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ABSTRACT
Purpose To develop solid self-emulsifying drug delivery
systems (SEDDS) for lipids using poloxamer 188 as both
solidifying and emulsifying agents.
Methods Mixtures of various lipids with poloxamer 188 and
PEG 8000 were prepared at ~75°C. The molten mixtures,
with and without dissolved drugs (fenofibrate and probucol),
were then cooled to room temperature. When solids formed,
they were characterized by powder XRD, DSC, microscopy
using cross-polarization and confocal fluorescence techniques,
dispersion test in water and particle size analysis of dispersions.
Results When mixed with poloxamer 188 or PEG 8000, lipids
consisting of monoesters of fatty acids with glycerol or propylene
glycol formed solid systems, but not di- and tri-esters, which
showed phase separation. Added to water, the solid systems
containing poloxamer 188 started to disperse in water forming
oil globules of 200–600 nm. No emulsification of lipids was
observed from solids containing PEG 8000, indicating that the
surfactant property of poloxamer 188 was responsible for
emulsification. Powder XRD, DSC and microscopic examination
revealed that poloxamer 188 and PEG 8000 maintained their
crystallinity in solid systems, while the lipids were interspersed in
between crystalline regions. The drug remained solubilized in the
lipid phase.
Conclusions A novel solid SEDDS is developed where the
drug can be solubilized in liquid lipids and then the lipidic
solution can be converted to solid mass by dispersing into the
microstructure of poloxamer 188.
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INTRODUCTION

The extensive application of combinatorial chemistry and
high-throughput screening in the drug discovery process dur-
ing the past 2 decades has made new molecular entities
(NMEs) extremely insoluble in aqueous media (1). After oral
administration, drugs must dissolve in gastrointestinal (GI)
fluids prior to their absorption into the body (2). There has
been a great interest in the pharmaceutical field on lipid-based
drug delivery system (LBDDS) during past 10 to 15 years as
they present poorly water-soluble drugs to the GI tract as
solutions in lipids or in mixtures of lipids, surfactants and/or
co-surfactants and facilitate formation of solubilized phases
that promote absorption (3,4). Most of the LBDDS for poorly
water-soluble drugs that were successfully developed into drug
products have, however, been liquids. They include Neoral®
(cyclosporine A; Novartis), Norvir® (ritonavir; Abbott),
Agenerase® (amprenavir; GSK) and Fortovase® (saquinavir;
Roche), all of which were developed as liquid solutions filled
into soft gelatin capsules (5,6). Much of the research on
LBDDS focused on solubility of active ingredients in lipids
or lipid-like materials, ease of dispersion or emulsification of
formulations in aqueousmedia, and particle size of dispersions
or emulsions thus produced (4,7–12).

Lipid-based formulations for poorly water-soluble drugs
are usually developed as liquids because most of the lipids
and surfactants suitable for dissolving drugs exist as liquid at
room temperature. They include (a) vegetable oils, predom-
inantly containing unsaturated long-chain fatty acids, (b)
glycerides and partial glycerides of medium chain and
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unsaturated long chain fatty acids, (c) polyacyl esters of
medium chain fatty acids (e.g., propylene glycol (PG) esters),
(d) polyoxylglycerides (macrogolglycerides) consisting of
polyethylene glycol (PEG) esters of fatty acids (usually
medium chain fatty acids or long-chain unsaturated fatty
acids), and (e) ethoxylated lipids (e.g., Cremophor® EL, a
PEG ester of ricinoleic acid derived from castor oil) (13).
Hydrogenated vegetable oils as well as partial glycerides and
esters of long-chain saturated fatty acids are not usually used
for bioavailability enhancement as they exist as solids, which
is not suitable for dissolving drugs. Even if drugs are
dissolved by melting such lipids at elevated temperatures,
the drugs may phase separate and crystallize out when the
vehicles solidify at room temperature (14). Solid lipids are
usually applied in the development of modified release dosage
forms (13,15,16) or as lubricants in tablet formulations (17).

As the solid dosage forms are used more commonly
because of their superior stability, lower cost of manufacture
and better patient acceptability than liquid, various attempts
for the development of solid lipid-based formulations have
been reported in the literature (13,14,18,19). They include
adsorption of liquids onto silicas and other porous carriers
(20–25) and spray-drying of liquid formulations mixed with
such carriers as sucrose (26), maltodextrin (27), dextran (28)
and different polymeric materials (29). These approaches
are, however, associated with various formulation develop-
ment issues such as low drug loading (30), incomplete drug
release (30), poor flow properties of powders (23), poor
compactibility into tablets (31), and so forth. Much more
research is needed to develop such solid formulations into
viable alternative to liquids.

In 2009, Li et al. (32) reported the development of solid
SEDDS where the solution of a poorly water-soluble drug in
a liquid microemulsion preconcentrate consisting of the
mixture of a lipid and a surfactant was converted into a
solid form by incorporating it in a solid PEG system. The
solid formulations thus prepared consisted of Capmul®
PG8 (PG monocaprylate; ABITEC) or Capmul® MCM
(glyceryl caprylocaprate; ABITEC) as lipids, Cremophor®
EL (PEG-35 castor oil; BASF) as surfactant, and hydrophilic
polymer PEG 3350 as solid system. The drug was dissolved
in a melt of the mixture (65–70°C) and the solution was then
filled into hard gelatin capsules. The solution inside the
capsule solidified upon cooling below 55°C. The differential
scanning calorimetric (DSC), scanning electron microscopic
(SEM), confocal Raman microscopic (CRM) studies
demonstrated that the solid was a two-phase system where
clusters of crystalline PEG 3350 formed the solid structure
(m.p. 55–60°C) and the liquid lipid-surfactant mixture
dispersed in between crystalline PEG 3350 structures as a
separate phase. The formulation exhibited excellent physical
and chemical stability and was amenable to scale up for large-
scale manufacturing. However, the study was limited to a

small number of lipids where only PG monocaprylate and
glyceryl caprylocaprate formed acceptable solids. It was not
known what other lipids would solidify in the same manner.
Moreover, only 30% of the composition was lipid, the remain-
ing being liquid surfactant (30%) and solid PEG 3350 system
(40%). Solid PEG 3350 did not participate in solubilizing drug
and, as a result, the drug load in the formulation was low
due to the lower lipid content as compared to a liquid
system without PEG 3350. The only function of PEG
3350 had in the formulation was being the solidifying
agent.

