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a b s t r a c t

In this study, the dynamics of powder flow upon griseofulvin-self-emulsified drug delivery system (SEDDS)
addition to silica and silicates and the effect of these adsorbents on drug release were investigated. SEDDS
was adsorbed at SEDDS/adsorbent ratios from 0.25:1 to 3:1 on magnesium aluminum silicate [5 and
80 �m], calcium silicate [25 �m], and silicon dioxide [3.6, 20, and 300 �m]. Powder flow was evaluated
using the powder rheometer and compared to angle of repose. Release of drug from a 1:1 SEDDS/adsorbent
powder was determined by dissolution using USP Type 2 apparatus. Powder rheometer profiles indicated
that effect of SEDDS on the flow behavior of the adsorbents could be correlated to stepwise or continuous
growing behavior as observed in wet granulation process. However, due to their porous nature, adsor-
bents exhibited an initial lag phase during which no change in flow was observed. Dissolution of drug
from adsorbed-SEDDS was found to be dependent on pore length and nucleation at the lipid/adsorbent
Dissolution
Powder flow dynamics

interface. Increase in dissolution rate was observed with an increase in surface area and was indepen-
dent of the chemical nature of the adsorbents. Therefore, in order to manufacture free flowing powder
containing liquid SEDDS, special attention should be given to particle size, specific surface area, type and
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. Introduction

Majority of new drug candidates have poor aqueous solubility.
ccording to an FDA survey conducted between 1995 and 2001,
nly 9% of the new drug molecules belonged to BCS Class I category
Brown, 2005). By adopting different strategies, such as complexa-
ion with cylcodextrin, solid dispersion, and self-emulsifying drug
elivery system, solubility and thereby bioavailability of drugs can
e improved (Nazzal et al., 2002a).

Griseofulvin, a systemic antifungal drug, was selected in this
tudy as a model drug, which displays poor solubility and low
ioavailability when administered orally in the form of tablet,
apsule, and suspension (Vyas et al., 1992). These problems laid
round for the development and optimization of a lipid based
ormulation of griseofulvin in this study. In practice, lipid formu-
ations are a diverse group of formulations, which result from the

lending of up to five classes of excipients such as pure triglyc-
ride oils, mixed glycerides, lipophilic surfactants, hydrophilic
urfactants and water-soluble co-solvents (Pouton, 2000). Of the
ifferent lipid formulations, much attention has been paid to the
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elf-emulsifying drug delivery system or self-emulsified drug deliv-
ry system (SEDDS), which were demonstrated to augment oral
ioavailability of many drugs such as halofantrine (Khoo et al.,
998), Ontazolest (Hauss et al., 1998), Cyclosporine (Klauser et al.,
997) and Progesterone (MacGregor and Embleton, 1997).

SEDDS are generally encapsulated either in hard or soft gelatin
apsules. Lipid formulations however may interact with the cap-
ule resulting in either brittleness or softness of the shell (Chang
t al., 1998; Nazzal and Wang, 2001; Mei et al., 2006). To address
his limitation, liquid lipid formulations could be transformed into
ree flowing powder by loading the formulation on a suitable solid
arrier (Nazzal et al., 2002b; Pather et al., 2001, 2004). Liquid lipid
oading onto solid carriers combines the features of a lipid based
rug delivery system and solid dosage form (Cannon, 2005). SEDDS

oaded powder however should have acceptable flow properties
o facilitate capsule or tablet manufacturing in order to pass com-
endial limit for content uniformity and weight variation. Various
ethods were used to incorporate lipids into solid matrices, which
ere summarized in recently published reviews (Cannon, 2005;
annin and Chambin, 2005). In several studies, “solid solutions”
nd “liquisolids” have been prepared by converting drug solution
n nonvolatile solvent into an apparently dry, nonadherent pow-
er using silica of large surface area as an adsorbent (Yang and
lemza, 1979; Liao and Jarowski, 1984; Spireas et al., 1992, 1998;

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:nazzal@ulm.edu
dx.doi.org/10.1016/j.ijpharm.2008.08.046
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pireas and Sadu, 1998). On similar line, DeHaan and Poel-Janssen
2001) and Pather et al. (2001) developed solid dosage forms based
n microemulsion adsorption onto colloidal silicon dioxide. The
imitation of these studies was their reliance on angle of repose
s the measure of powder flow without providing a mechanistic
xplanation of the effect of the adsorbed lipids on powder flow. Fur-
hermore, they did not address the mechanisms involved in drug
elease from lipids adsorbed on silica adsorbents. Only recently, it
as however reported that hydrogen bonding and Oswald ripening
lay a critical role in drug release from these systems (Gupta et al.,
002).

