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Abstract. Different lipids were melted and resolidified as model systems to gain deeper insight into the
principles of recrystallization processes in lipid-based dosage forms. Solid-state characterization was
performed on the samples with differential scanning calorimetry and X-ray powder diffraction. Several
recrystallization processes could be identified during storage of the lipid layers. Pure triglycerides that
generally crystallize to the metastable α-form from the melt followed by a recrystallization process to the
stable β-form with time showed a chain-length-dependent behavior during storage. With increasing chain
length, the recrystallization to the stable β-form was decelerated. Partial glycerides exhibited a more
complex recrystallization behavior due to the fact that these substances are less homogenous. Mixtures of
a long-chain triglyceride and a partial glyceride showed evidence of some interaction between the two
components as the partial glyceride hindered the recrystallization of the triglyceride to the stable β-form.
In addition, the extent of this phenomenon depended on the amount of partial glyceride in the mixture.
Based on these results, changes in solid dosage forms based on glycerides during processing and storage
can be better understood.
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INTRODUCTION

During the last decade, there has been increased interest
in lipids for the formulation of pharmaceutical dosage forms
(1). The high variability in their structure and therefore
versatile physicochemical properties offer various possibilities
for the production of different dosage forms. Several systems
for the delivery of drugs have already been introduced into
the market, with their characteristics depending on both the
choice of lipid and processing technique. As one of the first
attempts, capsules were filled with liquid or semi-solid lipid
formulations in which the active pharmaceutical ingredient
(API) is either suspended or dissolved (2,3). Solid particles
can be produced with a variety of different methods including
melt extrusion (4), melt granulation (5,6), spray cooling (7),
or spray drying (8). The resulting particles can either be
processed into tablets or filled into capsules. Additional
established systems are solid lipid nanoparticles (9) and
nanostructured lipid carriers (10) which can be produced by
different techniques. In general, each of the techniques
mentioned above involves complete or almost complete
melting of the lipid followed by resolidification in most cases.
There is also a relatively new approach for the formulation of

lipid-based dosage forms called solid lipid extrusion in which
the lipid remains mostly solid during processing (11–13).

The advantages of lipid-based formulations include the
possibility of prolonged release (14) as well as enhance-
ment of solubility and permeability for APIs exhibiting
poor bioavailability (15,16). As the majority of newly
developed chemical entities have poor solubility and
permeability (17), bioavailability enhancement is increas-
ingly important. Furthermore, taste masking and protection
of sensitive APIs is possible with the help of lipids as
excipients (18). In addition, lipids are biodegradable and
physiologically nontoxic.

Lipid-based dosage forms can exhibit stability problems
associated with complex solid-state behavior (19). In general,
three polymorphic forms are characteristic for lipids in which
the fatty acid chains exhibit different packing modes and
consequent thermodynamic energies (20). The α-form is the
highest energy polymorph, the β′-form is intermediate, and
the β-form is the lowest energy and hence thermodynamically
stable form (21). Furthermore, for some lipids, an additional
form called the sub-α-form is known. The relationship
between the different forms is monotropic, and thus, trans-
formations to more stable forms over time are likely to
happen. However, the resulting polymorphic form and trans-
formation rate are influenced by the temperature of the
system (22).

As previously mentioned, most processing approaches
involve the melting of the lipid with the potential for an
unstable polymorphic form to crystallize during resolidifica-
tion. Therefore, the processing of dosage forms is often
accompanied by undesired solid-state changes (23,24). In
addition, the polymorphic form of the lipid after processing

1 Institute of Pharmaceutics and Biopharmaceutics, Heinrich-Heine-
University, Universitaetsstr. 1, 40225 Düsseldorf, Germany.

2 Centre for Drug Research, University of Helsinki, Helsinki, Finland.
3 Division of Pharmaceutical Technology, Faculty of Pharmacy,
Helsinki, Finland.

4 School of Pharmacy, University of Otago, Dunedin, New Zealand.
5 To whom correspondence should be addressed. (e-mail: kleinebudde@
uni-duesseldorf.de)

AAPS PharmSciTech, Vol. 10, No. 4, December 2009 (# 2009)
DOI: 10.1208/s12249-009-9311-5

1530-9932/09/0400-1224/0 # 2009 American Association of Pharmaceutical Scientists 1224



might undergo a change to another form during storage, often
referred to as “aging” in the literature (25). These changes
can lead to alteration of the dissolution characteristics of the
drug and possibly bioavailability of the drug in human body
(12,26).

