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bstract

In a previous study, it was shown that the incorporation of poorly soluble drugs (BCS class II) in sugar glasses could largely increase the
rug’s dissolution rate [van Drooge, D.J., Hinrichs, W.L.J., Frijlink, H.W., 2004b. Anomalous dissolution behaviour of tablets prepared from sugar
lass-based solid dispersions. J. Control. Release 97, 441–452]. However, the application of this technology had little effect when high drug loads
r fast dissolving sugars were applied due to uncontrolled crystallization of the drug in the near vicinity of the dissolving tablet. To solve this
roblem a surfactant, sodium lauryl sulphate (SLS), was incorporated in the sugar glass or physically mixed with it. Diazepam and fenofibrate
ere used as model drugs in this study. The dissolution behavior of tablets prepared from solid dispersions in which SLS was incorporated was

trongly improved. Surprisingly, the dissolution rate of tablets prepared from physical mixtures of SLS and the solid dispersion was initially fast,

ut slowed down after about 10 min. The solid dispersions were characterized by DSC to explain this unexpected difference. These measurements
evealed the existence of interaction of SLS with both the drug and the sugar in the solid dispersion when SLS was incorporated. It is hypothesized
hat due to this interaction, the dissolution of SLS was slowed down by which a high solubility of the drug in the near vicinity of the dissolving
ablet is maintained during the whole dissolution process. Therefore, uncontrolled crystallization is effectively prevented.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Combinatorial chemistry and High Throughput Screening
re modern techniques in drug research. Many of the drugs,
volving from these techniques, can be categorized as class II
rugs according to the Biopharmaceutics Classification System
Lipinski et al., 2001). These drugs are poorly water soluble,
ut once they are dissolved they are easily absorbed over the
astro-intestinal membrane (Amidon et al., 1995; Lobenberg
nd Amidon, 2000). Therefore, the bioavailability after oral
dministration can be improved by enhancement of the dissolu-
ion rate (Curatolo, 1998).

One of the approaches to enhance the dissolution rate is the

se of fully amorphous solid dispersions (Law et al., 2003;
euner and Dressman, 2000). A solid dispersion for such appli-
ation is a system composed of a hydrophilic matrix in which a
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oorly soluble drug is dispersed. The enhanced dissolution rate
f drugs from these solid dispersions is mainly based on four
ifferent mechanisms (Corrigan, 1985; Craig, 1990, 2002): (1)
etting of the drug is improved by direct contact of the drug with

he hydrophilic matrix, (2) the saturation concentration around
mall particles is higher than around large particles (Kelvin law
Keck and Muller, 2006)), (3) the surface area is increased and
4) the drug has higher energy in the amorphous state than in
he crystalline state, through which the saturation concentration
s increased (Hancock and Parks, 2000; Huang and Tong, 2004;
odriguez-Spong et al., 2004).

In a previous study (van Drooge et al., 2004b), we have inves-
igated the dissolution behavior of tablets prepared from fully
morphous solid dispersions. These solid dispersions were com-
osed of different types of sugar glasses in which diazepam was
ncorporated. It was found that when the drug load was low

nd/or the sugar did not dissolve too fast, the dissolution rate of
he drug was high. However, when the drug load was high and/or
he sugar dissolved fast, the dissolution was slow and incom-
lete. It was proposed that in these cases high concentrations of

mailto:h.de.waard@rug.nl
dx.doi.org/10.1016/j.ijpharm.2007.07.023
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Table 1
Freeze dried formulations with diazepam as model drug

Code Drug diazepam Matrix Surfactant SLS

Inulin Trehalose

10D/90T/0S 10 90
10D/90T/10S 10 90 10
20D/80T/0S 20 80
20D/80T/20S 20 80 20
5D/45I/5S 5 45 5
10D/40I/5S 10 40 5
10D/90I/0S 10 90
10D/90I/2.5S 10 90 2.5
10D/90I/5S 10 90 5
10D/90I/10S 10 90 10
15D/35I/5S 15 35 5
20D/30I/5S 20 30 5
20D/80I/0S 20 80
20D/80I/2.5S 20 80 2.5
20D/80I/5S 20 80 5
20D/80I/10S 20 80 10
20D/80I/20S 20 80 20
30D/70I/10S 30 70 10
40D/60I/10S 40 60 10
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solid dispersions without SLS incorporated were prepared using
a spatula and mortar.