Angle of repose is one of several methods, which potentially
ould be used to characterize and measure the flow properties
f the powdered SEDDS formulations. For example, chapter 1174
powder flow” of the USP identified four conventional methods
or characterizing powder flow; angle of repose, compressibil-
ty index and Hausner ratio, flow through an orifice, and shear
hell methods. Although each of these methods describes certain
spect of powder behavior, it certainly has limitations, such as
egregation, consolidation and aeration during cone formations;
ependency on instrument dimensions, and labor and time inten-
iveness (USP30/NF29). Mixture torque rheometer has also been
sed to measure flow properties of powders and is widely employed

n the characterization of the wet granulation process (Hariharan
nd Mehdizadeh, 2002; Chatlapalli and Bhagwan, 1998; Luukkonen
t al., 2001). In this method, torque or the resistance to the move-
ent of the impeller is measured, whereby powder having greater

ermeability or non-cohesiveness show less resistance in com-
arison to cohesive or less permeable powders. Similarly, powder
heometer has recently been introduced as an alternative method
o characterize flow properties of both dry and wet powder masses
Luukkonen et al., 2001; Podczeck and Newton, 2000; Podczeck,
999; Freeman, 2004).

In addition to its versatile applications, this instrument has the
dvantage of generating real-time torque data and producing repro-
ucible results by incorporating conditioning cycles in the method,
hich eliminate filling stresses and differences in filling technique

y slicing and aerating the powder bed through upward and down-
ard movement of probe.

Previously, we have shown that lipids can act as non-aqueous
ranulating aids similar to aqueous granulating aids (Nazzal et
l., 2002a,b). Powder rheometry could be used as an instrumen-
al method to further improve our understanding of the impact of
ipids on powder flow and an alternative method to characterize
he granulation process. Therefore, the primary objective of this
tudy was to investigate the dynamics of powder flow upon grad-
al addition of griseofulvin-SEDDS formulation to silica and silicate
dsorbents using a powder rheometer. The secondary objective
as to investigate the effect upon adsorption of the type of silica

nd silicate adsorbents at fixed ratio of SEDDS to various types of
dsorbents on the dissolution of the powdered formulation and the
elease of griseofulvin as a function of adsorbent characteristics.

. Materials and methods

.1. Materials

Micronized griseofulvin, USP (mean particle size 12 �m) was
btained from Hawkins, Inc., Pharmaceutical group (Minneapolis,
N). Captex 355 (triglycerides of caprylic/capric acid) was supplied
y ABITEC Corporation (Janesville, WI). Tween 80 (polyoxyethy-
ene sorbitan mono oleate) was provided by Uniqema (New Castle,
E). Labrasol (C8/C10 polyglycolyzed glycerides from coconut oil)
as provided by Gattefosse (Saint-Priest Cedex, France). Cal-

ium silicates (Hubersorb 5121®) and synthetic amorphous silica

T
d
1
b
w
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ZeoPharm 5170®, Rxcipients GL100®, and Rxcipients GL200®)
ere obtained from Huber Engineering Material (Atlanta, GA). Mag-
esium aluminum silicates (Neusilin US2® and Neusilin UFL2®)
ere provided by Fuji Health Science, Inc. (Mount Laurel, NJ).
ard gelatin capsules (size 000) were provided by Eli Lilly & Com-
any (Indianapolis, IN). Acetonitrile HPLC grade was purchased
rom EMD Chemical Inc. (Gibbstown, NJ). Tetrahydrofuran HPLC
rade was purchased from J.T. Baker Chemical Co. (Phillipsburg, NJ).
ater used was freshly prepared by a combination of demineral-

zation and reverse osmosis using a NANO pure system (Barnstead,
ubuque, IA). All items were used as supplied without further mod-

fication.

.2. Preparation of griseofulvin-SEDDS formulation (G-SEDDS)

Tween 80 (45%), Labrasol (30%), Captex 355 (5%), and griseoful-
in (1%) were accurately weighed and transferred into a borosilicate
lass vial. Using magnetic stirrer, the ingredients were mixed for
0 min at 60–65 ◦C until a yellowish transparent formulation was
ttained. Griseofulvin lipid formulations were then allowed to cool
o room temperature before they were used in subsequent stud-
es. To characterize the resultant blend, the emulsification of the
ipid formulation in water was visually examined as described by
ommuru et al. (2001) and the droplet size of the microemulsion
as estimated by dynamic light scattering using Nicomp® 380 par-

icle size analyzer (PCC Nicomp, Santa Barbara, CA). For simplicity,
he liquid griseofulvin lipid formulation will be termed G-SEDDS in
ubsequent discussion.

.3. Adsorption of G-SEDDS on silica and silicates

Silica derivatives, calcium silicate (25 �m), magnesium alu-
inum silicate (5 and 80 �m), and silicon dioxide (3.6, 20, and

00 �m) were used as the solid adsorbents to load G-SEDDS. The
hysical characteristic of each adsorbent/carrier is summarized in
able 1. The lipid formulation was added in increments and blended
ith the adsorbent at the following fixed G-SEDDS to adsorbent

atios by weight: 0.25:1, 0.5:1, 0.75:1, 1:1, 1.25:1, 1.5:1, 2:1, 2.25:1,
.5:1, 3:1, 3.25:1. Briefly, a constant aliquot of G-SEDDS was initially
dded to and mixed with the adsorbent in a mortar. Batch size of
ach blend varied with the density of the adsorbent (Table 1), and
as determined based on the quantity required to occupy approx-

mately 120 cm3 of the total volume of the cylindrical glass vessel
f the powder rheometer. The flow behavior of the adsorbed blend
as then analyzed as described in the subsequent section. Addi-

ion of G-SEDDS to the adsorbent however was discontinued once
non-flowing cohesive mass is formed.