The present study has been undertaken to determine
whether PEG 3350 can be replaced with another solid
system that can serve as both solidifying and emulsifying
agents. This will allow increasing the lipid content and
consequently the drug load in the formulation as no sepa-
rate liquid surfactant (e.g., Cremophor® EL) will be needed
and the liquid phase in the formulation will consist of lipid
only. Poloxamer 188, which is a block copolymer with the
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) (PEO-PPO-PEO) backbone (average mol wt08500;
m.p054°C) was selected as the solidifying cum emulsifying
agent as it has structural similarities with solid PEGs that
contain poly(ethylene oxide) backbone. Poloxamers are
approved by the FDA for oral, intravenous, ophthalmic,
subcutaneous, and topical preparations (33). Due to their
surface active properties, poloxamers have been widely used
as solid dispersion carriers to improve solubility and dissolu-
tion rate of poorly water soluble drugs (34–37). In addition to
changing the solidifying agent, a wide range of liquid lipids
was studied to determine whether they could be immobilized
in a solid system for the development of solid dosage forms or
not. For the present study, we have selected poloxamer 188 as
the solidifying agent as its average molecular weight of 8500 is
comparable to that of PEG 8000 (mol wt08000) and its
hydrophilicity and HLB value (HLB029) are suitable to form
oil-in-water emulsion (38).

MATERIALS AND METHODS

Materials

Poloxamer 188 (Pluronic® F68 NF), PEG 8000, and
Cremophor®ELwere received fromBASFCorp., Tarrytown,
NJ, USA. Capryol® PGMC, Labrafac® PG, Labrafil® M
2125 CS and Labrafil® M 1944 CS, Labrasol®,
Maisine®35-1, and Peceol® were obtained from Gattefosse,
Corp., Paramus, NJ, USA. Capmul® MCM NF, Capmul®
PG-8 NF, Capmul® PG-12 EP/NF, Capmul® PG-2L EP/
NF , and Captex® 355 EP/NF were supplied by ABITEC
Corp., Columbus, OH, USA. Almost all the lipids are
mixtures of multiple components; structures of their
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primary components are given in Fig. 1 and further
descriptions of their compositions are given in footnotes
of Table I. Although only triglycerides have traditionally
been known as lipids, all materials listed in Table I are
considered to be lipids for the purpose of the present
investigation. This is also in agreement with the classi-
fication of lipids given by Jannin et al. (13) and Cannon
and Long (39). Fenofibrate and probucol were pur-
chased from Sigma-Aldrich® (St. Louis, MO, USA).

Nile red, a fluorescence probe for lipids, was purchased
from MP Biomedicals, LLC, Solon, OH, USA. All
other chemicals and reagents are of analytical grade or
better.

Preparation of Solid Systems

Preliminary studies were conducted to determine whether
poloxamer 188 is comparable to PEG 8000 in solidifying

Fig. 1 Chemical structures of poloxamer 188, polyethylene glycol 8000 and primary components of some of the lipids used.
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liquid lipids and surfactants and to identify what lipids can
be solidified by using these polymers. For this purpose, 1:1
mixture of each lipid or liquid surfactant listed in Table I as
well as several vegetable oils (e.g., olive oil, sesame oil and
peanut oil) was prepared with poloxamer 188 or PEG 8000.
All lipids and surfactants used were liquid at a room
temperature. The two components of a mixture (total
weight: 5 g) were weighed into a scintillation vial and melted
on a hot plate until it formed clear solution. Though the
melting points of poloxamer 188 and PEG 8000 are 54°C
and 60°C, respectively, mixtures were heated at 70–75°C to
assure complete melting and uniformity of the sample.
All samples were vortex mixed for ∼5 min in the molten
state to obtain homogeneous mixing of the components.
Samples were then allowed to solidify at room temper-
ature and stored for at least 48 h before analysis. As
one of the major objectives of this study was to increase
lipid loading in the solid system, the mixtures of lipids
and poloxamer 188 that formed solids at ratios of 1:1
were further evaluated for their ability to solidify at
other ratios of poloxamer 188 to lipids (1:4, 1:3, 3:7,
2:3, 3:2 and 7:3 w/w).

Characterization of Solid Systems

Physicochemical properties of all solid forms of poloxamer-
lipid and PEG-lipid mixtures prepared were characterized
by powder X-ray diffractometry and differential scanning
calorimetry. Selected poloxamer-lipid mixtures were also
examined microscopically for their microstructures.

Powder X-ray Diffractometry (Powder XRD)

Powder XRD analysis of neat poloxamer 188 and PEG 8000
alone as well as their solid mixtures with various lipids was
performed at room temperature using an X-ray diffractometer
(XRD-6000, Shimadzu, Kyoto, Japan). The diffraction pat-
terns were measured with a voltage of 40 kV and a current of
30 mA over a 2θ range of 10–70° using a step size of 0.02° at a
scan speed of 4°/min. Samples that did not solidify and
remained semisolid at room temperature were not analyzed
by XRD. The XRD intensities were compared by measuring
the approximate peak intensity at 2θ023.5° for both
poloxamer 188 and PEG 8000.

Differential Scanning Calorimetry (DSC)

The thermal characteristics of pure carriers (poloxamer 188
and PEG8000) and solidmixtures with lipids were determined
using a differential scanning calorimetry (Pyris Diamond,
Perkin-Elmer DSC-7, California, USA). Samples of 3 to
5 mg were weighed accurately and sealed into aluminum pans.
All samples were held at initial temperature for 5 min and then
heated from 25 to 80°C with a heating rate of 5°C/min under
an extra dry nitrogen gas purge (20 ml/min).

Microscopical Examination of Solid Systems

Samples were analyzed microscopically using an optical
microscope fitted with cross-polarizer (Nikon Microscope
Eclipse 50i 55i, Morrell Instrument Co., Inc., Melville,
NY, USA) and confocal fluorescence microscope (Leica
Microsystems Inc., Exton, PA, USA) with 514–543 nm
excitation, 528–608 nm emission wavelength and bandpass
filter of DD458–514 nm. For fluorescence microscopic anal-
ysis, Nile red, a fluorescence probe for lipid, was dissolved in a
lipid (Capmul® PG-8 NF), and the solution was then mixed
with poloxamer 188 by raising the temperature to 70°C. A
drop of the mixture was placed on the glass slide, covered with
glass cover slip and sealed with nail polish. For solidification of
samples, two sets of slides were prepared. The first set was
solidified immediately upon exposure to ambient tempera-
ture. The second set was allowed to cool down in oven
(Sheldon Manufacturing, Inc, Cornelius, OR, USA) at con-
trolled temperature from 60 to 25°C at the rate of 0.1°C/min.
Photographs were captured using Nikon digital camera (DS

Table I Effect of Combining Various Lipids With Poloxamer 188 or PEG
8000 at 1:1 Ratio

Lipids forming solids Lipids NOT forming solids

Glyceryl caprylocaprate
(Capmul® MCM NF)a

Glyceryl dicaprylatei

PG monocaprylate
(Capmul® PG-8 NF)b

PG dicaprylate/dicaprate
(Labrafac® PG )j

PG monocaprylate
(Capryol® PGMC)c

PG dilaurate
(Capmul® PG-2L EP/NF)k

PG monolaurate
(Capmul® PG-12 EP/NF)d

Caprylic/capric triglycerides
(Captex® 355 EP/NF)l

Glyceryl monooleate (Peceol®)e Oleoyl polyoxyl-6 glycerides
(Labrafil® M 1944CS)m

