dx.doi.org/10.1016/j.ijpharm.2010.09.017
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:anna.viriden@chalmers.se
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2.4. Tabletting
A. Viridén et al. / International Jou

The solubility of cellulose derivatives such as methylcellulose
MC) and HPMC is dependent on the degree of substitution and the
ubstituent pattern. This can be explained by the native cellulose
eing insoluble due to its crystalline structure; thus substituents
hat disrupt the crystalline structure are introduced to increase the
olubility. However, the substituents increase the hydrophobicity
f the chain and highly substituted regions of methoxylic groups
MeO) are thereby able to interact. Because of these hydrophobic
nteractions, it is generally accepted that MC and HPMC form a
eversible gel upon heating (Sarkar, 1979). However, it has been
hown that gelation of MC can be prevented by a homogeneous
ubstituent pattern, and that gelation occurs mainly in samples
ith amphiphilic behaviour where the hydrophobic interactions

ct as crosslinkings (Takahashi et al., 1987). Furthermore, for HPMC,
he HPO groups prevent aggregation for steric (Neely, 1963) and
ntropic reasons (Haque et al., 1993) and thus HPMC is expected
o gel at considerably higher temperatures as compared to MC
Sarkar, 1979). This has been shown to depend on the distribu-
ion along the chain; however, where heterogeneously substituted
PMC batches already formed reversible gel structures at room

emperature (Viriden et al., 2010).
Although it can be seen that the solubility of HPMC is depen-

ent on both the content of the substituents and their distribution,
t has been difficult to characterise the substituent pattern. This
artly depends on the lack of sensitive and selective analytical
ools to characterise the complex chemical structure. One tool
vailable for distinguishing between structural differences is the
se of cellulose degrading enzymes, which efficiently hydrolyse
1 → 4)�-d-glucosidic linkages in cellulose (Karlsson et al., 2002a;

elander, 2006; Richardson and Gorton, 2003; Schagerlöf, 2006).
hese enzymes are hindered by the substituents along the polymer
hain, and thus hydrolysis will selectively occur in regions with
ew or no substituents. It follows from this that batches that are
egraded by the same enzyme will allow a relative comparison

n heterogeneity. Thus information about chemical heterogene-
ty can be obtained using sensitive analytical tools in combination

ith enzymatic hydrolysis (Karlsson et al., 2002a; Melander, 2006;
ichardson and Gorton, 2003; Schagerlöf, 2006; Viriden et al.,
009b).

In a previous study by Viriden et al. (2009b) different batches
f the pharmaceutical 2208 grade were hydrolysed by an endoglu-
anase and rather large differences in heterogeneity were found.
ore importantly, the heterogeneity correlated to the polymer

elease from hydrophilic matrix tablets, where the more hetero-
eneously substituted polymers were released at a lower rate. The
ypothesis was that the heterogeneous substituent pattern facili-
ated an amphiphilic behaviour of the polymer chain, where the
ighly substituted regions interacted and formed gel-like struc-
ures in the gel of the matrix tablet (Viriden et al., 2010). These
ncreased the viscosity of the solution and decreased the erosion
ate of the polymer from matrix tablets. However, to strengthen the
ypothesis of amphiphilic behaviour the samples must be hydrol-
sed with a more selective enzyme that is hindered by the sub-
tituents over longer segments of the chain. Furthermore, if these
mphiphilic structures were to be found, it would be of great phar-
aceutical interest to study what influence a small molecule, such

s a drug substance, has on the reversible gel structure in the matrix.
t would be essential then to evaluate the drug release from matrix
ablets composed of HPMC batches with different chemical het-
rogeneity. For this reason, the release of a model drug substance,
ethylparaben, was studied in tablets composed of four HPMC

atches of the USP 2208 grade having different degrees of substi-
ution and substituent heterogeneity. In addition, the four HPMC

atches were hydrolysed by a more selective endoglucanase from
richoderma reesei in order to investigate the hypothesis that the
eterogeneously substituted batches had an amphiphilic structure.
Pharmaceutics 401 (2010) 60–67 61

2. Materials and methods

2.1. Materials

Four HPMC batches of the same substituent grade (USP 2208)
and viscosity grade (100 cPs) were used. These batches were sup-
plied by Shin-Etsu (Shin-Etsu Chemical Co. Ltd., Tokyo, Japan)
and Dow (Dow Chemical Co., USA) and are commercially denoted
90SH100 and K100LV, respectively. Methylparaben was purchased
from Sigma–Aldrich Chemie (GmbH, Switzerland) and used as
received.