.4. Powder rheometry

TA.XTPlus Texture Analyzer fitted with a powder flow analyzer
Texture Technologies Corp., Scarsdale, NY/Stable Micro Systems,
odalming, Surrey, UK) was used for characterization of powder
ow. At the beginning of each experiment, the instrument was
alibrated for force and distance. After calibration of the powder
heometer, calcium silicate (25 �m), magnesium aluminum silicate
5 and 80 �m) and silicon dioxide (3.6, 20, and 300 �m) adsorbents
ere analyzed individually prior to G-SEDDS addition, thereby act-

ng as control. For analysis, a cylindrical glass vessel with a capacity
f 200 ml was initially placed on the platform of the instrument.

hen, sufficient amount of the adsorbent was poured into the cylin-
rical vessel to create a powder bed that is 60 mm high and occupies
20 cm3 of the total volume of the vessel. After analysis, the adsor-
ent was removed from the vessel and placed in a mortar. G-SEDDS
as then adsorbed to this volume of adsorbent after which the
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lend was placed in the cylindrical vessel for flow analysis. This
tep was repeated for each G-SEDDS to adsorbent ratio ranging
rom 0.25:1 to 3.25:1 in stepwise increments of 0.25. Flow anal-
sis was performed on the blends irrespective of their weight or
olume. During analysis, each powder was subjected to one condi-
ioning and three test cycles. The conditioning cycle was essential
o eliminate filling stresses and/or differences between the blends
rising from differences in the filling technique. Conditioning was
erformed by slicing and aerating the powder bed through upward
nd downward movement of probe in a clockwise direction. Each
est cycle was performed in compression mode in which the probe

oves downward (clockwise) in a helical path at an angle of 45◦

nd at a speed of 10 mm/s followed by an upward (anticlockwise)
elical movement at angle of 175◦ with a speed of 50 mm/s. Data
ollected from the effective powder zone in the cylindrical column
as used for analysis and interpretation. Effective powder zone was

hosen as the middle two third of the powder bed. In this zone, the
robe remains completely immersed in the powder and is devoid of
ack pressure observed at the bottom of the vessel (Navaneethan et
l., 2005). The resistance experienced by the probe as a function of
istance was automatically plotted and recorded. A representative
orce displacement curve generated by the instrument is given in
ig. 1. The area under the force displacement curves was measured
s the work done by the blade in passing through the powder bed.

.5. Measurement of angle of repose

Angle of repose for the adsorbents alone and the adsorbents
lended with G-SEDDS were determined by Carr’s method (1965).
riefly, a glass funnel was secured with its tip positioned at a fixed
eight (H) above a wax paper placed on a horizontal surface. The
ample was poured through the funnel until the apex of the conical
ile reached the tip of the funnel. The angle of repose was calculated
sing the formula tan ˛ = H/R, where ˛ is the angle of repose and R

s the radius of the conical pile.

.6. In vitro dissolution studies

In vitro dissolution studies were performed on micronized grise-
fulvin pre-blended with lactose as a diluent, liquid G-SEDDS, and
-SEDDS adsorbed on each carrier at 1:1 ratio. Dissolution stud-

es were also performed on G-SEDDS adsorbed on silicon dioxide
3.6 �m [GL100®]) at ratios of 1.5:1, 1:1, and 0.5:1. Briefly, 500 mg of
iquid G-SEDDS or 1 g of powdered G-SEDDS (1:1), each equivalent

o 5 mg of griseofulvin was filled into hard gelatin capsules of size
00. In the case of silicon dioxide (3.6 �m [GL100®]), 833 mg of the
.5:1 ratio, 1 g of the 1:1 ratio, and 1.5 g of the 0.5:1 ratio were used,
ach equivalent to 5 mg of griseofulvin. Dissolution studies were
erformed in 100 ml of water as the dissolution medium using USP

ig. 1. A representative force–displacement curve generated by the powder
heometer for one of the powder blends showing the three test cycles.
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ype 2 apparatus (VK7000) fitted with 200 ml mini-conversion kits
Varian Inc. Cary, NC). Griseofulvin is a non-ionizable molecule, and
herefore the pH of the medium is not expected to have an effect on
issolution. Furthermore, no surfactants were added to the medium
o avoid sink conditions. Thereby data generated from the dissolu-
ion study are a direct measure of the emulsification efficiency of
he SEDDS formulation. Paddle speed and bath temperature were
et to 75 rpm and 37 ◦C, respectively. Samples (5 ml) were collected
t different time intervals and analyzed by HPLC. Dissolution exper-
ments were performed in triplicates unless otherwise specified.