Glyceryl monolinoleate
(Maisine®35-1)f

Linoleoyl polyoxyl-6 glycerides
(Labrafil® M 2125 CS)n

PEG-8 caprylic/capric glycerides
(Labrasol®)g

PEG-35 castor oil (Cremophor® EL)h

a mixture of mono (60%)-, di (35%)- and tri (5%)- glyceride with caprylic
(83%) and capric (17%) acids, b propylene glycol (PG) mono (>90%)- and
di (<10%)- ester of caprylic acid, c PG mono (>63–70%)- and di
(<30–37%)- ester of caprylic acid, d PG mono (>90%)- and di
(<10%)- esters of mainly lauric acid, emono (32–52%)- , di (30–50%)-
and tri (5–20%)- glyceride of long chain fatty acids (mainly oleic acid), f mono
(32–52%), di (40–55%),- and tri (5–20%)- glyceride of long chain fatty acids
(mainly linoleic acid), g obtained from esterification of PEG 400 and medium
chain (C8 50–80% and C10 20–50%) triglyceride oil and composed of tri-
and partial glycerides (10%) along with esters of PEG 400 (90%), h PEG ester
(~83%) of ricinoleic acid, i diglyceride (83%) of mainly caprylic acid, j PG
diester (>95%) of caprylic (50–80%) and capric (20–50%) acids, k PGmono
(~25%)- di (~75%)- esters of mainly lauric acid, l triglycerides of caprylic and
capric acids (55:45), m,n glycerol esters (65%) and PEG 300 esters (35%) of
hydrolyzed vegetable oils
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5000, Nikon Inc., Melville, NY, USA) for optical microscopy
using cross-polarized light with magnification of 100 ×.

Solubility Study

Lipids forming solid systems with poloxamer 188 or PEG 8000
in the ratio of 1:1 were selected for the solubility study. Solu-
bility studies were conducted by placing an excess amount of
fenofibrate or probucol in a 25 ml of volumetric flask contain-
ing approximately 5–7 g of vehicles. The mixture was then
shaken using a wrist action shaker (BURRELL Wrist Action
Shaker, BURRELL Scientific, Pittsburgh, PA,USA) in a water
bath at 25°C for 24 h. The shaking time of 24 h was set
because preliminary experiments showed that the solutions
reached equilibrium within 12 h and there was no further
change in concentration when shaking was continued for
24 h and longer. The supernatant was withdrawn, filtered
through 0.45-μm polypropylene membrane filter (VWR®
International, Radnor, PA, USA) and diluted with acetonitrile
for HPLC analysis. In addition to fenofibrate, the solubility of
probucol was determined in two lipids, glyceryl caprylocap-
rate and PG monocaprylate, as well as in their 1:1 and 2:1
mixture, where aliquots were diluted with methanol prior to
HPLC analysis.

HPLC Analysis

The HPLC analysis system consisted of a quaternary pump,
an autosampler and a diode array detector (HP1100 series,
Agilent Technologies, Wilmington, DE). The chromato-
graphic column was C8 Waters XBridge column (3.5 μm,
4.6 mm×150 mm). For analysis of fenofibrate, the mobile
phase used was a mixture of acetonitrile and distilled water
(80:20 v/v), while for probucol, it was a mixture of methanol
and distilled water (95:5 v/v). In both cases, the flow rate of
the mobile phase was 1 ml/min. Fenofibrate and probucol
concentrations were measured at λmax of 288 nm and
243 nm, respectively, at 25°C.

Drug Loading in Solid Systems

Fenofibrate and probucol were used as model drugs. They
were first dissolved in the lipid vehicle by mild heating and
vortexing. The solutions were then mixed with molten
poloxamer 188 at 70–75°C. The primary purpose of the
preparation of drug-loaded formulations was to investigate
drug release (dispersion) from the formulations. Therefore,
no attempt was made to maximize drug loading in various
formulations based on solubility of drugs in different lipids.
The drug loading was kept 2% w/w for all solid systems
containing 1:1 ratio of poloxamer 188 to lipids. In case
of 2:3 and 3:7 ratios of poloxamer 188 to glyceryl caprylo-
caprate, drug loading was 2.4 and 2.8% w/w, respectively.

In case of probucol, the drug loading was in the range of 3.3
to 3.6% w/w. The solid formulations were analyzed after
storage at room temperature for at least 24 h.

Dispersion Test

To simulate the degree and efficiency of emulsification of
lipids in GI fluids after oral administration of the solid systems
developed, the dispersion test was conducted by using the
USP apparatus II (paddle method; Distek Inc., NJ, USA) at
50 RPM and 37°C with 250 ml of distilled water as the
dispersion medium. Since aqueous solubilities of the drugs,
fenofibrate and probucol, were pH-independent and all lipids
and solid systems were non-ionic, distilled water was used as
the dispersion medium. It is, however, recognized that a solid
dosage form after oral administration encounters an acidic
environment in the stomach. Preliminary studies in this inves-
tigation as well as results of a previous study in our laboratory
showed that there were no differences in the results of disper-
sion tests if 0.01 NHCl was used instead of distilled water (40).
A volume of 250 ml was selected for the dispersion test to
mimic the gastric fluid volume as per the Biopharmaceutical
Classification System (41) after oral administration of solid
dosage unit. Approximately 1 g of the formulation was directly
added to the dispersion vessel using weighing boats. To eval-
uate the effect of drug loading, if any, on emulsification
properties of solid systems, controls without drugs were also
subjected to dispersion test. Thus, the dispersion test for a
particular formulation was conducted six times, three with
drug and three without drug. Both drug concentration and
particle size of dispersion fluids were analyzed for formula-
tions with drugs, while only particle sizes of oil globules were
measured for drug-free systems.

Aliquots from dispersion vessels were withdrawn at 5, 10,
15, 30, 45, 60, 90, 120, and 180 min time points. Drug
concentrations were determined by HPLC analysis after ap-
propriate dilution, where aliquots without filtration were used
as there was the potential that lipids could be retained partly
on filters depending on particle size of globules formed. Par-
ticle sizes were measured without any dilution by Delsa Nano
C Particle Analyzer (Beckman Coulter Inc., CA, USA).

To investigate any potential for crystallization of drugs
during dispersion testing, aliquots of dispersion fluids col-
lected at the end of tests were centrifuged at 6,000 RPM
(Eppendorf 5804R Centrifuge, NY, USA) at 25°C.

RESULTS AND DISCUSSION

Physical Evaluation of Solid Systems

The physical mixture of each lipid with either poloxamer 188
or PEG 8000 at 1:1 ratio was first examined visually,
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according to the method of Ping et al. (32), for the formation of
uniform solid system without any apparent phase separation
or stratification. The 1:1 ratio was used as the initial accep-
tance criteria for solid lipid-based formulation that it should
contain at least 50% w/w lipid. To ensure adequate solidifi-
cation, the visual observation was performed after 2 days of
storage at room temperature. Table I lists various lipids that
formed solid systems with poloxamer 188 or PEG 8000 at 1:1
ratio. It also lists those lipids that did not form acceptable solid
systems or showed phase separation. In addition to the lipids
listed in Table I, several vegetable oils (e.g., olive oil, sesame
oil and peanut oil) were also tested; however, none of them
formed solid systems with either poloxamer 188 or PEG 8000.