Table 2
Freeze dried formulations with fenofibrate as model drug

Code Drug fenofibrate Matrix Surfactant SLS

Inulin Trehalose

10F/90T/0S 10 90
10F/90T/10S 10 90 10
20F/80T/0S 20 80
20F/80T/20S 20 80 20
10F/90I/0S 10 90
H. de Waard et al. / International Jou

he drug could be found in the direct vicinity of the dissolving
ablet. The high concentrations of the drug result in uncontrolled
ormation of large drug crystals. Due to the crystalline nature and
he low specific surface area, the crystals subsequently dissolve
lowly. These binary solid dispersions can, therefore, not always
e used to improve the dissolution rate of class II drugs.

To increase the dissolution rate from these solid dispersions,
he uncontrolled crystallization in the near vicinity of the dis-
olving tablet should be prevented. Incorporation of a surfactant
n the tablet could be an option to achieve this. Incorporation of
surfactant in a solid dispersion to improve the dissolution rate

s extensively described in literature (Alden et al., 1992; Morris
t al., 1992; Mura et al., 2005; Najib et al., 1986; Okonogi and
uttipipatkhachorn, 2006; Sjökvist et al., 1991, 1992; Wulff et
l., 1996). The increased dissolution rate was ascribed to the
ormation of a solid solution instead of a solid dispersion, which
ncreases the dissolution rate. However, the slow dissolution rate
rom the sugar glass-based solid dispersions is not caused by a
oor solubility of the drug in the carrier but by a too high con-
entration of drug in the near vicinity of the dissolving tablet.
o solve this, both physically mixing a surfactant with the solid
ispersion or incorporating a surfactant in the solid dispersion
ould be an option to improve the dissolution rate because it may
reate a micro-environment around the dissolving tablet with a
igh solubility for the drug.

In this study, we investigated whether physical mixing of a
urfactant with the solid dispersion was an effective method to
ncrease the dissolution rate or whether the surfactant should
e incorporated in the solid dispersion. Diazepam and fenofi-
rate were used as model drugs, whereas inulin and trehalose
ere used as model sugars and sodium lauryl sulphate (SLS)
as used as surfactant. Furthermore, the solid dispersions were

haracterized by differential scanning calorimetry (DSC).

. Materials and methods

.1. Materials

Diazepam and SLS were provided by BUFA B.V. Uit-
eest, The Netherlands. Fenofibrate, trehalose, tertiary butyl
lcohol (TBA) and Anthrone reagent were obtained from
igma–Aldrich Chemie B.V. Zwijndrecht, The Netherlands.
nulin, type HD0391111 (having a number average degree of
olymerization of 11) was a gift from Sensus, Roosendaal, The
etherlands. Concentrated sulphuric acid was provided from
erck B.V. Darmstadt, Germany. Demineralized water was

sed.

.2. Methods

.2.1. Preparation of solid dispersions
Solid dispersions were prepared by a freeze drying method

s described previously (van Drooge et al., 2004a). In short, the

rug (diazepam or fenofibrate) was dissolved in TBA, 25 mg/ml,
hile the sugar (inulin or trehalose) and SLS if applicable
ere dissolved in water at different concentrations. After heat-

ng both solutions to 40 ◦C, they were mixed at a TBA/water

1
2
2

A

mounts of the different contents correspond to the weight ratios in the powder.