.7. HPLC analysis

The amount of griseofulvin released in dissolution medium was
uantified at ambient temperature by reverse phase HPLC using
una 5� CN 100A, 250 mm × 4.6 mm column (Phenomenex, Tor-
ance, CA). An SP Thermo separation HPLC instrument (Thermo
lectron, San Jose, CA) was used, which consisted of P-2000 pump,
S-1000 autosampler, and UV-3000 detector set at a wavelength
f 290 nm. Before analysis, samples were diluted with the mobile
hase at a ratio of 1:1. The mobile phase consisted of water, ace-
onitrile and tetrahydrofuran (6:3.5:0.5) and was pumped at a
ow rate of 1 ml/min. The chromatographic data was managed by
hromQuest 4.2 software (Thermo Electron, San Jose, CA).

. Results and discussion

.1. Powder flow characterization

The flow behavior exhibited by the powder blends was deter-
ined on the basis of force or torque exerted by the probe in

raversing powder bed as a function of amount of G-SEDDS added.
epending upon the nature of powder, the probe will exert different

evels of torque on powder bed. In the case of non-cohesive and free
owing powders, the blade exerts less force or torque as the parti-
les freely cascade above and around the blade. In cohesive powder,
articles are attached by liquid bridges or hydrophobic bonds. The
dditional force required for the blade to sever these interactions
esults in higher torque values. Nonetheless, torque applied by the
lade is decreased when the powder enters into a dispersion state
ith the addition of excess amount of liquid.

Our experiments indicated that the addition of a SEDDS formu-
ation to a solid adsorbent exhibited similar flow behavior as the
ddition of granulating fluid to a powder during the wet granula-
ion process. With the addition of a granulating fluid, the powder
ndergoes gradual transformation into four states: pendular, funic-
lar, capillary and dispersion states (Goldszal and Bousquet, 2001).
he systematic transition of powders from one stage to another is
eferred to as stepwise growing behavior (Goldszal and Bousquet,
001). Another group of powders exhibits no critical agglomer-
te size; rather they form a single agglomerate or paste of all the
vailable particles (equivalent of pendular state). Such transition of
owder directly into an agglomerated state is referred to as contin-
ous growing behavior.

The rheometric plots for adsorbents with average particle size
20 �m are given in Fig. 2. Initially, magnesium aluminum silicate

5 �m), and silicon dioxide (3.6 and 20 �m) adsorbents exhib-
ted a reduction in torque after the addition of G-SEDDS to the
dsorbents. At a 0.25:1 ratio of G-SEDDS to magnesium aluminum
ilicate (5 �m), and silicon dioxide (3.6 and 20 �m), work done rel-

tive to G-SEDDS-free powder by probe in traversing the powder
eds decreased from 9.9, 9.6, 11.9 g-force mm to 7.6, 7.5, and 7.4 g-
orce mm, respectively (Fig. 2). The observed reduction in torque
fter the initial addition of G-SEDDS is due to a ball-bearing effect,
hich reduced the friction between the particles. The work done

i
t
b
s
t

ig. 2. Rheometric plots showing the work done per gram of the powder blend as
function of G-SEDDS loading on silicon dioxide (3.6 and 20 �m), and magnesium
luminum silicate (5 �m).

n the powder bed however did not change upon successive liquid
ddition until G-SEDDS to magnesium aluminum silicate (5 �m),
nd silicon dioxide (3.6 and 20 �m) ratios reached 1:1, 1.75:1, and
:1, respectively. No change in flow was observed during this period
ue to the adsorption capacity of the adsorbents and retention of
-SEDDS in their intraparticular pores. On visual inspection, all
owders were dry and free flowing at this point.

As the G-SEDDS to magnesium aluminum silicate (5 �m) ratio
ncreased to 1.75:1, the work done relative to G-SEDDS-free powder
ncreased to 32.9 g-force mm. Increase in torque suggests that G-
EDDS formed liquid bridges between the particles. The formation
f liquid bridges, which is being considered similar to the pendu-
ar state in wet granulation, would increase cohesiveness of the
owder and result in an increase in work done by the probe. Fur-
her, G-SEDDS addition to magnesium aluminum silicate (5 �m)
o a ratio of 2.25:1, resulted in a plateau and no net increase in
orque (Fig. 2), which is considered similar to the funicular state in
et granulation. Thereafter, magnesium aluminum silicate (5 �m)
nderwent a capillary state as the G-SEDDS to adsorbent ratio

ncreased above 2.25:1 (Fig. 2). This stage was characterized by an
nitial reduction in work done followed by an increase in torque
nd loss of flowability due to simultaneous filling of inter-particular
paces as well as formation of bridges between agglomerates. How-
ver, the increase in torque could not be measured for magnesium
luminum silicate (5 �m) because it exceeded the capacity of the
oad cell of the texture analyzer.