2.2. Enzymatic hydrolysis

An endoglucanase, Cel45Acore, from T. reesei was used and
purified as described by Karlsson et al. (2002b). In addition, �-
glucosidase from Aspergillus niger (Megazyme, Bray, Ireland) was
used. The �-glucosidase solution was desalted by diluting 300 �l
of enzyme solution with 3 ml of deionised water in an Amicon
Ultra centrifugal device (10 kDa molecular weight cut-off, Milli-
pore, Cork, Ireland). After dilution, the system was concentrated
by centrifugation (Heraus Varifuge F, Hettich Laborationinstrument
AB, Sweden) at 2000 rpm for 35 min. The procedure was followed
for a total of three times and the enzyme concentration was mea-
sured using a Spectra max Plus (Molecular Devices, Sunnyvale, CA,
USA). The concentration was calculated using a standard calibration
curve at a wavelength of 280 nm.

For enzymatic hydrolysis, each HPMC was dissolved in water
to a concentration of 10 g/L. The Cel45Acore was added to a con-
centration of 1 �M and the hydrolysis continued for 72 h at room
temperature as described by Schagerlof et al. (2006). The samples
were stored at 4 ◦C until 1 U/ml �-glucosidase was added to the
already hydrolysed samples. The samples were then further incu-
bated for 24 h at 37 ◦C. The temperature was increased to 85 ◦C for
5 min to end the hydrolysis.

Glucose released after enzymatic hydrolysis was detected by
high-performance anion-exchange chromatography with pulsed
amperometric detection (HPAEC-PAD) from Dionex (Sunnyvale,
CA, USA). The HPAEC-PAD system consisted of a GS50 gradient
pump, a CarboPac PA-100 guard- and analytical column, and an
ED50 electrochemical detector. The injection volume was 20 �l.
Elution of the components in the hydrolysate mixture was car-
ried out at a flow rate of 1.0 ml/min using a gradient program with
deionised water and 150 mM NaOH for 30 min. The software used
for data processing was Chromeleon 6.40 (Dionex, Sunnyvale, CA,
USA).

2.3. Viscosity

Flow curves were recorded for the selected samples by an
Anton Paar Physica MCR 500 rheometer (Germany) equipped with
a double gap cylinder with an external and internal radius of
13.33 and 12.33 mm, respectively. HPMC solutions of 5% (w/w) and
10% (w/w) were prepared in phosphate buffer (I = 0.1, pH = 6.8).
The flow curves were obtained by increasing the shear rate
in a logarithmic manner from 0.1 to 100 s−1. The measuring
point duration was decreased logarithmically from 20 to 0.5 s.
The flow curves were recorded at 37 ◦C and the solutions were
allowed to equilibrate at the same temperature for 1 h before
measurements. The average values reported are based on two mea-
surements.
A single punch tabletting machine (Kilian SP300, Kilian & Co
GmbH, Germany) was equipped with 10 mm flat faced punches.
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Table 1
Polymer characteristics of the four HPMC batchesa.

Sample Mw (×104 g/mol)b P.I.b (g/mol) %HPOc %MeOc

A 14.1(0.3) 2.8(0.6) 10.9 23.4
B 12.4(0.1) 2.8(0.5) 10.9 23.3
C 9.1(0.0) 1.9(0.2) 6.6 24.1
D 10.4(0.2) 2.2(0.3) 7.0 24.6

a

T
P

2 A. Viridén et al. / International Jour

he compression force was 10 ± 0.5 kN, and the powder was
reweighed for each tablet using a Mettler Toledo AX205 Delta
ange to get a tablet weight of about 300 ± 1 mg. The methyl-
araben was blended with the polymer powder with a pestle and
ortar for 5 min to obtain a well mixed composition before tablet-

ing.