atio of 4/6 (v/v) (in all cases 1.6 ml TBA solution with 2.4 ml
queous solution) in a 20 ml vial. Immediately after mixing,
he vials were immersed in liquid nitrogen until the mixture
as completely frozen. Subsequently, the frozen solutions were
laced in a Christ Epsilon 2–4 lyophiliser (Salm en Kipp,
reukelen, The Netherlands) with a condenser temperature of
85 ◦C. For the primary drying, the shelf temperature was set

t −35 ◦C and a pressure of 0.220 mbar for 1 day and for the
econdary drying the pressure was decreased to 0.030 mbar
nd the shelf temperature was gradually raised to 20 ◦C, which
as done in another 24 h. After the samples were removed

rom the freeze dryer, they were stored in a vacuum desic-
ator over silica gel at room temperature (van Drooge et al.,
004a,c).

The composition of the solid dispersions and physical mix-
ures, are listed in Tables 1 and 2. Physical mixtures of SLS and
0F/90I/10S 10 90 10
0F/80I/0S 20 80
0F/80I/20S 20 80 20

mounts of the different contents correspond to the weight ratios in the powder.
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.2.2. Differential scanning calorimetry
DSC was used to determine the degree of crystallinity (Dcrys)

f the drug in the solid dispersions, which was defined as the
atio between the heat of fusion (�Hsd) of the solid dispersion
nd the heat of fusion of the drug as received (�Hdr) multiplied
y fraction drug (f) in the mixture (see Eq. (1)).

crys = f
�Hsd

�Hdr
100% (1)

To determine the degree of crystallinity of diazepam, the
canning calorimeter (DSC2920, TA Instruments, Ghent, Bel-
ium) was functioning at a heating rate of 20 ◦C/min, from 20 to
00 ◦C, after a preheating step of 10 min at 70 ◦C to evaporate
he residual water. The sample was placed in an open aluminium
an. Indium was used for calibrating. From the DSC thermo-
rams obtained by this method, also the temperature and the
nthalpy of an endothermic event caused by SLS were acquired.

Modulated DSC (MDSC) was used to determine the glass
ransition temperature (Tg) of the pure drugs and matrices and
he degree of crystallinity of fenofibrate. The heating rate was
◦C/min, from −40 to 140 ◦C, with a modulation amplitude of
.318 ◦C every minute. The Tg of the pure drugs was measured
y melting and quench cooling the sample in the pan preced-
ng the MDSC-measurement. The glass transition temperatures
ere taken as the inflection point of the transition.
Furthermore, DSC was used to study the effect of SLS and/or

iazepam on the glass transition temperature of the maximally
reeze concentrated fraction (T ′

g). The following solutions were
valuated: (1) solutions of 150 mg/ml inulin in water contain-
ng different concentrations SLS (0–33 mg/ml) mixed with pure
BA (ratio water/TBA 6/4) and (2) the same SLS/inulin solu-

ions mixed with 25 mg/ml diazepam dissolved in TBA (ratio
ater/TBA 6/4). The mixtures were analyzed immediately after
ixing. The liquid samples (50–60 mg) were positioned in an

pen aluminium cup. The scanning calorimeter was functioning
t a heating rate of 20 ◦C/min, from −60 to 40 ◦C.

Finally, the DSC was used to determine the enthalpy and
he temperature of the endothermic peak of SLS. Samples of
he same composition as the samples described in the previous
aragraph were prepared and freeze dried. The obtained samples
ere placed in an open aluminium pan. The scanning calorime-

er was functioning at a heating rate of 20 ◦C/min, from 20 to
00 ◦C, after a preheating step of 10 min at 70 ◦C to evaporate
he residual water.