Similarly, as the G-SEDDS to silicon dioxide (20 �m) ratio
ncreased to 2.5:1, the work done relative to G-SEDDS-free powder
ncreased to 17.6 g-force mm. Silicon dioxide (20 �m), however, did
ot exhibit a funicular state; rather a sharp increase in work done
as observed as the ratio of G-SEDDS to silicon dioxide (20 �m)

ncreased from 2.5:1 to 2.75:1. At this ratio, the difference in work
one with respect to G-SEDDS-free powder was 60 g-force mm. This

ncrease in work done resembles the capillary state in wet granula-

ion whereby G-SEDDS filled the interparticular voids and formed
ridges between the agglomerates. Further addition of G-SEDDS to
ilicon dioxide (20 �m) beyond 2.75:1 ratio resulted in the forma-
ion of a solid/liquid dispersion state characterized by reduction in
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relation could be observed between the physicochemical nature of
the adsorbents at various G-SEDDS ratios and the angle of repose.
Angle of repose remained either constant or increased with subse-
quent additions of G-SEDDS. At high G-SEDDS to adsorbent ratios,
the angles obtained were similar at a level just above 40◦. This might
ig. 3. Rheometric plots showing the work done per gram of the powder blend as
function of G-SEDDS loading on silicon dioxide (300 �m), magnesium aluminum

ilicate (80 �m), and calcium silicate (25 �m).

orque. At this stage the powder bed appeared oily and turned into
translucent greasy mass.

In the case of silicon dioxide (3.6 �m), work done on the
owder bed increased from 0.23 g-force mm at 1.75:1 ratio to 1.5 g-
orce mm at 2:1 ratio. As with silicon dioxide (20 �m), silicon
ioxide (3.6 �m) did not exhibit a funicular state. Further addition
f G-SEDDS to silicon dioxide (3.6 �m) beyond 2:1 ratio formed
olid agglomerates whose flow resistance exceeded the torque limit
f the instrument. Therefore, addition of G-SEDDS to silicon diox-
de (3.6 �m) was terminated and no additional experiments were
erformed.

The rheometric plots for adsorbent with average particle size
20 �m are given in Fig. 3. Magnesium aluminum silicate (80 �m)
nd silicon dioxide (300 �m) exhibited continuous growing behav-
or rather than stepwise growing behavior. They demonstrated no
ecrease in torque at a ratio of 0.25:1. They were dry, non-sticky,
nd free flowing until G-SEDDS to magnesium aluminum silicate
80 �m) and silicon dioxide (300 �m) ratios of 2.5:1, 1:1, respec-
ively. Higher ratio observed with magnesium aluminum silicate
80 �m) is due to its higher specific surface area and oil adsorbing
apacity than silicon dioxide (300 �m) (Table 1). Further addition
f G-SEDDS beyond these ratios resulted in an increase in work
one because of sudden formation of paste or single agglomerate,
hich corresponds to a pendular state in stepwise growing behav-

or. The observed reduction in torque at G-SEDDS to magnesium
luminum silicate (80 �m) and silicon dioxide (300 �m) ratios of
:1 and 1.75:1, respectively, is due to the excess liquid and formation
f wet powdery mass.

In comparison to other adsorbents, calcium silicate (25 �m
Hubersorb 5121®]) has the least oil adsorbing capacity and specific
urface area (Table 1). Poor adsorption is reflected in its rheometric
rofile (Fig. 3), which shows an immediate and steady increase in
orque with successive addition of G-SEDDS. Increase in torque is an
ndication of a pendular state and the formation of liquid bridges
etween the particles. At ratio greater than 1:1, the presence of

xcess liquid resulted in the formation of a wet solid mass that
equired torque values that exceeded the limits of the load cell.

Based on the mechanistic explanation of wet granulation, mag-
esium aluminum silicate (5 �m), and silicon dioxide (3.6 and
0 �m), whose mean particle size lie between 1 and 20 �m, showed

F
b
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esemblance to stepwise growing behavior whereas magnesium
luminum silicate (80 �m), silicon dioxide (300 �m) and calcium
ilicate (25 �m) which have mean particle size >20 �m exhibited
imilarity to continuous growing behavior. This information is par-
icularly valuable to set optimal quantity of SEDDS addition in batch

anufacturing. For powder exhibiting stepwise growing behav-
or, funicular (plateau) state was shown to be the critical point
or obtaining free flowing powder with minimum instability and
etter control of the process (Goldszal and Bousquet, 2001). How-
ver, the funicular state was not distinctly observed in continuous
rowing behavior because of sudden shift in states from free flow-
ng to paste during SEDDS addition. Therefore rheometry data for
owders exhibiting continuous growing behavior cannot be readily
sed to deduce the optimal SEDDS to powder ratio.

Based on the powder rheometry data, the maximum ratio of
-SEDDS to calcium silicate (25 �m), magnesium aluminum sili-
ate (5 and 80 �m) and silicon dioxide (3.6, 20, and 300 �m) at
hich free flowing powders were obtained are 1:1, 2.25:1, 2.5:1,

:1, 2.5:1, 1:1, respectively. These observed values are less than the
aximum reported adsorption capacity of the powders (Table 1),

urther demonstrating the usefulness of the powder rheometer in
etermining the end point for SEDDS addition.