.5. Polymer and drug release

The release of the drug and the HPMC from the dissolving tablets
as carried out in a USP dissolution apparatus (Dissolutest, Pro-

abo, France) equipped with a standard USP II paddle. The paddle
peed was set to 50 or 100 rpm. The tablets were fixed in baskets
2.5 cm × 2.5 cm × 1 cm and with a mesh size of 2.5 mm × 2.5 mm)
laced 1 cm above the paddle and 3 cm from the centre of the
addle. The release medium, 900 ml, was phosphate buffer (I = 0.1,
H = 6.8) and the temperature was 37 ◦C. Aliquots of 1.5 ml were
emoved from the release medium at different predetermined
imes using a Varian VK8000 fraction collector (North Carolina,
SA) and the amount of drug and polymer released from two tablets
as analysed and averaged.

The polymer concentration in the release medium was deter-
ined by size exclusion chromatography with dual multi-angle

ight scattering and refractive index detection (SEC-MALS/RI). The
olumn was a TSK gel GMPWXL, 7.8 mm ID × 30.0 cm L, with a par-
icle size of 13 �m (TOSOH Corporation, Japan). The refractometer
as an Optilab rEX, (Wyatt Technology, Santa Barbara, CA, USA)

nd the MALS instrument was a DAWN® EOSTM (Wyatt Technology,
anta Barbara, CA, USA). The analyses were made at room tempera-
ure using a flow rate of 0.5 ml/min. The refractive index increment
dn/dc) used was 0.136 ml/g. The mobile phase was 0.1 M phos-
hate buffer (I = 0.1, pH 6.8) with 0.02% NaN3 and the volume of the

njected sample was 100 �l. The software used to process the data
as Astra 4.90.07 (Wyatt Technology, Santa Barbara, CA, USA).

The solubility of methylparaben at 22 ◦C in the phosphate buffer
sed was measured and found to 2.9 mg/ml. The concentration of
ethylparaben at each sample time was measured using a Spectra
ax Plus (Molecular Devices, Sunnyvale, CA, USA). The concentra-

ion of methylparaben was calculated using a standard calibration
urve at a wavelength of 255 nm.

The amount of either drug or polymer released at each time was
etermined as:

released =
(

Cn × (V0 − Vs(n − 1)) + Vs
∑n−1

n=0Cn

X

)
× 100 (1)
here cn is the concentration in the sample n, V0 is the initial vol-
me in the beaker and Vs is the sample volume. X is the either the
eight of the polymer or the weight of the total drug dose in the

ablet.

able 2
ercentage (w/w) glucose released after enzymatic hydrolysis.

Sample Glucose released after hydrolysis with endoglucanase
from Trichoderma reesei and �-glucosidase from
Aspergillus nigera

A 0.4(0.0)
B 1.2(0.0)
C 1.3(0.0)
D 1.5(0.1)

a The results given are mean values and corresponding standard deviations are in pare
b Data obtained by Viriden et al. (2009b).
Data obtained by Viriden et al. (2009b).
b The results given are mean values and corresponding standard deviations in

parentheses (n = 3).
c RSD of 0.02 according to an in-house validation.

3. Results and discussion

3.1. Chemical properties of HPMC

The aim of the present study was to evaluate how the chemical
heterogeneity of HPMC affected the release of the drug from matrix
tablets. Thus four HPMC batches (A–D) of the same pharmaceutical
substituent and viscosity (100 cPs) grade were selected according
to the differences that were characterised in the degree of substi-
tution, molecular weight and substituent heterogeneity (Table 1)
(Viriden et al., 2009b). As can be seen in Table 1, the batches had
average molecular weights of the same magnitude with similar
distributions, giving a comparable polydispersity index (P.I.). To
evaluate the effect of the substituent heterogeneity within a grade,
two levels of both the HPO and the MeO content were selected. As
can be seen in Table 1, batches A and B had a HPO content of 11%
and a MeO content of 23%, while batches C and D had a HPO and
a MeO content of around 7% and 25%, respectively (Table 1). The
specification limits for a 2208 grade are 19–24% (w/w) for MeO and
4–12% (w/w) for HPO (Pharmacopoeia, 2006; USP29-NF24, 2003).
Thus, with the exception of the 25% MeO characterised in batch D,
the average substitution was within the specification limits. How-
ever, the experimental substitution data were systematically larger
than that reported by the suppliers, which may be a result of the
use of different analytical methods (Andersson et al., 2003).