As mentioned earlier, Fig. 1 gives the structures of pri-
mary components of the lipids used in the present study.
However, almost all the lipids contain multiple components.
As described in the footnotes of Table I, a lipid containing
primarily a monoglyceride may also contain di- and tri-
glycerides at lesser concentrations. A lipid may also be a
mixture having multiple fatty acid chain lengths. By looking
at the compositions of lipids, it becomes apparent that lipids
having high proportions (>50% w/w) of monoglycerides or
monoesters in their composition formed uniform, hard solid
masses with poloxamer 188 and PEG 8000, while lipids
containing relatively higher proportions of di- and tri-
glycerides or propylene glycol diesters did not form solid
masses (Table I). For example, glyceryl caprylocaprate
(Capmul® MCM NF) containing 60% monoglyceride and
35% diglyceride formed a solid mass with poloxamer 188 or
PEG 8000 at 1:1 ratio, whereas glyceryl dicaprylate that
contained 83% diglyceride and <17% monoglyceride did
not form a uniform solid mass. Cremophor® EL and Lab-
rasol®, which are also monoesters of fatty acids, formed
hard, uniform, solid systems with poloxamer 188 and PEG
8000. Both Cremophor® EL and Labrasol® are considered
to be surfactants rather than lipids in the development of
lipid-based formulations because of their high HLB values
than other lipids due the presence of relatively long PEG
moieties in their structures. It was also noted that lipids
containing long chain fatty acid (C18) esters like glyceryl
monooleate (Peceol®), glyceryl monolinoleate (Mai-
sine®35-1) and PEG-35 castor oil (Cremophor® EL)
formed comparatively harder solid masses than those with
medium chain fatty acid (C8 and C10) esters of the same
backbones. Between poloxamer 188 and PEG 8000, the
later formed harder solid masses as compared to the former,
possibly because of the higher melting point of PEG 8000.

Comparison of Poloxamer 188 and PEG 8000
as Solidifying Agent

For lipids and surfactants that formed solid masses at 1:1
ratios with poloxamer 188 and PEG 8000, additional

mixtures were prepared with poloxamer 188 or PEG 8000
contents ranging from 70% w/w (30% w/w lipid) to 20%
w/w (80% w/w lipid). The powder XRD patterns of such
mixtures of one representative lipid, glyceryl caprylocaprate
(Capmul® MCM NF), with poloxamer 188 and PEG 8000
are shown, respectively, in Fig. 2a and b. Neat poloxamer 188
showed characteristic crystalline sharp peak at 2θ019.25° and
23.5° (pattern a in Fig. 2a) and, similarly, PEG 8000, showed
crystalline peak at 2θ019° and 23.5° (pattern b in Fig. 2b). As
the concentration of lipid in the formulation increased, the peak
heights of both poloxamer 188 and PEG 8000 decreased.
However, distinct XRD peaks in Fig. 2a and b can be observed
at lipid content as high as 75% and 80% w/w, respectively,
indicating that both poloxamer 188 and PEG 8000 serve as
solidifying agents for high lipid concentrations in formulations.

In addition to comparing solidifying abilities of poloxamer
188 and PEG 8000, preliminary studies were also conducted
to determine how these two materials serve as emulsifying
agents. While the lipid started to disperse from the poloxamer
188 formulation within one minute, no such dispersion was
observed from the PEG 8000 formulation, where the solid
floated as particles without the release or dispersion of lipid.
These results indicated that poloxamer 188 can serve as both
solidifying and emulsifying agents at the same time. On the
other hand, PEG 8000 served as the solidifying agent
only. Previously, Ping et al. (32) observed drug release from
a PEG-based formulation, because they also incorporated a
surfactant in it.

Following initial studies demonstrating comparability of
the two solidifying agents used and superiority of poloxamer
188 over PEG 8000 as the emulsifying agent, more in-depth
characterization was conducted for poloxamer 188 formu-
lations only.

Characterization of Solid Systems

Powder X-ray Diffractometry (Powder XRD)

As mentioned earlier, all lipids and surfactants listed in the
left hand side of column of Table I formed solid systems with
poloxamer 188. These mixtures also showed characteristic
XRD peaks with lipid contents as high as 70 to 80%
w/w (Fig. 2). In addition to XRD patterns of the poloxamer
188-glyceryl caprylocaprate mixture in Fig. 2, the powder
XRD patterns of formulations containing three other lipids
having different chemical structures and different fatty acid
chain lengths are shown in Fig. 3. These lipids are PG
monocaprylate (Fig. 3a), a PG ester of C8-fatty acid, PG
monolaurate (Fig. 3b), a PG ester of C12-fatty acid, and
glyceryl monooleate (Fig. 3c), a monoglyceride C18-fatty
acid. Similarly, PEG monoesters of medium chain and
long-chain fatty acids (Labrasol® and Cremophor® EL,
respectively) also showed characteristic sharp peaks up to
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80% w/w concentration in solid formulations. These results
showed that all lipid monoesters formed solid systems with
poloxamer 188 irrespective of their chemical structures and
fatty acid chain length.

The decrease in intensities of powder XRD (2θ019.25°
and 23.5°) with decreasing concentrations of poloxamer in
various lipid-surfactant mixtures are tabulated in Table II.
They showed linear relationships (r2≥0.90) between%
poloxamer 188 and peak intensities of the X-ray diffraction
(Table II). It indicates that poloxamer 188 and PEG 8000
remain in the same crystalline structure as that of pure

poloxamer 188 and PEG 8000. This observation confirmed
that the decrease in peak intensity of X-ray pattern in various
systems was due to the decrease in concentration of carriers
and not due to any change in their physical forms. In some
cases, broadening of the peak was observed due to high lipid
content in the systems.

It may be observed in Table II that two PG esters, one
containing >90% w/w PG monoester (Capmul® PG-8 NF )
and the other containing 63–70% w/w PG monoester (Cap-
ryol® PGMC), formed solid masses with poloxamer 188.
Several other monoesters also contained relatively small

Fig. 2 Powder XRD patterns of
solid systems containing different
concentrations of (a) poloxamer
188 and (b) PEG 8000 in
mixtures with glyceryl
caprylocaprate (Capmul® MCM
NF). Lipid concentrations: (a)
0%, (b) 30%; (c) 40%; (d) 50%;
(e) 60%; (f) 70%; (g) 75%; (h)
80%.

Fig. 3 Powder XRD patterns of solid systems containing different concentrations of (a) PG monocaprylate (Capmul® PG-8 NF), (b) PG monolaurate
(Capmul® PG-12 EP/NF) and (c) glyceryl monooleate (Peceol®) in lipid-poloxamer 188 mixtures. Lipid concentrations: (a) 0%, (b) 30%, (c) 40%, (d)
50%, (e) 60%, (f) 70%, (g) 75%, (h) 80%.
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portions of diesters. Therefore, the XRD analysis shows that
the solid systems can accommodate a certain portions of
diesters along with monoesters.