At present, there is a lack of understanding of the
underlying principles of such transformations during the
manufacturing of pharmaceutical dosage forms, and hence,
the formulation of lipid-based dosage forms is often per-
formed based on empirical knowledge. However, for reliable
and reproducible dosage forms, an understanding of the
physicochemical behavior is mandatory to prevent potential
stability problems.

In previous studies, different triglycerides which were
processed to solid lipid extrudates were found to exhibit
different polymorphic forms after manufacturing depending
on their structure and the extrusion temperature (12). In
addition, interactions between triglycerides and partial glyc-
erides were revealed during extrusion, which subsequently
affected the release of the drug (27). Based on these
experiences, a systematic investigation of the influence of
chain length, storage temperature, substitution, and interac-
tions between different lipids was performed. Therefore,
different powdered glycerides were melted above their
melting points and resolidified in Teflon molds as thin lipid
layers in order to investigate their recrystallization behavior.
Storage experiments were performed using different climatic
conditions (room temperature and 40°C) to examine the
influence of temperature on the crystallization processes. In
addition, mixtures of different lipid powders were prepared
and subjected to the same experiments as the pure powders
to eludicate possible interactions between the lipids which
might affect the recrystallization behavior. Based on these
studies with the lipid layers serving as model systems, a better
understanding of the processes determining the solid-state
behavior of lipid-based dosage forms should be provided in
order to ensure reproducible and stable lipid-based dosage
forms.

MATERIALS AND METHODS

Materials

The pure powdered monoacid triglycerides trilaurin
(Dynasan 112®), tripalmitin (Dynasan 116®), and tristearin
(Dynasan 118®), as well as the partial glycerides glyceryl
monostearate (Inwitor 491®) and glyceryl stearate (Imwitor
900P®), were provided by Sasol (Witten, Germany) and used
as received. The crystal structure of the powders was verified
with X-ray powder diffraction before use.

Methods

Preparation of Melts

The powdered lipids were completely melted 20°C
above their melting points. Each melt was held for 3 min
before they were poured into purpose-built Teflon molds.
The melts resolidified in thin lipid layers (2 mm) in
ambient conditions.

Storage

The lipid layers were stored at either room temperature or
in a climate chamber at 40°C (Ehret, Emmendingen, Germany).

Sampling

At certain time points, samples of appropriate size of the
lipid layer surface were removed with a medical scalpel and
investigated. Analysis was performed on the freshly resolidified
sample and after 24 and 48 h. Afterwards, measurements were
conducted in a 2-day interval up to 16 days. The following
measurements were accomplished after 24, 36, 48, and 60 days.

Differential Scanning Calorimetry

Thermal analysis was performed on the lipids using a
DSC 821e calorimeter (Mettler-Toledo, Gießen, Germany).
Samples (approximately 5 mg) were weighed into 40-μl
aluminum pans which were hermetically sealed. The
apparatus was heated from 20°C to 100°C with a heating
rate of 10°Cmin−1. All experiments were conducted twice.

X-Ray Powder Diffraction

Diffractograms were recorded with a theta–theta X-ray
diffractometer (D8 Advance, Bruker AXS GmbH, Karlsruhe,
Germany). Measurements were performed in symmetrical
reflection mode with CuKα radiation (λ=1.54 Å) with Göbel
mirror bent multilayer optics in the angular range of 5–40° (2θ).
The step size was 0.05° (2θ), and the measuring time was of 1 s
per step. Each experiment was conducted in triplicate compress-
ing the samples into the sample holder, hence providing a
smooth surface.

Hot-Stage Microscopy

Thermomicroscopic investigations were performed with
a hot-stage FP 900 (Mettler-Toledo, Gießen, Germany) in
combination with an optical microscope M 76 (Leica, Wetzlar,
Germany). The powdered lipids were heated up to 10°C
above their melting points, and the melt was held for at least
3 min at this temperature before monitoring the resolidifica-
tion at room temperature.