.2.3. Tabletting
All formulations were compressed to 9 mm tablets having a

eight of approximately 55 or 100 mg. In cases SLS was present
n the 100 mg tablets, the tablet weight was increased by the
mount of SLS, to keep the absolute amount of drug and sugar
onstant. This means for example that a tablet of formulation
0D/90T/10S in Table 1 had a weight of 110 mg and consisted
f 10 mg diazepam, 90 mg trehalose and 10 mg SLS. The max-

mum compaction load was 5 kN and the speed of compaction
as 5 kN/s. All tablets were processed on an ESH compaction

pparatus (Hydro Mooi, Appingedam, The Netherlands) and the
mm die was lubricated with magnesium stearate. After tablet-

a

c
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ing, the tablets were stored in a vacuum desiccator over silica gel
t room temperature for at least 1 day before further processing.

.2.4. Dissolution
Dissolution was performed on a USP dissolution apparatus II,

owa Techniek. The paddle speed was 100 rpm and all experi-
ents were done in triplicate. The temperature was kept at 37 ◦C

nd the volume of the dissolution medium was 1000 ml. Exper-
ments were performed in pure water or in a 0.5% (w/v) SLS
olution.

To study dissolution behavior, generally sink conditions are
pplied (Gibaldi and Feldman, 1967). By definition sink con-
itions are met when the amount of drug to be dissolved does
ot exceed 5% of the drug solubility in the dissolution medium
Sheu et al., 1994). Since diazepam has a solubility of 62.5 mg/l
n pure water (Mithani et al., 1996), this means that strict sink
onditions are not applied for the diazepam tablets. On the
ther hand, the saturation concentration is not reached at com-
lete dissolution. Therefore, this condition will be referred to as
seudo-sink conditions. When the tablets containing fenofibrate
ere dissolved in pure water, even the saturation concentra-

ion of fenofibrate (0.1–0.3 mg/l (Granero et al., 2005; Law
t al., 2003)) was exceeded. This means that non-sink con-
itions were applied. Therefore, dissolution experiments were
erformed using a 0.5% (w/v) SLS containing medium. The sol-
bility of fenofibrate in this medium instead of pure water was
ncreased 2000-fold (Granero et al., 2005). Therefore, in this

edium sink conditions were applied. It was assumed that the
LS which dissolved from the tablets had hardly any influence
n the final solubility of the drug in the bulk of the dissolution
edium, since the final concentration is only 0.002% (w/v) and

he solubility of the drug is only substantially increased when
he critical micelle concentration (0.2%, w/v SLS) is exceeded
Mura et al., 1999; Sjökvist et al., 1991; Weintraub and Gibaldi,
969). The concentration of diazepam and fenofibrate in water
as measured spectrophotometrically (Ultrospec III, Pharmacia
KB) at a wavelength of 230 and 290 nm, respectively.

To monitor the dissolution of the sugar, samples were taken
t different time intervals. The sample size was 1 ml for sam-
les taken from the dissolution medium consisting of pure water
nd 0.5 ml for samples taken from the SLS-medium. The latter
amples were diluted with 0.5 ml water. Subsequently, the con-
entration of the samples was determined using the Anthrone
ssay (Scott and Melvin, 1953): the samples were vortexed with
.00 ml Anthrone reagent (0.1%, w/v) in concentrated sulphuric
cid. As a result of the mixing enthalpy, the temperature of the
amples strongly increased. After cooling to room temperature
45 min), the samples were analyzed with a spectrophotometer
ThermoSpectronic, Unicam UV 500) at 630 nm.

. Results and discussion

.1. Physicochemical characteristics of the drugs, matrices

nd solid dispersions

The physicochemical properties of the used drugs and matri-
es are shown in Table 3. None of the solid dispersions
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Table 3
Physical properties of drugs and sugars used (n = 2–4; mean ± S.D.)