To determine whether the presence of drug would have
any impact on crystallinity of solid systems, powder XRD
patterns of selected mixtures were recorded with and without
the presence of fenofibrate or probucol (2% w/w). In none of
the cases, any change in the XRD pattern due to the presence
of drug was observed. In a few cases, the fenofibrate or
probucol content was increased up to 6% w/w and yet the
XRD patterns with and without drugs remained essentially
similar and there were no drug peaks, which indicated that the
drugs were solubilized in the lipid phase and did not interfere
with the crystallinity of solid poloxamer 188. In several cases,
the powder XRD analysis was repeated after storage of sam-
ples for 2–3 months and no change in XRD patterns was
observed, indicating long term stability of solid systems.

Differential Scanning Calorimetry (DSC)

The results of the DSC study confirmed the crystallinity of
lipid-poloxamer 188 and lipid-PEG 8000 mixtures observed
by XRD analysis. The DSC scans of mixtures of one medi-
um chain monoester (PG monolaurate; Capmul® PG-12)
and one long chain monoglyceride (glyceryl monolinoleate;
Maisine®35-1) are shown, respectively, in Figs. 4 and 5 as
representative examples of the effect of decrease in polox-
amer 188 content and the corresponding increase in lipid
contents on onset, peak and enthalpy of DSC endotherms.
Table III gives values for these endotherm parameters for all
combinations studied. The melting points of pure polox-
amer 188 and PEG 8000 were observed at 53.9°C (onset
52.5°C) and 62.6°C (onset 59.6°C), respectively. As shown
in Figs. 4 and 5 as well as in Table III, there was decrease in
onsets of melting endotherms of poloxamer 188 due to the
addition of lipids. This was expected as lipids serve as solutes

(or impurities) in poloxamer 188, thereby reducing its melting
point. The reduction in the height of melting peaks could be
the result of both lowering of poloxamer 188 content and the
broadening of melting endotherms. The most important DSC
parameter was the enthalpy, which in all cases decreased
almost linearly with the decrease in poloxamer content and
corresponding increase in lipid content (Table III), thus dem-
onstrating that the presence of lipids did not have any signif-
icant influence on the crystallinity of poloxamer 188. These
results are in agreement with previous studies with PEG 3350
where PEG-Capmul® PG8-Cremophore® EL (32) and
PEG-Tween 80 (42) mixtures were used.

DSC scans of lipid-poloxamer 188 mixtures were also
recorded with fenofibrate and probucol loads ranging from
2 to 6% w/w. No difference from the DSC scans of
corresponding drug-free systems was observed (scans not
shown). There were also no endotherms corresponding to

Table II Peak Intensities of X-ray Diffraction at 2θ023.5° as Function of % Poloxamer 188 Concentrations in Solid Systems

Peak intensity I (CPS)

Lipid or surfactant % poloxamer 188 100 70 60 50 40 30 25 20
% lipid or surfactant 0 30 40 50 60 70 75 80 r2

Glyceryl caprylocaprate (Capmul® MCM NF)b 9300 5200 4500 4350 3300 3000 –a – 0.9625

PG monocaprylate (Capmul® PG-8 NF)c 9300 5300 5600 4900 4200 3400 3150 – 0.9552

PG monocaprylate (Capryol® PGMC) 9300 5600 5800 5400 4600 3300 2800 – 0.9614

PG monolaurate (Capmul® PG-12 EP/NF)d 9300 5400 5500 5000 4200 3800 – – 0.9524

Glyceryl monooleate (Peceol®)e 9300 5200 5600 5400 4900 4000 3600 3300 0.8995

Glyceryl monolinoleate (Maisine®35-1) 9300 5400 5300 5100 4400 3850 3000 2950 0.9408

PEG-8 caprylic/capric glycerides (Labrasol®) 9300 5800 6200 5400 5200 4200 3500 3200 0.9354

PEG-35 castor oil (Cremophor® EL) 9300 5800 6400 5200 4700 4400 4350 3400 0.9014

a——Indicates that data are not available as the materials did not solidified. b,c,d,e Corresponding powder XRD patterns are, respectively, given in Figs. 2a,
3a, b and c

Fig. 4 DSC study of solid systems containing different concentrations
of poloxamer 188 with PG monolaurate (Capmul®PG-12 EP/NF) in
lipid-poloxamer 188 mixtures. Lipid concentrations: (a) 0%, (b) 30%,
(c) 40%, (d) 50%, (e) 60%, (f) 70%.
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melting points of fenofibrate and probucol (83° and 130°C,
respectively). These results again indicate that the drugs
remained dissolved in the lipid phase and their presence
did not have any influence on crystallinity of poloxamer
188 present in the system.

Microscopical Examination of Solid Systems

There are several reports in the literature where it was
observed that polymers like poloxamers, PEG, etc., formed
crystalline spherulites after cooling their melts on glass
microscopic slide (43–47). In the present investigation,
poloxamer 188 and its mixtures with lipids and surfactants
were examined microscopically under the cross-polarized
light to determine the formation of spherulites as evident from
their birefringence. Separately, poloxamer 188-lipid mixtures
were also examined using confocal fluorescence microscopy,
where a fluorescence dye was dissolved in the lipids to also
visualize the non-crystalline regions of the mixtures.

Figure 6 shows microscopic images of neat poloxamer
188 and its 1:1 mixture with PG monocaprylate, where the
images of the mixtures were captured under different ex-
perimental conditions (slow cooling, fast cooling and fluo-
rescence). As shown in Fig. 6a, poloxamer 188 by itself

Fig. 5 DSC study of solid systems containing different concentrations of
poloxamer 188 with glyceryl monolinoleate (Maisine®35-1) in lipid-
poloxamer 188 mixtures. Lipid concentrations: (a) 0%, (b) 30%, (c)
40%, (d) 50%, (e) 60%, (f) 70%, (g) 75%, (h) 80%.

Table III Melting Enthalpies of Solid Systems as a Function of % Poloxamer 188 Concentrations in Solid Systems

Lipid or Surfactant % poloxamer 188 100 70 60 50 40 30 25 20 r2

% lipid or surfactant 0 30 40 50 60 70 75 80

Glyceryl caprylocaprate (Capmul®MCM NF) Onset (°C) 52.5 39.9 36.3 38.3 37.6 50.3 47.0 47.0