RESULTS AND DISCUSSION

Monoacid Triglycerides and the Influence of Fatty Acid
Chain Length

Three monoacid triglycerides differing in their fatty acid
chain length were investigated with respect to their recrystalli-
zation behavior from the corresponding melts. The resolidified
melts were stored either at room temperature or 40°C and
investigated after certain time intervals with a combination of
differential scanning calorimetry (DSC) and X-ray powder
diffraction (XRPD) measurements.

Trilaurin, a monoacid triglyceride containing 12 C-atoms
for each fatty acid esterified with the glycerol molecule,
exhibits two melting endotherms for the freshly solidified
sample (Fig. 1a, b) with the onsets at 34°C and at 44°C
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(Fig. 1a, b). The first endotherm is due to the melting of the
unstable β′-form, whereas the second endotherm indicates
the melting of the stable β-form of trilaurin. Both onsets are
in good agreement with the reported melting points of the
two forms (28). As thermal events observed using DSC are
associated with physical and/or chemical changes which have
not been present in the original sample, XRPD patterns were
recorded as complimentary data (Fig. 2a, b). The freshly
resolidified sample of trilaurin exhibits several peaks which
can be related to different polymorphic forms. Peaks at 19.4°
and 23.1° are due to the β-form, whereas the peak at 21.1°
corresponds to the β′-form (29). After 24 h of storage at

room temperature, only the stable β-form can be detected
using both DSC and XRPD (Figs. 1a and 2a). The same result
is obtained for those samples stored at 40°C (Figs. 1b and 2b).
The unstable α-form is not observed in these studies due to
the fact that its reported melting point of 14°C is below room
temperature (28). In conclusion, for trilaurin, the storage
temperature of the resolidified melt is of minor importance as
the samples stored at different temperatures exhibit the same
thermal behavior irrespective of storage conditions. The
recrystallization from the melt was visualized by hot-stage
microscopy (Fig. 3a). The appearance of the β-form is
associated with a flower-like morphology.

Fig. 1. DSC thermograms of resolidified triglycerides during storage. Trilaurin a at room conditions, b at 40°C, tripalmitin
c at room conditions, d at 40°C, tristearin e at room conditions and f at 40°C
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Tripalmitin is a triglyceride with the fatty acids each
containing 16 C-atoms. The corresponding thermograms are
depicted in Fig. 1c, d. Different polymorphic forms as can be
identified in the figures for the freshly resolidified sample.
The endothermic melting peak of the unstable α-form is
depicted with its onset at 44°C directly followed by the
recrystallization exotherm of the metastable β′-form (onset
51°C) (28). This peak is formed through the resolidification of
the molten α-form during DSC measurement. The stable β-
form can be identified by its melting endotherm (onset 63°C).
The melting points in the literature are in good agreement
with those in this study (28). The XRPD patterns of the

sample samples are depicted in Fig. 2c, d. The freshly
resolidified sample exhibits only the pure α-form, as indicated
by the peak at 21.4° (29). During the storage at room
temperature (Fig. 2c), the α-form of the triglyceride remains
the only polymorphic form which can be detected. DSC
measurements exhibit some shortcomings in this context as
the sample which had originally been in the α-form is able to
recrystallize in other polymorphic forms after less stable
forms melt during the measurements. This example shows the
importance of choosing suitable analytical methods as DSC
must be complemented by a method such as XRPD to
defintively determine the crystal form(s) of the sample. The

Fig. 2. XRPD patterns of resolidified triglycerides during storage. Trilaurin a at room conditions, b at 40°C, tripalmitin c at
room conditions, d at 40°C, tristearin e at room conditions and f at 40°C
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same solid-state behavior was observed with both DSC
(Fig. 1d) and XRPD (Fig. 2d) for the sample stored at 40°C.
After 24 h of storage, only the β-form of the lipid can be
detected. Interestingly, the β′-form cannot be detected, a fact
which is in accordance with the literature (29). Two reasons
have been proposed for this: on the one hand, the melting of
the β′-form is strongly suppressed by the recrystallization of
the β-form which hinders its detection, and on the other
hand, there is evidence that the α-form can directly transform
to the β-form.