Tm (◦C) �Hfus (J/g) Tg (◦C) Solubility (mg/l)

Diazepam 133.2 ± 0.3 91.5 ± 4.3 46.6 ± 0.6 65.2a

Fenofibrate 82.5 ± 0.7 91.7 ± 2.7 −21.3 ± 0.3 0.1–0.3b

Inulin – – 131.6 ± 0.2 –
Trehalose – – 121.5 ± 0.8 –
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Fig. 1. (a) DSC thermogram of SLS. Sample was heated, cooled and heated.
(b) Influence of the ratio SLS/inulin on the enthalpy of the endothermic peaks
of SLS. The values were corrected for the amount of inulin and diazepam if
applicable in the sample. Samples without diazepam (�) and with diazepam
(�) (10%, w/w in inulin) were tested. (c) Influence of the ratio SLS/inulin on
t
S
w

o

a Mithani et al. (1996).
b Law et al. (2003) and Granero et al. (2005).

ontaining diazepam as drug showed a melting endotherm,
hich implies that the drug was fully amorphous. Solid dis-
ersions containing fenofibrate showed a melting endotherm at
pproximately 83 ◦C indicating that (a part of) the fenofibrate is
resent in its crystalline form. The amount of crystalline fenofi-
rate was 50–70% when fenofibrate was dispersed in inulin
nd 40–80% when it was dispersed in trehalose. It is thought
hat due to the low Tg of fenofibrate (−21.3 ◦C; see Table 3)
rystallization occurred during the secondary drying step.

The thermogram of pure SLS showed an endothermic peak
t approximately 200 ◦C. When cooling an exothermal peak at
bout 185 ◦C of the same enthalpy was detected (see Fig. 1a).
pon reheating the same sample again, a peak at 200 ◦C

ppeared. Apparently a reversible transformation occurred. This
eak was found to be the result of a solid–solid transition upon
isual inspection of the heated material, which usually means
hat the substance exhibits polymorphism.

The endothermic peak of SLS at 200 ◦C clearly changed
hen SLS was incorporated in solid dispersions. In Fig. 1b, the

nthalpy of the SLS peak, corrected for the amount of inulin,
s plotted as function of the SLS/inulin ratio. For samples with-
ut diazepam no change in enthalpy was found when the ratio
LS/inulin decreased from 1.0 to 0.5. However, when this ratio
as further decreased, a decrease in enthalpy was found. Fur-

hermore, the temperature of the peak maximum was evaluated
Fig. 1c). When the ratio SLS/inulin decreases, a decrease in
emperature was found at all ratios. Additionally, the T ′

g of
olutions containing different SLS/inulin ratios was determined
Fig. 2). A decrease in T ′

g was found when the fraction SLS was
ncreased. These results clearly indicate an interaction between
LS and inulin, both in the solid and dissolved state. A fur-

her change of the endothermic peak of SLS was observed
hen the samples contained also diazepam. At all SLS/inulin

atios, the enthalpy (Fig. 1b) and temperature (Fig. 1c) of the
eak decreased with respect to the corresponding samples with-
ut diazepam. These results show that besides the interaction
etween SLS and inulin also an interaction between SLS and
iazepam exists in the solid state.

.2. Effect of SLS on the dissolution rate of diazepam at
seudo-sink conditions
In Fig. 3a, the results of the dissolution experiments of
iazepam containing tablets (tablet mass 100 mg plus the mass
f SLS; drug load 10 and 20 mg) at pseudo-sink conditions
pure water) are summarized. Without SLS, the dissolution

A
d
t
a

he temperature at which maximum of the endothermic peak of SLS was found.
amples without diazepam (�) and with diazepam (�) (10%, w/w in inulin)
ere tested.

f diazepam from the trehalose based tablets was very slow.
ccording to van Drooge (van Drooge et al., 2004b), the slow

issolution of the drug is caused by the very fast release of
rehalose from the dissolving tablet. This phenomenon was
scribed to crystallization of the drug in the near vicinity of
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Fig. 2. Temperature of the T ′
g as function of the ratio SLS/inulin. Different

samples are shown: (1) SLS/inulin in pure water with the addition of TBA (�)
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Fig. 3. (a) The time required to dissolve 80% of the drug (�) and the sugar (�)
at pseudo-sink conditions (pure water) of tablets containing diazepam as model
drug. The formulations corresponding to the columns marked with a dot have
not reached the t80 within 60 min (tablet weight is 100, 110 or 120 mg; n = 3;
mean ± S.D.). (b) Dissolution profiles of tablets containing diazepam (10 mg)
as model drug. Tablets without SLS (©), with SLS incorporated in the solid
d
a