Peak (°C) 53.9 47.8 44.4 42.5 41.2 52.5 49.9 50.0

Enthalpy (J/g) 109.7 74.8 55.6 38.0 20.5 38.3 22.2 16.1 0.9286

PG monocaprylate (Capmul® PG-8 NF) Onset 52.5 41.5 38.1 37.6 34.6 39.8 –
a –

Peak 53.9 47.6 44.2 42.5 40.7 39.1 – –

Enthalpy 109.8 77.0 55.2 45.2 38.6 32.5 – – 0.9809

PG monocaprylate (Capryol® PGMC) Onset 52.5 42.7 43.0 36.8 35.9 34.8 – –

Peak 53.9 48.1 44.4 44.3 42.5 36.8 – –

Enthalpy 109.1 84.2 60.2 49.2 47.5 39.4 – – 0.9783

PG monolaurate (Capmul® PG-12 EP/NF) Onset 52.5 43.9 42.9 40.2 35.6 37.1 – –

Peak 53.9 48.5 49.2 45.7 44.6 38.9 – –

Enthalpy 110.6 73.0 71.0 65.7 46.4 32.0 – – 0.9816

Glyceryl monooleate (Peceol®) Onset 52.5 43.9 45.4 42.7 38.4 41.4 – –

Peak 53.9 49.5 49.9 48.3 47.0 47.8 – –

Enthalpy 109.8 78.3 65.6 42.2 43.9 33.3 – – 0.9804

Glyceryl monolinoleate (Maisine®35-1) Onset 52.5 47.1 46.1 46.1 42.8 33.9 35.2 –

Peak 53.9 50.8 49.8 49.5 46.8 46.1 43.6 –

Enthalpy 109.5 66.5 63.2 46.0 32.2 26.8 19.5 – 0.9823

PEG-35 castor oil (Cremophor® EL) Onset 52.5 49.5 49.1 45.9 48.4 49.4 45.4 44.1

Peak 53.9 55.1 53.2 51.4 51.8 51.2 48.6 46.3

Enthalpy 109.6 93.2 81.4 69.1 53.1 27.9 38.9 15.8 0.9470

a –Indicates that data are not available as the materials did not solidified
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forms birefringent spherulites without any dark zones, indi-
cating crystallinity of the material and the absence of any
visible amorphous zones. However, when neat poloxamer
188 was cooled slowly, there appeared to be relatively
darker amorphous regions in between the crystalline spher-
ulites (Fig. 6b). When poloxamer 188-lipid mixtures were
cooled on glass slides, birefringent spherulites interspersed
with dark amorphous regions were observed. It was also
observed that the rate of cooling had an impact on the
nature of spherulites formed. This was considered important
because when the molten mixture was placed as a thin layer
on the glass slide, it solidified in <5 min. However, the
material took 3–4 h to solidify in a glass vial. For this reason,
the microscopic examination was also performed by cooling
the material from > 60°C to room temperature (~25°C)
slowly over a period of 4 h. When the molten poloxamer-
lipid mixture was cooled slowly, the spherulites were larger
and more well-defined (Fig. 6d), while the spherulites were
smaller and crowded when the material was cooled fast as
there was a larger number of crystallization nuclei (Fig. 6c).
It has been reported in the literature that the size of the
spherulite depends on the number of nuclei from which the

growth begins (47). Nonetheless, whether the structures
were cooled slowly or fast, there were distinct crystalline
(spherulites) and amorphous regions, the later being more
well-defined in case of slow cooling. The confocal fluores-
cence microscopic image in Fig. 6e indicates that the amor-
phous region on the slide consists of the lipid present in the
mixture as the dissolved fluorescent dye was visible only in
the amorphous phase (shown in red). Thus, the spherulites
of poloxamer 188 (shown white) and the amorphous lipids
coexist in the solid mass with the drug (in this case, a dye)
being dissolved in the lipids.

Solubility Study

Results of solubility studies of fenofibrate and probucol in
different lipids and surfactants used for the preparation of
solid formulations are given in Table IV. Chemically, feno-
fibrate is a neutral molecule without any ionization in the GI
pH range of 1 to 8 and, similarly, probucol is also a neutral
compound without any ionizable group. Fenofibrate has a
reported aqueous solubility of less than 3 μg/ml and a high
logP (octanol/water partition coefficient) of 4.6 (48).

Fig. 6 Photomicrographs
(magnification: 100 ×) obtained
from cross-polarization optical
microscopy (a–d) and confocal
fluorescence microscopy (e): (a)
neat poloxamer 188 with imme-
diate cooling to room
temperature; (b) neat poloxamer
188 with slow cooling to room
temperature (0.1°C/min);
(c) poloxamer 188/PG
monocaprylate mixture (1:1) with
immediate cooling to room
temperature; (d) poloxamer 188/
PG monocaprylate mixture (1:1)
with slow cooling to room
temperature; (e) poloxamer 188/
PG monocaprylate mixture (1:1)
with immediate cooling, where
red fluorescence indicates lipid
phase while white patterns indi-
cate crystalline spherulites of
poloxamer 188.
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Probucol is even more water-insoluble with a concentration
of 0.002–0.005 μg/ml (49) and logP of 11 (50). Although, as
reported by Rane and Anderson (51), the prediction of drug
solubility in lipids is difficult, several trends emerge from the
results presented in Table IV. Fenofibrate showed higher
solubility in the monoglyceride of medium chain fatty acids
(glyceryl caprylocaprate) than in the monoglyceride of long
chain fatty acids (glyceryl monooleate and glyceryl mono-
linoleate). Similarly, PG monocaprylate showed higher
fenofibrate solubility that that in PG monolaurate, which
has a longer fatty acid chain length (C8 vs. C12). Between
glyceryl monoesters and PG monoesters, the PG monoesters
had higher drug solubility than that in the glyceryl mono-
esters; this was true for both fenofibrate and probucol. As
mentioned earlier, two PG monocaprylate from two manu-
facturers were used in the present investigation, where
Capryol® PGMC had higher diester content than Capmul®
PG-8 NF. However, the fenofibrate solubility in both was
essentially similar. Assuming that poloxamer 188 in the solid-
ified systems does not participate in solubilizing drugs, the
drug load in a poloxamer 188-lipid solid dosage form may
be calculated based on drug solubility in the lipid component
of the formulation. In the present investigation, drug concen-
trations below 80% of solubilities in lipids were used. No
crystallization of drug in any of the formulations was observed
even when the systems were stored in the refrigerator at ~8°C.
It is possible that a higher drug load could be used if the
concentration in lipid was increased to >80% of drug solubil-
ity. The stability of such formulations, however, has to be
investigated in different formulations on a case by case basis.

The highest solubility of fenofibrate or probucol observed
in Table IV is ~126 mg/g. Thus, a 7:3 mixture of lipid to

poloxamer 188 could be obtained with 8.8% w/w drug
loading if the saturated solutions of particular lipids were
used, and the drug load would be 7.1% w/w if concentra-
tions of drug in the lipids were 80% of its saturation solu-
bility. The drug load will be lower when the drug solubility
in the lipids is lower. Thus, one of the limiting factors in
development of solid SEDDS, like all lipid-based formula-
tions, is the solubility of drugs in lipids used.