3.2. Chemical heterogeneity of HPMC

HPMC can be regarded as a highly polydisperse material where
the distribution of both the molecular weight and the substituents
must be considered in order to predict and understand the
behaviour of the polymer as a matrix former. A relative compar-
ison of the substituent heterogeneity along the polymer chain was
obtained in the former study by the means of an endoglucanase
from T. longibrachiatum (Viriden et al., 2009b). The enzyme must
form an enzyme–substrate complex with the polymer chain to
hydrolyse and to do that, the HPMC needs to be unsubstituted

over a certain number of glucose units (Schagerlöf, 2006). This
means that batches with more frequently occurring unsubstituted
regions would liberate more glucose after being hydrolysed by
the enzyme. As seen in Table 2, the amount of glucose released
after hydrolysis with T. longibrachiatum increased from batch A

Glucose released after hydrolysis with endoglucanase
from. Trichoderma longibrachiatuma,b

0.3(0.1)
0.9(0.1)
1.2(0.1)
1.4(0.1)

ntheses (n = 3).
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ig. 1. Flow curves obtained at 37 ◦C. (A) 5% (w/w) HPMC solutions and (B) 10% (w
enote the calculated average value from two measurements and the error bars sho

o batch D, and hence the substituent heterogeneity increased
n the same order. The hypothesis in the former study was that
he most heterogeneously substituted polymers were more block-
ike in their chemical structure and hence took on an amphiphilic
haracter, where hydrophobic interactions between the highly
ubstituted regions facilitated the formation of reversible gel-like
tructures in the matrix tablet (Viriden et al., 2009b). To support
he proposed hypothesis and simultaneously gain more informa-
ion about the chemical differences along the polymer backbone,
he present study used a more selective endoglucanase from T.
eese. This enzyme has been shown to be hindered to a greater
xtent by the substituents and longer low substituted regions
re therefore needed to form the enzyme–substrate complex
Karlsson et al., 2002a; Schagerlöf, 2006). Furthermore, to account
or a larger amount of the hydrolysed product, �-glucosidase, an
xo-enzyme that efficiently degrades larger oligosaccharides pre-
umably released after the enzymatic hydrolysis was also added.
he results of the enzymatic hydrolysis showed that batch A
eleased the smallest amount of glucose from the enzymes followed
y batches B, C and D (Table 2). The relative order between the
atches in terms of glucose released was the same as obtained in the
arlier study, although it can be seen that the differences between
atch A and B became greater (Table 2). This can be explained to
certain extent by the fact that a larger amount of the hydrolysed
roduct was accounted for. However, it also shows that additional

nformation can be obtained by using enzymes with different selec-
ivity. Thus, according to the result of the present study, longer low
ubstituted regions were more frequent in batch B compared to
atch A. (Tables 1 and 2). Moreover, the longer low substituted
egions were about the same in batch C as in batch B but increased
ven more in batch D. Flow curves were obtained to investigate
hether the differences between the batches affected the solution

ehaviour.

.3. Effect of chemical heterogeneity on viscosity

Flow curves were obtained at 37 ◦C in 5% (w/w) and 10% (w/w)
olutions after equilibration for 1 h at the same temperature. At
% (w/w), the viscosity increased in the order batch A ≈ B < C < D
hroughout the shear rate interval. It was also found that the vis-
osity of batch D was three times as high as the viscosity of batches
and B at a shear rate of 1−1 s (Fig. 1). For a linear polymer
ithout other interactions apart from entanglements the viscos-

ty is expected to increase with increased molecular weight (De
ennes, 1979). In this study batches A and B had the highest
verage molecular weights, and it could thus be seen that the
PMC solutions. (�) Batch A, (�) Batch B, (�) Batch C and (�) Batch D. The symbols
deviation from the mean value.

molecular weight did not correlate to the differences observed in
viscosity. However, the viscosity increased with increased chemi-
cal heterogeneity, and the most heterogeneously substituted batch
D demonstrated the highest viscosity (Fig. 1 and Table 2). It can fur-
ther be seen that the solution of batch D was more shear thinning
than the other batches, which is an indication of the existence of
hydrophobic interactions in the solution (Silva et al., 2008). This
was even more evident at 10% (w/w) solutions where the higher
viscosities of both batches C and D decreased at lower shear rates
(Fig. 1).