To further illustrate the valuable information obtained from the
owder rheometry data, angle of repose measurements were per-
ormed on the solid adsorbents and the various G-SEDDS blends
hat were used in the powder rheometry studies. Historically, angle
f repose has been used to measure the properties of pharma-
eutical materials, primarily because of its ease of determination
Amidon, 1995). However, poor correlation between angle of repose
nd other measures of flow has been reported (Thalberg et al.,
004). Therefore, angle of repose has not been considered reli-
ble predictor of powder flow (Amidon, 1995). This is illustrated
n Fig. 4, which shows the angle of repose of the powder blends at
arious G-SEDDS to adsorbent ratios. As seen in the figure, no cor-
ig. 4. Angle of repose measured for the adsorbents alone and the adsorbents
lended with G-SEDDS.
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in agglomerated form with the liquid G-SEDDS adsorbed on the
external surface of the adsorbent.

Since the depth and density of pores is a function of the specific
surface area and particle size of the adsorbents, we hypothesized
ig. 5. Dissolution profiles of liquid G-SEDDS, micronized griseofulvin powder, and
-SEDDS adsorbed on magnesium aluminum silicate (5 and 80 �m) at a 1:1 ratio.

e due to the difficulty in measuring angle of repose for cohesive
owders (Thalberg et al., 2004). While powder rheometry accu-
ately predicted an increase in cohesiveness of the powders with
he addition of G-SEDDS, angle of repose study failed to delineate
he different phases that adsorbent undergo with the addition of
-SEDDS.

.2. Dissolution study

By definition, SEDDS are isotropic mixtures of oil, surfactant,
o-surfactant, and drug, which form fine o/w emulsions when
ntroduced into an aqueous phase under gentle agitation (Nazzal
t al., 2002a; Craig et al., 1993). The optimized composition of the
-SEDDS formulation described in Section 2.2 above was based on
reliminary solubility and formulation optimization data (data not
hown). To verify that the formulation falls within the definition
f self-emulsified drug delivery systems, the emulsification of this
ormulation was visually examined and the droplet size of the resul-
ant dispersion was measured. Upon contact with the dissolution

edium, the liquid G-SEDDS spontaneously dispersed into a trans-
arent solution with an average droplet size of 7.25 nm, which is
pproximately within the size-range observed in microemulsion
ystems (Greiner and Evans, 1990). The dissolution profile of the
iquid G-SEDDS is given in Fig. 5. As depicted in the figure, the
verage cumulative percent of griseofulvin released from the liquid
-SEDDS in 15 min was 86.5% whereas the cumulative percent of

he micronized griseofulvin powder dissolved in 15 min was 8.6%.
The dissolution profiles of the G-SEDDS adsorbed on silica and

ilicates are given in Figs. 5–7. As depicted in the figures, the release
f griseofulvin from the adsorbents lies intermediate between the
aximum release by liquid G-SEDDS and minimum release by the

icronized griseofulvin powder. The cumulative percent of griseo-

ulvin released from liquid G-SEDDS, magnesium aluminum silicate
5 and 80 �m), calcium silicate (25 �m), silicon dioxide (3.6, 20,
nd 300 �m) and micronized griseofulvin powder after 60 min was
pproximately 100, 94.0, 34.2, 26.0, 42.6, 44.0, 27.0, and 12.8%,

F
G

ig. 6. Dissolution profiles of liquid G-SEDDS, micronized griseofulvin powder, and
-SEDDS adsorbed on silicon dioxide (3.6, 20, and 300 �m) and calcium silicate

25 �m) at a 1:1 ratio.

espectively. As depicted in Figs. 2 and 3 and discussed in Sec-
ion 2.3 above, at G-SEDDS to adsorbent ratio of 1:1, all powder
lends, with the exception of calcium silicate (25 �m [Hubersorb
121®]), existed in free flowing form where liquid G-SEDDS is
etained within the intraparticular pores of the solid carrier. At this
atio, however, calcium silicate (25 �m [Hubersorb 5121®]) existed
ig. 7. Dissolution profiles of liquid G-SEDDS, micronized griseofulvin powder, and
-SEDDS adsorbed on silicon dioxide (3.6 �m) at 0.5:1, 1:1, and 1.5:1 ratios.
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Fig. 8. A schematic diagram showing the different possibilities

hat at G-SEDDS to adsorbent ratio of 1:1 the lipid formulation
ould be retained within the pores in one of several forms given in

ig. 8. These forms explain the observed dissolution data outlined
n subsequent discussion. A lipid formulation could either partially
Fig. 8A) or completely fill (Fig. 8B) intraparticular pores of the
dsorbent; or, in the case of adsorbent with low specific surface
rea adsorbed as thin films on the surface of adsorbents (Fig. 8C).
he type of retention determines the total area of contact between

he formulation and either the surface of the adsorbent or the walls
f its pores, both of which are reflected by the symbol ϕ in Fig. 8.
hese areas (ϕ) may act as nucleation sites for griseofulvin, which
s dissolved in the SEDDS formulation. A greater area of contact (ϕ)
eads to a greater nucleation rate and subsequent precipitation of

S
c
i
G
e

e adsorption of SEDDS on adsorbents of varying surface area.