Dispersion Test

The solid lipid-based drug delivery systems containing
poloxamer 188 began dispersion immediately after their
addition to 250 ml of an aqueous medium and they dis-
persed completely in <60 min. Fig. 7 gives the comparative
dispersion profiles of two medium chain (glyceryl caprylo-
caprate, PG monocaprylate) and two long chain (glyceryl
monooleate, glyceryl monolinoleate) monoesters having 1:1
ratio of lipid to poloxamer 188. The drug loading was kept
constant at 2% w/w of the system. More than 80% drug
release was observed within 45 min in case of systems con-
taining glyceryl caprylocaprate with the formation of trans-
lucent microemulsion/emulsion in the dispersion fluids.
When the medium chain monoglyceride was replaced by
long chain lipids, Peceol® and Maisine®35-1, the drug
release was still about 80% within 45–60 min of time period,
but they formed milky white opaque emulsions. In all three
cases, almost 90% of drug dispersed within 2 h. In contrast,
propylene glycol based monoester (PG monocaprylate)
showed the drug dispersion up to 65–70% in 2 h. It was
observed that an oil layer separated from the aqueous
medium was floating on the surface of dispersion fluid. This
might be the reason of the low drug concentration in the
dispersion medium. Similar results were also observed with
studies where PG monolaurate was used as the lipid

Table IV Solubility of Fenofibrate and Probucol in Various Lipids and
Surfactants

Solubility (mg/g)a

Lipids Fenofibrate Probucol

Glyceryl caprylocaprate (Capmul® MCM NF) 67±1 52±2

PG monocaprylate (Capmul® PG-8 NF) 127±5 126±11

PG monocaprylate (Capryol® PGMC) 123±4 –
b

PG monolaurate (Capmul® PG-12 EP/NF) 91±7 –

Glyceryl monooleate (Peceol®) 44±3 –

Glyceryl monolinoleate (Maisine®35-1) 55±6 –

Glyceryl caprylocaprate/PG monocaprylate
(1:1 w/w)

– 91±3

Glyceryl caprylocaprate/PG monocaprylate
(2:1 w/w)

– 80±3

PEG 8 caprylic/capric glycerides (Labrasol®) 96±5 –

PEG-35 castor oil (Cremophor® EL) 64±2 –

a Mean ± SD (n03)
b Not determined

Fig. 7 Dispersion of fenofibrate from 1:1 mixtures of different lipids with
poloxamer 188 using 250 ml of water as dispersion medium at 37°C
(n03).
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component (data not shown). The reason for the difference
in behavior between PG monoester and glyceryl monoester
is not clear from the present study. This could be related to
the difference in lipophilicity of the two lipids; the PG
monocaprylate is more lipophilic as it has one less –OH
group in the propylene glycol backbone. Long chain
monoglycerides like glyceryl monooleate and glyceryl
monolinoleate formed milky white emulsion with higher
particle size as compared to medium chain monoglycerides
like glyceryl caprylocaprate. This observation is consistent
with earlier reports in the literature, where it was observed
that the globule size increases with the increase in fatty acid
chain length (8).

The particle sizes of dispersed lipid globules corresponding
to the profiles in the Fig. 7 are given in Table V. Particle sizes
were determined for formulations without and with (2% w/w)
drug (fenofibrate). There was no significant effect of the pres-
ence of drug on lipid particles. Among the lipids, only glyceryl
caprylocaprate produced particles in themicroemulsion range
(<200 nm) in the dispersion fluids. In contrast, PG monocap-
rylate, a monoester of medium chain fatty acid, and the long
chain fatty acid monoesters glyceryl monooleate and glyceryl
monolinoleate formed milky white emulsions with particle
sizes in the range of 300 to 700 nm. Although the micro-
emulsion was not produced by all lipids from 1:1 mixtures
with poloxamer 188, the particles were still low in the submi-
cron range (<700 nm). If any digestion of lipids is involved in
the release of drug from the fine lipid globules, it is expected
that the drug will remain very finely dispersed and will redis-
solve rapidly. Although the dispersion of PG monocaprylate
was incomplete due to partial phase separation (floating
at the surface of dispersion fluid), this may not be a
major issue in vivo, because, as pointed out by Pouton

(11), further solubilization or emulsification will occur in
presence of bile salts and other surface active agents.

Effect of Lipid-Poloxamer 188 Ratio

Figure 7 and Table V give comparative effects of lipid type
on their dispersion from 1:1 lipid-poloxamer 188 mixtures.
Studies were then conducted to determine what effects the
lipid to poloxamer ratio will have on the dispersion of
formulations and the particle size of lipid globules formed
in aqueous media. Figure 8 shows dispersion profiles of
fenofibrate from mixtures of glyceryl caprylocaprate (Cap-
mul® MCM NF) with poloxamer 188 at different ratios.
The results showed that at least 50% w/w poloxamer 188
was necessary for the complete dispersion of lipid; the dis-
persion was progressively lower when lipid content in the
formulation was increased to 60 and 70% w/w.

As shown in Table VI, there was also no effect of the
presence of drug on the particle size of lipid from any of the
mixtures used in Fig. 8. There was no precipitation of drug
during the dispersion test. The size of the lipid particles,
however, decreased with the increase in poloxamer 188
content (Table VI). Such a decrease in particle size may
be the result of more surfactant being available in aqueous
media during dispersion testing to stabilize the oil-water
interface (52).

Effect of Mixing Two Lipids

It is shown in Table V that glyceryl caprylocaprate formed
microemulsion in aqueous media from its 1:1 mixture with
poloxamer 188, while PG monocaprylate formed emulsion
with particle size~3 times higher. In addition, the dispersion

Table V Effect of Lipid Chemical Structure on Particle Size of Lipids During Dispersion Testing of 1:1 Poloxamer 188/Lipid Mixtures in Water at 37°C Using
Fenofibrate as Model Drug

Lipid

Glyceryl caprylocaprate PG monocaprylate Glyceryl monooleate Glyceryl monolinoleate

Time
(min)

Without drug
(nm)a

With drug
(nm)

Without drug
(nm)

With drug
(nm)

Without drug
(nm)

With drug
(nm)

Without drug
(nm)

With drug
(nm)

5 162±9 167±4 265±30 265±74 340±59 362±109 343±6 345±7

10 162±11 162±7 343±10 380±164 402±72 345±25 466±74 462±53

15 161±12 163±5 405±68 346±57 414±40 390±21 506±33 665±123

30 155±16 159±6 441±37 396±26 470±38 450±60 599±60 593±53

45 150±18 152±13 455±39 398±48 479±19 458±49 563±45 583±74

60 157±25 152±13 470±44 404±37 499±11 509±92 649±108 628±46

90 149±18 155±14 508±93 491±108 490±39 489±79 667±69 636±106

120 152±24 158±13 521±15 490±74 527±39 505±100 617±88 623±88

180 149±19 151±18 524±10 476±26 516±65 511±107 672±115 624±82

aMean ± SD (n03)
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of PG monocaprylate in aqueous media was incomplete
(Fig. 7). In contrast, both the model drugs, fenofibrate and
probucol, had much higher solubility in PG monocaprylate
than that in glyceryl ester; for probucol, the solubility was
2.5 times higher (Table IV). It was, therefore, of interest to
determine what impact of combining the two lipids will have
on drug solubility, drug dispersion and particle sizes of lipid
globules formed. Using probucol, it was demonstrated that
the drug solubility in glyceryl caprylocaprate increased
greatly when PG monocaprylate was mixed with it at 2:1
and 1:1 ratios (Table IV). Further, almost complete (>80%)
dispersion of drug was obtained from the mixed lipids
(Fig. 9) in contrast to the dispersion of PG monocaprylate
alone (Fig. 7). Further, the particle size of the mixed lipids in

the dispersion fluid was within the microemulsion range
(<200 nm) (Table VII). Thus, the drug load in the formu-
lations may be increased and the microemulsion after dis-
persion of formulations in GI fluids may be obtained when
PG monocaprylate is mixed with glyceryl caprylocaprate.