3
s

(
t
s
e
H
d
p

nd (2) SLS/inulin in pure water with the addition of 25 mg/ml diazepam in TBA
�). Values of 11 and 18% SLS for both solutions (with and without diazepam)
re significantly different from 0% SLS (P < 0.05).

he dissolving tablet caused by a too high supersaturation. In
ontrast, dissolution of diazepam (10%, w/w) from inulin based
ablets showed a release of 80% within 20 min. Because inulin
issolves slower than trehalose, release of the sugar does not
esult in a too high concentration of the drug in the near vicinity
f the dissolving tablet and crystallization does not occur. How-
ver, when the drug load in the inulin based tablet was increased
o 20% (w/w) again a low dissolution rate was found. Appar-
ntly at this higher drug load also uncontrolled crystallization
ccurred.

The dissolution rate of diazepam from tablets of inulin as well
s trehalose sugar glasses increased tremendously when SLS is
ncorporated in the solid dispersion. The time to dissolve 80%
f the dose (t80) seems to be independent of the type of sugar.
ven from tablets containing 20 mg diazepam 80% of the drug
issolved within 5 min, while the t80 of binary solid dispersion
ablets was not reached within 60 min. Apparently, incorporation
f SLS in the solid dispersion results in an effective prevention
f diazepam crystallization during dissolution.

In contrast, when the SLS was added by physical mixing,
nstead of incorporation in the solid dispersion the dissolution
ate was unexpectedly low: the t80 of the drug was still more
han 60 min. Although the dissolution of diazepam from these
ablets was initially faster than from tablets consisting of solid
ispersions without SLS, it was substantially slower than from
ablets consisting of solid dispersions with SLS incorporated
see Fig. 3b for a typical example). In addition after a few min-
tes, the dissolution rate strongly decreased. The typical change
n the slope of the curve suggests that the diazepam crystal-
ized in the near vicinity of the dissolving tablet, forming large
rystals with a small surface area (van Drooge et al., 2004b). It
an, therefore, be concluded that in contrast to the solid disper-

ions with SLS incorporated, crystallization of diazepam was not
ffectively prevented by physical mixing of SLS with the solid
ispersion. However, crystallization was delayed compared to
ablets without SLS.

t
i
w
f

ispersion (�) and SLS added by physical mixing with the solid dispersion (�)
re shown (tablet weight is 100 or 110 mg; n = 3; mean).

.3. Effect of SLS on the dissolution rate of fenofibrate at
ink and non-sink conditions

The dissolution rate of fenofibrate was examined at sink
0.5%, w/v SLS) and non-sink (pure water) conditions. In Fig. 4,
he results of the dissolution of fenofibrate at sink conditions are
ummarized. The differences in t80 values between the differ-
nt formulations were not as prominent as found for diazepam.
owever, as discussed in the material en methods section, the
issolution behavior of the diazepam tablets were studied at
seudo-sink conditions (pure water), while for the fenofibrate
ablets sink conditions (0.5%, w/v SLS) were used. The results

ndicate that the solubility of fenofibrate at these sink conditions
as increased to a level that a distinction between the different

ormulations cannot be made.
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Fig. 4. Summary of the time required to dissolve 80% of the drug (�) and
the sugar (�) of tablets containing fenofibrate as model drug. Dissolution was
performed at sink conditions (0.5%, w/v SLS). Columns exceeding the borders
o
1

o
d
s
2
(
(
t
b
d
l
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Fig. 5. Dissolution profiles of tablets containing fenofibrate (10 mg) as model
drug. Dissolution was performed at non-sink conditions (pure water). Tablets
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T
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F

1

2

n

f the graph have not reached the t80 within 60 min (tablet weight is 100, 110 or
20 mg; n = 3; mean ± S.D.).