It is generally accepted that HPMC and MC possess the property
of forming a reversible gel with increasing temperature (Sarkar,
1979). However, gelation has been shown to be closely connected
to the heterogeneity of the substituents (Viriden et al., 2010; Haque
and Morris, 1993; Takahashi et al., 1987), where for example Taka-
hashi et al. showed that gelation occurred only for samples with
amphiphilic behaviour where the hydrophobic interactions acted
as crosslinkings (Takahashi et al., 1987). However, regardless of the
substituent heterogeneity, the HPO group has been shown to pre-
vent and increase the thermal gelation temperature (Haque et al.,
1993; Neely, 1963). This might explain the comparable flow curves
of batches A and B, where the larger amount of HPO groups seemed
to decrease the effect of the substituent heterogeneity on thermal
gelation. Thus, even though batch B was more heterogeneously sub-
stituted than batch A, the thermal gelation temperature of batch B
did not decrease to 37 ◦C, and hence the flow curves of batches
A and B were similar. Although none of the HPMC batches used
were exceptionally low substituted, the HPO content of batches C
and D was lower than that of batch B. This would have increased
the possibility of frequently occurring segments that are able to
hydrophobically interact if the distribution of the glucose units and
the MeO groups favoured such behaviour. Consequently, the more
heterogeneously substituted batches C and D also seemed to facil-
itate reversible gel-like structures at the low temperature of 37 ◦C,
which increased the viscosity and made the solutions more shear
thinning. These types of gel-like structures have been shown to
affect the erosion rate of the polymer in matrix tablets (Viriden et
al., 2010). To our knowledge, however, it has not been investigated
whether the differences in chemical heterogeneity also affect the
drug release. Hence release studies were carried out with tablets
composed of the four HPMC batches.
3.4. Matrix performance

To study whether the polymer heterogeneity affects the drug
release, tablet compositions with the addition of the slightly soluble
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Table 3
T50 and T80 of methylparaben and the HPMC batches used at two paddle speedsa.

T50, 50 rpm T80, 50 rpm T50, 100 rpm T80, 100 rpm

MP release from compositions of
Batch A 5.3(0.2) 11.5(0.2) 4.1(0.1) 8.4(0.1)
Batch B 5.0(0.1) 10.8(0.0) 3.8(0.1) 7.7(0.1)
Batch C 6.4(0.2) 16.5(0.2) 5.5(0.3) 12.5(0.5)
Batch D 7.4(0.1) 17.4(0.4) 6.9(0.0) 14.4(0.1)

Polymer release from MP compositions of
Batch A 7.9(0.4) 14.1(0.8) 5.2(0.2) 9.3(0.3)
Batch B 7.5(0.1) 13.2(0.1) 4.8(0.1) 8.6(0.3)
Batch C 25.3(1.3) 36.2(2.1) 11.8(1.0) 17.9(1.2)
Batch D 25.7(0.9) 35.7(0.2) 13.5(0.4) 18.7(0.5)

Polymer release from tablets of 100% polymer
Batch A 7.4(0.1) 12.6(0.1) 5.4(0.1) 9.2(0.1)
Batch B 7.5(0.3) 13.4(0.3) 5.2(0.2) 9.0(0.2)
Batch C 26.7(0.0) 44.0(0.2) 11.8(0.4) 18.7(0.4)
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Fig. 2. Release profiles of methylparaben obtain in a modified USP II apparatus at

F
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Batch D 28.3(1.3) 46.3(3.4) 17.0(0.1) 23.7(0.1)

a Calculated value from two tablets and the deviation from the mean value is in
arentheses.

ethylparaben (MP) were investigated. This was done by analysing
oth the MP release and the erosion rate of the polymer. To evaluate
he effect of MP on the polymer erosion, pure polymer tablets were
lso analysed as a comparison. The release data were studied with a
odified USP method where the tablets were fixed in baskets. Here,
he release rates were examined at two different paddle speeds,
0 and 100 rpm. The time at which 50% (T50) and 80% (T80) were
eleased was measured to quantify the different release rates of MP
nd the HPMC (Table 3).
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he error bars show the deviation from the mean value.
the paddle speed of 50 rpm. The release of methylparaben was achieved from tablets
composed of the four different HPMC batches: (�) Batch A, (�) Batch B, (�) Batch C
and (�) Batch D. The symbols denote the calculated average value from two tablets
and the error bars show the deviation from the mean value.