Possible Mechanism of Lipid Entrapment by Solid
System

Polyethylene glycols and polyethylene oxides are semicrys-
talline in nature and contain significant amorphous zones
along with their crystalline domains (42,53,54). Being struc-
turally similar to PEG, poloxamer 188 may also contain
similar amorphous zones. It was suggested earlier that cer-
tain polar lipids and surfactants, such as polysorbate 80 (42),
Capmul® PG-8 (32), Cremophor® EL (32) and monoolein
(55) may be incorporated in the amorphous region of the
solid PEG. By confocal Raman microscopic analysis study,
Ping et al. (32) demonstrated that Capmul® PG-8 was in-
terspersed as a separate liquid phase within the solid matrix
of PEG 3350 and the drug remained dissolved in the lipid
phase (32). The results of the present investigation with both
PEG 8000 and poloxamer 188 are in agreement with this
mechanism of lipid entrapment. Distinct crystalline and
amorphous zones of lipid-poloxamer mixture are visible in
Fig. 6(c, d, and e), where the lipid is present in the amor-
phous zone. By using a schematic diagram of PEG struc-
tures, Morris et al. (42) proposed that chains of PEG
protrude from the crystalline zone to the amorphous zone
and such polymeric chains were responsible for immobiliz-
ing polysorbate 80 within PEG-polysorbate solid mixtures.
Similarly, all the poloxamer 188 in Fig. 6 may not exist as

Fig. 8 Dispersion of fenofibrate from different ratios of glyceryl caprylo-
caprate with poloxamer 188 mixtures using 250 ml of water as dispersion
medium at 37°C (n03).

Table VI Effect of Lipid Chemical Structure on Particle Size of Lipids During Dispersion Testing of Various Poloxamer 188/glyceryl caprylocaprate Mixtures
in Water at 37°C Using Fenofibrate as Model Drug

Poloxamer 188/glyceryl caprylocapratea

40:60 45:55 60:40 70:30

Time
(min)

Without drug
(nm)b

With drug
(nm)

Without drug
(nm)

With drug
(nm)

Without drug
(nm)

With drug
(nm)

Without drug
(nm)

With drug
(nm)

5 122±17 124±27 152±4 171±5 178±7 197±27 188±11 431±111

10 103±10 111±27 150±3 167±1 171±7 203±50 198±27 298±144

15 93±8 99±20 145±3 156±2 208±66 213±62 174±10 219±11

30 90±5 93±14 140±4 153±1 170±3 176±10 182±16 204±4

45 89±5 89±10 134±3 146±12 162±3 170±4 165±7 184±6

60 90±9 89±11 133±4 144±15 164±0 166±4 162±6 174±4

90 91±3 86±8 132±5 143±6 156±6 164±7 157±2 175±19

120 92±3 96±11 129±6 145±5 153±6 160±2 154±6 173±16

180 93±2 96±10 132±5 141±13 165±6 158±13 152±0 170±11

a Particle sizes of 50:50 mixtures are given in Table V
b Mean ± SD (n03)
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crystalline spherulites and a certain fraction may extend
from the crystalline zone into the amorphous zone, which
may be responsible for stabilizing lipids within the system.

Only the monoesters formed homogeneous solid masses
in combination with poloxamer 188. When di- and tri-esters
were used in place of monoesters, poloxamer 188 solidified
from molten mixture at the bottom of vials used and the
lipid produced a separate phase at the top of it. The differ-
ence between entrapment of monoesters and di-or tri-esters
may possibly be explained by observations made in the
present study with respect to miscibility of lipids with polox-
amer 188 at elevated temperature. In the molten state at
70–75°C, it was observed that the di- and tri-esters were not
fully miscible with poloxamer 188, and, for this reason, they
were mixed by vortexing before cooling. On the other hand,
the monoglycerides and PG monoesters were fully miscible.
Thus, when the homogeneous mixtures of poloxamer
188 and monoesters were cooled to room temperature,

poloxamer188 solidified and the monoesters remained
trapped within the microstructure. On the other hand,
when the miscibility between poloxamer 188 and the
lipids (di- and tri-glycerides) was low, it is possible that
no such entrapment of lipids occurred. Tejwani et al.
(56) observed by using various liquid polyethylene glycols and
polysorbate 80 that the two components were miscible at high
temperatures and they phase separated once cooled to room
temperature. Further studies are needed to elucidate the
mechanism of why certain lipids are more miscible with
poloxamer 188 than the others.

CONCLUSIONS

Solid self-emulsifying drug delivery system was successfully
prepared using poloxamer 188 as solidifying agent and thus
the need for a liquid surfactant could be avoided or mini-
mized and the lipid content could be increased. The drug
may be incorporated in solid systems as solutions in lipids.
We demonstrated that the lipids containing higher propor-
tion of monoesters in their composition were able to form
solid systems with poloxamer 188. Further, it was confirmed
by DSC, powder XRD and microscopic studies that polox-
amer 188 retained its crystalline structures in the system and
the lipid was interspersed in between crystalline structures as
a separate phase. The PG monoesters demonstrated higher
drug solubility than the glyceryl monoesters. The combina-
tion of PG monoesters with glyceryl monoester resulted into
the formation of microemulsion which was not possible by
PG monoester alone. Thus, this report presents a novel drug
delivery system where the drug can be solubilized in liquid
lipids and then the lipidic solutions can be hardened into solid
mass by dispersing into the microstructure of solid poloxamer
188. Depending on the structure of lipids, microemulsions
could be obtained after dispersion of solid mixtures.

Fig. 9 Dispersion of probucol from 1:1 mixtures of lipid or lipid mixture
with poloxamer 188 using 250 ml of water as dispersion medium at 37°C
(n03).

Table VII Effect of Lipid
Chemical Structure on Particle Size
of Lipids During Dispersion Testing
of 1:1 Poloxamer 188/Lipid
Mixtures in Water at 37°C Using
Probucol as Model Drug

aMean ± SD (n03)

Lipid/lipid mixture

Glyceryl caprylocaprate Glyceryl caprylocaprate/PG
monocaprylate (1:1)

Glyceryl caprylocaprate/PG
monocaprylate (2:1)

Time (min) With Drug (nm)a With Drug (nm) With Drug (nm)

5 198±6 152±10 145±5

10 158±2 146±9 149±18

15 154±1 151±0 145±10

30 150±5 183±30 156±8

45 149±5 156±2 156±6

60 147±5 158±6 156±11

90 146±4 181±48 154±6

120 150±4 199±81 151±4

180 139±5 165±30 148±11
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