In contrast to sink conditions, a clear effect of SLS was
bserved at non-sink conditions. A tablet prepared from a solid
ispersion of fenofibrate and inulin at a drug load of 10 mg,
lowly dissolved with a maximum release of 8% of the drug after
h (Fig. 5). However, in this case still more fenofibrate dissolved

0.8 mg/l) than was expected from the saturation concentration
0.1–0.3 mg/l). Again unexpected, SLS physically mixed with
he solid dispersion had hardly any affect on the dissolution
ehavior. In contrast, when SLS was incorporated in the solid
ispersion a strong effect was seen: an initial rapid release fol-
owed by a decrease of dissolved drug. The decrease in the
mount of dissolved drug can be ascribed to the solubility of
enofibrate in pure water. In this particular case a maximum of
5% of the dose was dissolved in 1-l water, which corresponds
o 4.5 mg/l. Since the solubility of fenofibrate is 0.1–0.3 mg/l, a

oncentration of 15–45 times the saturation concentration was
eached. In vitro supersaturation is followed by a decrease in
he amount dissolved drug due to crystallization. However, it
an be envisaged that in vivo the drug will be absorbed before

d
t
d

able 4
raction fenofibrate maximally dissolved within 2 h and time needed to dissolve 80%

enofibrate content per tablet (mg) Method of addition of SLS Fra
wi

Inu

0 – 8
P.M. 8
S.D. 42

0 – 3
P.M. 4
S.D. 11

= 3; mean ± S.D., (–) = no SLS added, P.M. = SLS added to the solid dispersion by ph
ithout SLS (©), with SLS incorporated in the solid dispersion (�) and SLS
dded by physical mixing with the solid dispersion (�) are shown (tablet weight
s 100 or 110 mg; n = 3; mean).

rystallization can occur, resulting in increased bioavailability
Chen et al., 2004; Pan et al., 2000).

The maximum dissolved fraction of the drug and the t80 for
he sugar are summarized in Table 4. The tablets consisting of
olid dispersions without SLS or with SLS added by physical
ixing showed for both drug loads a lower fraction drug maxi-
ally dissolved when trehalose instead of inulin was used. This

an be ascribed to the higher dissolution rate of trehalose, as
entioned earlier. However, when SLS was incorporated in the

olid dispersion at a drug load of 10% (w/w) the fraction drug
aximally dissolved from the inulin based tablet was much

igher than from the trehalose based tablet while the dissolu-
ion rate of both sugars was similar. Therefore, this should be
aused by another property of the oligosaccharide inulin in com-
arison to the disaccharide trehalose, i.e. a higher viscosity in
he near vicinity of the dissolving tablet.

.4. Influence of varying the drug load and SLS content
To further evaluate the effects of incorporation of SLS in solid
ispersions on the dissolution behavior, the amount of drug in
he solid dispersions was increased. In these experiments only
iazepam and inulin were used as model drug and sugar. In order

of the sugar at non-sink conditions (pure water)

ction drug maximally dissolved
thin 2 h (%)

t80 Of the sugar (min)

lin Trehalose Inulin Trehalose

± 0 5 ± 1 25 ± 6 11 ± 3
± 0 7 ± 1 10 ± 2 3 ± 0
± 2 19 ± 2 2 ± 0 2 ± 1

± 0 1 ± 0 28 ± 7 16 ± 1
± 1 3 ± 0 9 ± 2 4 ± 1
± 2 11 ± 2 7 ± 5 5 ± 2

ysical mixing, S.D. = SLS incorporated in the solid dispersion by freeze drying.
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Fig. 6. Effect of increasing the drug load on the time required to dissolve 80%
of the drug (�) and the sugar (�) of tablets containing diazepam as model drug.
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Fig. 7. Effect of decreasing the amount of SLS on the time required to dis-
solve 80% of the drug (�) and the sugar (�) of tablets containing diazepam as
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A
for a biopharmaceutic drug classification: the correlation of in vitro drug
xperiments were performed at pseudo-sink conditions (pure water) as well as
t sink conditions (0.5%, w/v SLS) (tablet weight is 55 mg; n = 3; mean ± S.D.).