3.4.1. Effect of polymer heterogeneity on the release of
methylparaben at 50 rpm

The release profiles of MP from the tablets composed of the dif-

ferent HPMC batches are shown in Fig. 2. Almost no difference was
first seen between the four MP profiles. After 3 h, however, tablets
of batch A and B released MP at a much higher rate and hence the
total dose of MP was released 10 h later from tablets composed of
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atch C and D (Fig. 2). The differences in the T80 values were thus
uite large and were 11.5, 10.8, 16.5 and 17.4 h from tablets com-
osed of batch A, B, C and D, respectively (Table 3). These results
how that the release rate essentially decreased in compositions of
he two most heterogeneously substituted batches and it is there-
ore clear that the chemical heterogeneity between batches of a
harmaceutical grade affects drug release.

The MP release profiles showed a noticeable curvature suggest-
ng a diffusion based release mechanism in all four compositions.
owever, to gain further insight into the release mechanism of
P from compositions of the four different HPMC batches the MP

elease profiles were compared to the erosion rate of the polymer
Fig. 3A–D). The faster release of MP from compositions of batch A
nd B can be explained by Fig. 3A–D, where it is seen that the release
rofiles of MP and the polymer were quite close and parallel. This
uggests that the diffusional contribution to the release mechanism
rom these compositions was limited and the erosional contribu-
ion of the polymer was noticeable. In contrast, the erosion rate of
atches C and D was much lower, and it can be seen in Fig. 3C and
that 90% of MP had been released while only 50% of the polymer

ad been eroded from the tablets. This seems to be in line with the
ypothesis that batches C and D formed reversible gel structures in
he matrix tablets, which were less affected by the paddle speed and
ence decreased the erosion rate of the polymer from the matrix.
onsequently, compositions of batches C and D released MP with a

reater diffusional contribution to the release mechanism.

.4.2. The effect of shear rate on the release of methylparaben
The MP release profiles from all tablet compositions at 100 rpm

re shown in Fig. 4. As seen at 50 rpm, the release profiles were
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paddle speed of 100 rpm. The release of methylparaben was achieved from tablets
composed of the four different HPMC batches: (�) Batch A, (�) Batch B, (�) Batch C
and (�) Batch D. The symbols denote the calculated average value from two tablets
and the error bars show the deviation from the mean value.

fairly similar during the first hours while the differences became
larger after about 3 h. Thus, large batch-to-batch variations were
seen even at a higher paddle speed and the T80 values were

8.4, 7.7, 12.5 and 14.4 from tablets composed of batches A, B,
C and D, respectively (Table 3). The release of MP was faster at
100 rpm in all four compositions compared to what was observed
at 50 rpm; this can be seen from the lower T80 values; which
decreased by 3.1, 3.1, 4.0 and 3.0 h in compositions of batches A–D,
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nd at two paddle speeds, 50 and 100 rpm. (�) Polymer release from tablet comp
olymer tablets at the paddle speed of 100 rpm, (©) polymer release from tablet co
ure polymer tablets at the paddle speed of 50 rpm. Figure (A)–(D) represents the f
ablets and the error bars show the deviation from the mean value.

espectively. These results indicate that the increase in the MP
elease rate was about the same in all compositions except in tablets
omposed of batch C, where the release rate of MP increased some-
hat more.

The higher paddle speed might affect polymer erosion and hence
lso the MP release mechanism. A comparison of the release pro-
les of MP and the polymer shows that the release profiles from
ablet compositions of batch A and B became more parallel and
he polymer and MP were released at about the same rate (Fig. 5A
nd B). Accordingly, the faster polymer erosion contributed to a
reater erosional contribution to the release mechanism from com-
ositions of batch A and B at the increased paddle speed. A much
lower polymer erosion was found by batch C and D, and the results
ere similar to those obtained at 50 rpm, and hence more than 90%

f MP had been released while only 50% of the polymer had been
roded (Fig. 5C and D). The much lower erosion rate by batches
and D therefore explains the great contribution of diffusion to

he MP release mechanism at both paddle speeds. As was seen at
0 rpm, the erosion rate of the polymer governed the release rate
f MP and hence the much higher T50 and T80 values of batches
and D gave lower MP release rates from the same compositions