riseofulvin. The impact of contact area (ϕ) on nucleation is based
n the fact that the surface properties of silica significantly affect
rug affinity to its surface. For example, the presence of silanol
roups on the surface of silica and silicate make it a potential proton
onor as well as an acceptor (Gupta et al., 2002). The induction of

ow energy bond like van der Waal and London forces between the
urface of the adsorbent and hydrophobic drug molecules, such
s griseofulvin in the SEDDS formulation, may become significant.

uch forces are expected to induce drug aggregation or coales-
ence, particularly with hydrophobic drugs whose concentration
n SEDDS is approaching saturation solubility (Salonen et al., 2005).
riseofulvin, a high-energy crystal type compound, is therefore
xpected to exhibit high affinity to the hydrophobic surface of
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he silica based adsorbents, which was previously reported by
alonen (Hodes, 2002). This affinity would be manifested by
he preferential diffusion of griseofulvin from the SEDDS to the
urface of the adsorbent (ϕ). Subsequent nucleation will result in
he precipitation of griseofulvin due to its poor solubility in the
issolution medium. The highest nucleation rate is expected in
dsorbents with low specific surface (≤50 m2/g, Fig. 8C). Because of
he limited area available for adsorption, G-SEDDS forms thin film
n the surface of the adsorbent thereby maximizing the total area
f contact (ϕ). On the other hand, at low levels of SEDDS loading,
owest nucleation rate is expected with porous adsorbents of high
pecific surface (≥300 m2/g, Fig. 8A) in which microporosities act
s capillary channels whereby G-SEDDS are entrained as droplets
ather than adsorbed to the surface of the adsorbent. G-SEDDS
ntrainment minimizes the area of contact between the adsorbent
nd SEDDS. The impact of contact area (ϕ) on griseofulvin release
s demonstrated in the subsequent discussion.

The cumulative percent of griseofulvin released from 5 and
0 �m magnesium aluminum silicate adsorbents was 44.5 and
5.7% after 15 min and 86.1 and 21.1% after 30 min, respectively.
agnesium aluminum silicate (5 �m) has spherical granules with
ean particle size distribution between 2 and 8 �m. Taking its size

nto consideration, magnesium aluminum silicate (5 �m [Neusilin
FL2®]) exhibits high oil adsorbing capacity and specific surface
rea, which were reported to be 310 and 300 m2/g, respectively. As
iscussed above, the entrainment of G-SEDDS in the porous magne-
ium aluminum silicate (5 �m), which is depicted in Fig. 8A, limits
rug exposure to the surface of the adsorbent and explains the
verall high extent of griseofulvin release (Fig. 5). The cumulative
ercent of griseofulvin released from magnesium aluminum sili-
ate (5 �m) at 15, 30, 45, and 60 min, however, was significantly
ower (p < 0.05) than the release data obtained for G-SEDDS in the
bsence of adsorbent. This is due to precipitation of griseofulvin at
he contact interface (ϕ) between G-SEDDS and the adsorbent.

Magnesium aluminum silicate (80 �m [Neusilin US2®]) has
arger particle size and similar specific surface area (300 �m)
s magnesium aluminum silicate (5 �m). This suggests the pres-
nce of larger number of long and narrow intraparticular pores,
hich contribute to the creation of surface area equivalent to

hose observed with magnesium aluminum silicate (5 �m [Neusilin
FL2®]). The lower percentage drug release in 15 min in compari-

on to magnesium aluminum silicate (5 �m) could be attributed to
he entrapment of the formulation in the tortuous pores. The rela-
ionship between pore length and rate of leaching is expressed by
he Poiseulli’s equation. According to this model, an increase in pore
ength is expected to diminish formulation release. Similar obser-
ation was reported for the release and dissolution of loratadine
EDDS from porous polystyrene beads (Patil and Paradkar, 2006).
radual release of griseofulvin in subsequent time points is due to
radual access of water to the G-SEDDS present in these pores.

The silicon dioxide adsorbents (3.6, 20, and 300 �m) have mean
pecific surface area of 150–200, 160, and 165 m2/gm, respectively.
he release profiles of griseofulvin from silicon dioxide (3.6 and
0 �m) are given in Fig. 6. Dissolution data indicate that there is no
ignificant difference (p > 0.05) in the cumulative percent of griseo-
ulvin released from both adsorbents after 30 min. This implies that
ize differences between the two adsorbents did not influence drug
elease. It is probable that at this size range (1–20 �m), the physi-
al difference in term of pore size and length are not substantially
ifferent to warrant significant differences in drug release.
Although the particle size of magnesium aluminum silicate
5 �m) and silicon dioxide (3.6 �m) falls in the same range, the
verage cumulative percentage of griseofulvin released from both
dsorbents after 15 min were 44.5 and 28.1%, respectively. The
ower extent of griseofulvin release observed with silicon dioxide

i
c
t
i
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3.6 �m [GL100®]) is due to its lower specific surface area. There-
ore, with silicon dioxide (3.6 �m), a greater portion of the G-SEDDS
s in direct contact with the adsorbent (Fig. 8B), which leads to
recipitation and subsequently lower dissolution rates.