o keep the maximal concentration of diazepam in the dissolution
edium at 20 mg/l, tablets of 55 mg instead of 100 mg were used.
he diazepam content was gradually raised from 5 to 20 mg. The
issolution behavior in these experiments was studied at pseudo-
ink conditions (pure water) as well as sink conditions (0.5%,
/v SLS).
At pseudo-sink conditions the t80 increased from 3 to 60 min

hen the drug load was increased from 5 to 20 mg (Fig. 6).
his difference decreased at sink conditions to a t80 of 2 min

or 5 mg and 22 min for 20 mg diazepam. These results confirm
he idea that pseudo-sink conditions were provided when these
mounts of diazepam were dissolved (see Section 2). The disso-
ution of inulin was similar for the corresponding formulations
n the different media and, therefore, it can be concluded that
he dissolution medium did not affect the dissolution rate of the

atrix. Furthermore, these data indicate that even at higher drug
oads (15 mg per tablet; formulation 15D35I/5S)) at pseudo-sink
onditions the dissolution of diazepam can be considered rapid
hen SLS is incorporated.
In other experiments the concentration SLS in the solid dis-

ersions was varied. In these experiments tablets of 100 mg
lus the mass of SLS were used and only pseudo-sink condi-
ions (pure water) were applied. When tablets containing 20 mg
iazepam were tested, the t80 increased from 3 min (20 mg SLS)
o 52 min (2.5 mg SLS) (Fig. 7). However, when the tablets con-
ained only 10 mg diazepam no clear difference was observed
hen the amount of incorporated SLS was lowered from 10 to
.5 mg, while the t80 increased 7-fold when no SLS at all was
ncorporated. These data show that for tablets containing 10 mg
iazepam a small amount (2.5 mg SLS) was sufficient to increase
he dissolution rate. Incorporation of more SLS did not increase

he dissolution rate further. However, when the drug load was
aised to 20 mg each increase in SLS content (0–20 mg) resulted
n an increased dissolution rate.

C

odel drug. The formulation corresponding to the column marked with a dot has
ot reached the t80 within 60 min. Experiments were performed at pseudo-sink
onditions (pure water) (tablet weight is 100–110 mg; n = 3; mean ± S.D.).

. Conclusions

In this study, it was found that the addition of SLS to formula-
ions containing sugar glass-based solid dispersions is a suitable
echnology to improve the dissolution behavior of poorly solu-
le drugs when the drug load is high and/or the sugar dissolves
ery fast. However, the SLS must be incorporated in the solid
ispersion to obtain the desired effect of an increased dissolu-
ion rate. Unexpectedly, physical mixing of SLS with the solid
ispersion had hardly any effect on the dissolution rate.

Most likely, SLS from tablets prepared from the physical mix-
ure was leached out rapid, and only the initial dissolution rate
f the drug was increased. After that the solubility of the drug
n the near vicinity of the dissolving tablet strongly decreased
esulting in crystallization. In contrast, due to the interaction
etween SLS and the sugar and between SLS and the drug in
he tablets prepared from the solid dispersion in which SLS
as incorporated, the dissolution of SLS is slowed down by
hich a high solubility of the drug in the near vicinity of the
issolving tablet remains high during the complete dissolution
rocess. Consequently, crystallization is effectively prevented
esulting in a higher dissolution rate. Therefore, an increased in
ivo bioavailability is envisaged.
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