Table 3). However, even though batches C and D had a lower rate
f erosion, it must be noted that these batches were more affected
y the paddle speed. This can be seen by the increase in erosion

ate at 100 rpm, and that the T80 values of the batches decreased
y 4.8, 4.6, 18.3 and 17.0 h in batches A, B, C and D, respectively
Table 3). Further studies were made with pure polymer tablets to
nvestigate the effect of MP on the polymer erosion.
f HPMC and 5% (w/w) methylparaben at 100 rpm, (�) polymer release from pure
ed of HPMC and 5% (w/w) methylparaben at 50 rpm and (�) polymer release from
ifferent HPMC batches. The symbols denote the calculated average value from two

3.4.3. Polymer release from pure polymer tablets
Polymer erosion from pure polymer tablets and compositions to

which MP had been added are displayed in Fig. 6A–D. Two sets of
profiles from batches A and B are shown, where the erosion rate of
the polymer seems to depend only on the shear rate applied. Thus
the erosion from pure polymer tablets was the same as the erosion
rate from compositions to which MP had been added. Furthermore,
as pointed out earlier, the difference between the erosion rates at
the two paddle speeds were only minor, hence only a 5 h difference
was observed between fully dissolved tablets at 50 rpm compared
to at 100 rpm. In contrast, even without the addition of MP, tablets
of batch C and D were much more affected by the applied shear
rate and there was a time difference of 40 h between fully dissolved
tablets at the two paddle speeds. Furthermore, a comparison of pure
polymer systems with compositions to which MP had been added
shows that the erosion rate of batches C and D was clearly affected
by the addition of MP and that the polymer erosion increased from
these tablets (Table 3). This was most obvious in compositions of
batch D at the higher paddle speed where the erosion rate of the
HPMC suddenly increased in comparison to the erosion rate from
pure systems after about 7 h and dual erosion rates were obtained.

It has been illustrated that the erosion rate of the heteroge-
neously substituted batches was lower and more dependent on
the shear rate as compared to the more homogeneous batches.

This might be explained by the fact that the reversible gel struc-
tures formed in the matrix of the heterogeneously substituted
batches were more resistant to lower shear rates, as indicated by
the viscosity measurements. Thus, at lower shear rates, a less steep
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olymer concentration gradient would be formed in the gel layer
f the matrix tablet. However, at an increased paddle speed, the
rosion front would have to move a larger distance to resist the
ncreased shear, and this would then give fairly large differences
n erosion rates between the two paddle speeds, as was observed
n the present study. Moreover, there was an indication that the
rosion rate of batches C and D was affected to a greater extent by
he addition of MP to the tablets. The explanation here is that MP

ay have interfered with the formation of the reversible gel struc-
ure in the tablets. It has been shown that parabens has the ability
o create hydrogen bonding between the hydrogen of the pheno-
ic hydroxy group and the oxygen group in the ether groups of the
olyoxyethylene chain (Blaug and Ahsan, 1961); thus it is likely that
he parabens would also interact with the cellulose chain. Thus, the
onger unsubstituted segments might have facilitated this bonding
nd, for this reason, the more heterogeneously substituted batches
ight have been able to interact to a greater extent. This would

hen have interfered with the reversible gel-like structures formed
n the gel of the matrix tablets, which could have made the gel more
usceptible to erosion and would explain the faster polymer release
rom these compositions. It is clear from the results of the present
tudy that matrix tablets composed of HPMC batches of the same
harmaceutical grade with different substituent heterogeneities
eleased MP at different rates and with different mechanisms. How-
ver, the present study also indicated that these batches were able
o interact with MP to different extents, which might indicate that
ther drug molecules would be able to interact with the various
hemical structures of HPMC and hence affect the release behaviour
ifferently.

. Conclusion

This is the first study that has shown how differences in
ubstituent heterogeneity between HPMC batches of the same
harmaceutical grade affect drug release from hydrophilic matrix
ablets. Batches with longer segments of low substituted regions
nd a lower HPO content facilitated reversible gel-like structures
hat decreased the polymer erosion in matrix tablets. This lower
rosion rate then decreased the drug release rate and released the
rug by a more diffusion based release mechanism. However, even
hough the most heterogeneously substituted batches decreased
he rate of drug release, it was observed that the polymer erosion
as more affected by the paddle speed and the drug content in the
atrix. This indicates that the gel-like structures might affect the

obustness of the gel layer function in matrix tablets. Thus, it can be
oncluded from the present study that extensive polymer charac-
erisation is required to obtain predictable drug release rates from

atrix tablets composed of HPMC batches.
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