In conclusion, tripalmitin crystallizes in its α-form after
melting. During storage, the temperature plays an important
role and affects the rate of recrystallization to a more stable
form. During storage at 40°C, the stable β-form was obtained
after 24 h, whereas at room temperature, no recrystallization
had occurred after 60 days. The crystallization of the α-form
from the melt could be visualized with hot-stage microscopy
(Fig. 3b).

Tristearin is the triglyceride with the longest fatty
acids (chain length 18 C-atoms) and hence the highest
melting point. It also showed different solid-state behavior
in different storage conditions. The freshly resolidified
samples (Fig. 1e, f) exhibit the following thermal events
during DSC measurements: a melting endotherm of the
unstable α-form (onset 54°C), a recrystallization exotherm
of the metastable β′-form (onset 63°C), and a melting
endotherm of the stable β-form (onset 69°C) (28). Tri-
stearin samples stored at room temperature exhibit all three
forms in the DSC thermograms during the investigation
period of 60 days (Fig. 1e). With respect to the storage at
40°C, the effect of temperature on the recrystallization is
clearly visible (Fig. 1f). Already after 1 day of storage, the
α-form melting endotherm has decreased in intensity, while

the β-form melting endotherm peak has increased in
intensity. After 48 days, the α- and β′-forms cannot be
detected in the thermogram. Therefore, the recrystallization
to the stable β-form was complete.

The data recorded with DSC and XRPD revealed a
behavior that was similar to that of tripalmitin. The XRPD
patterns of tristearin are depicted in Fig. 2e, f. The freshly
resolidified sample exhibited only the α-form of the lipid, as
indicated by the sole peak at 21.4° (29). The same results
could be found for the samples stored at room temperature
over 48 days. Samples stored at 40°C exhibited solid-state
transformations during storage. As for tripalmitin, no peaks
indicating the β′-form (peaks at 21.1° and 23.3°) can be
observed as discussed above (29). After 4 days of storage,
peaks indicating the β-form appear (19.4° and 23.1°). The
DSC thermograms and XRPD patterns are in good accord-
ance with respect to when only the β-form is observed for the
tristearin samples. Both methods suggest that the α-form is
not present after 48 days of storage. Prior to this, a mixture of
peaks correlating to α- and β-form can be found.

The influence of chain length on recrystallization rate
was evident upon comparison of tripalmitin and tristearin,
with tristearin, which consists of longer fatty acids, exhibiting
a slower recrystallization to the stable form. This fact should
be interpreted in light of the temperature difference between
the storage and melting temperatures of the β-form of the
two lipids. For tristearin, this difference is 33°C, while for
tripalmitin, it is 26°C.

In conclusion, fatty acid chain length, storage temperature,
and storage time were found to affect the recrystallization
behavior of lipids from resolidified melts. The chain length of
the fatty acids which are esterfied with glycerol in a triglyceride
molecule affected the recrystallization as the transformation
rate from unstable to stable polymorphic forms decreased with
increasing chain length at the temperatures used for storage
experiments in this study. The second variable, storage temper-
ature, had a pronounced effect on recrystallization to more
stable polymorphic forms. Increasing the temperature greatly
accelerated the recrystallization to the stable form.

Partial Glycerides and the Influence of Degree
of Esterification

In contrast to the triglycerides in which each moiety of
the glycerol molecule is esterified with a fatty acid, partial
glycerides contain only one or two esterified glycerol
moieties. In this study, a monoglyceride and a mixed partial
glyceride consisting of approximately equal proportions of
monoglycerides and diglycerides containing stearic acid were
investigated.

The DSC thermograms of the monogylceride glyceryl
monostearate are depicted in Fig. 4a, b. The freshly
resolidified sample exhibits two endothermic melting peaks
with onsets at 37°C and 71°C. The lower melting endotherm
could be identified as the sub-α-form of the partial glyceride
(28). The endotherm with the onset at 71°C is due to the
melting of the α-form (28). The XRPD diffractograms
(Fig. 5a, b) show a significant peak for the α-form at 21.3°
(30). The sub-α-form could not be identified with this method
in this study. During storage at room temperature, the sub-α-
form can be detected up to 36 days with DSC. The α-form