The cumulative percent of drug released from silicon dioxide
300 �m [GL200®]) was 6.58% in 15 min, which was less than those
bserved with silicon dioxide (3.6 �m) and silicon dioxide (20 �m),
ven though they have equivalent specific surface area. As dis-
ussed earlier, when larger particles display specific surface area
quivalent to smaller ones, it implies that the increment in sur-
ace area was the result of an increase in the number and length of
ores. Therefore, the effect of particle size on drug release was sim-

lar to those observed with magnesium aluminum silicate (80 �m)
iscussed above.

Presence of the lipid formulation on the external surface of cal-
ium silicate (25 �m [Hubersorb 5121®], Fig. 8C), as opposed to
ts retention within the pores of the adsorbent (Fig. 8A and B),
ad negative effect on griseofulvin release. Calcium silicate (25 �m
Hubersorb 5121®]) had the lowest surface area (Table 1) and was
he only adsorbent that existed in agglomerated form at G-SEDDS
o adsorbent ratio of 1:1. Presence of G-SEDDS on the surface of
he adsorbent could be deduced from its flow behavior as shown
n Fig. 3. The cumulative percent of griseofulvin released from this
dsorbent after 60 min was 26.2% (Fig. 6) which was least among the
dsorbents and was similar to the dissolution profile of micronized
owder. Presence of a larger portion of the formulation in direct
ontact with the surface of calcium silicate (25 �m [Hubersorb
121®]) increases the contact area (ϕ) between griseofulvin and
he adsorbent. This leads to griseofulvin precipitation from the G-
EDDS due to hydrophobic interactions between the drug and the
urface of the adsorbent.

To study the effect of formulation to adsorbent ratio on drug
elease, G-SEDDS was loaded on silicon dioxide (3.6 �m [GL100®])
t three different ratios and subjected to a dissolution study. The
uantity of each blend was adjusted so that an equal amount of
riseofulvin was used in the study. From the dissolution data, it
as found that the cumulative percent of griseofulvin released from

he adsorbent increased as the ratio of G-SEDDS to silicon dioxide
ncreased from 0.5:1 to 1:1 to 1.5:1 (Fig. 7). Increasing the pro-
ortion of G-SEDDS in the blend shifted the dissolution profiles
owards higher percentage release. As seen after 15 min, griseoful-
in release increased from 16.0% to 28.2% to 43.7% as G-SEDDS to
ilicon dioxide increased from 0.5:1 to 1.5:1. Unlike calcium sil-
cate (25 �m [Hubersorb 5121®]), G-SEDDS was retained within
he pores of silicon dioxide (3.6 �m [GL100®]) at maximum load-
ng ratio of 1.5:1. The retention of G-SEDDS within the pores is
orroborated by the powder rheometry data presented in Fig. 2,
hich shows that the adsorbent was free flowing at the G-SEDDS

o powder ratios used in this study. Therefore, while the decrease
n griseofulvin release from calcium silicate (25 �m [Hubersorb
121®]) was attributed to surface adsorption, the enhancement in
riseofulvin release from silicon dioxide (3.6 �m [GL100®]) with
ncreased G-SEDDS loading is ascribed to differences in the level
f pore filling and presence of G-SEDDS as entrained droplets with
inimal contact area within the perimeters of the pores. This find-

ng strongly supports the notion that contact area confers a negative
mpact on griseofulvin release as depicted in Fig. 8.

. Conclusion
SEDDS formulation could be readily adsorbed on silica and sil-
cates. Changes in flow behavior as a function of SEDDS addition
ould be monitored using powder flow analyzer. It was found that
he effect of SEDDS on the flow behavior of the adsorbent is sim-
lar to that observed in wet granulation process. Adsorption of
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EDDS, however, exhibits a lag or critical phase during which no
hange in flow is observed. This phase is attributed to the porous
ature of silica and silicate adsorbents. During this phase, the
EDDS formulation is embedded within the carrier and entrapped
n the intraparticular pores. Therefore, the duration of the lag phase
epends on the adsorbing capacity, size, and specific surface area of
he adsorbent. This phase could be used as a guide in formulation
evelopment to determine the extent of SEDDS addition without

mpacting flow. In addition, it could be used as a measure of the crit-
cal point after which further SEDDS addition would cause particle
gglomeration. Furthermore, dissolution and release of the SEDDS
rom the adsorbent was found to be dependent on two key factors,
he physical retention of the formulation in the pores and the area
f contact between the formulation and the adsorbent. Both factors
re dependent on the specific surface area and particle size of the
dsorbent. Increase in the area of contact between the formulation
nd the surface of the adsorbent enhances the potential for nucle-
tion, which decreases the extent of drug release. For similar-sized
articles, formulation adsorbed on the surface of less porous par-
icle such as calcium silicate (25 �m, Hubersorb 5121®) results in
arger area of contact whereas its’ entrainment as droplets in the
ores of the more porous adsorbent reduces the area of contact
or nucleation. Therefore, the overall area of contact between the
ipid and the adsorbent is higher in the case of Hubersorb 5121®

han in more porous material. Also, increase in particle size, while
aintaining constant overall surface area, results in lengthier pores.

his causes physical entrapment of the SEDDS in the pores and
ubsequently lower dissolution rates.
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