Fig. 3. Recrystallization of triglycerides from the melt. a Trilaurin
and b tripalmitin
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can be monitored up to 16 days. Subsequently, the peak shifts
slightly toward higher temperatures to reach a melting
endotherm with an onset of 75°C after 36 days of storage.
This peak corresponds to the stable β-form of the lipid (30).
The results are in good agreement with the XRPD patterns
(Fig. 5a) as they also show evidence of the β-form after
24 days of storage (19.5° and 22.5°) (30). After 36 days of
storage, the peak indicating the α-form disappears. In
comparison, the samples stored at 40°C only exhibit the
sub-α-form for the freshly resolidified sample (onset 37°C) as
well as the α-form (onset 71°C; Fig. 4b) (28). After 24 h of
storage, these peaks can no longer be detected. With respect
to other polymorphic forms, the peak with an onset of 75°C
indicating the stable β-form is observed after 1 day of storage
at 40°C. These findings correspond to the data obtained by
XRPD (Fig. 5b).

The results for the second partial glyceride glyceryl
stearate which was investigated are depicted in Figs. 4c, d
and 5c, d. As the substance is rather chemically inhomoge-
neous, the assignment of melting or crystallization events
in the thermograms is very difficult (28), with the different
thermal events overlapping. It can thus only be stated that
the melting endotherm during storage at room temperature
shifts to higher temperatures over time, indicating trans-
formations to more stable and less energetic forms. During
storage at 40°C, this shift occurs faster and the peaks are
more defined as the higher temperature facilitates such

transformations. The peak at 22° in the XRPD pattern
(Fig. 5c, d) suggests the α-form of the glycerides for the
freshly resolidified sample (Fig. 5c) (28). During storage at
room temperature, a broader pattern occurs which cannot
be definitively assigned. In comparison, at 40°C storage,
the peaks become more resolved (Fig. 5d).

In conclusion, the peak assignment in the case of the partial
glycerides is more complex than for triglycerides. Temperature
plays an important role during storage as increased temperature
increases the velocity of recrystallization.

Mixtures of a Triglyceride and a Partial Glyceride
and the Impact of Interactions

Two different mixtures of tristearin and glyceryl mono-
stearate powders were prepared to investigate the impact of
possible interactions between the two lipids on their solid-
state behavior. The mixing ratios were 90% tristearin/10%
glyceryl monostearate and 50% tristearin/50% glyceryl
monostearate (w/w).

After mixing for 15 min, the powder mixtures were
melted as described in MATERIALS AND METHODS
and resolidified. The DSC thermograms are depicted in
Fig. 6. The 90:10% mixture of tristearin and glyceryl
monostearate (Fig. 6a, b) exhibits only one melting
endotherm with an onset of 53°C for the freshly resolidi-
fied sample, which corresponds to the tristearin α-form

Fig. 4. DSC thermograms of resolidified partial glycerides during storage. Glyceryl monostearate a at room conditions, b at
40°C, glyceryl stearate c at room conditions and d at 40°C
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(28). As there are no further melting peaks, it can be
assumed that glyceryl monostearate is in a crystal form
which melts within the temperature range of the tristearin
α-form. For the samples stored at room temperature, this
melting endotherm remains essentially the same for 60 days
of storage. In addition, after 24 h of storage, a tiny melting
endotherm (onset 65°C) appears, which becomes more
intense over time. This peak is due to the recrystallization
of the tristearin β-form from the molten sample during
DSC measurement (28). The XRPD patterns (Fig. 7a) only
depict the tristearin α-form peak (21.4°) during the whole
storage time (29).

The samples stored at 40°C exhibit substantially
different thermal behavior (Fig. 6b). After storage for
24 h, a large endotherm (onset 66°C) can be detected
corresponding to the stable β-form of tristearin (28). In
addition, up to a storage duration of 16 days, a small
melting endotherm with an onset at 53°C is present and
corresponds to the α-form of tristearin (28).

Since glyceryl monostearate is only present in a very
low concentration and the melting ranges of tristearin and
glyceryl monostearate overlap, it is very difficult to make a
statement about the polymorphic forms of the partial
glyceride. The XRPD patterns (Fig. 7b) correspond to the
results obtained by DSC measurements. The freshly
resolidified sample contains tristearin in its α-form (peak
21.4°) which transforms to a mixture of α- and β-forms

(peaks at 19.4°, 23.1°, and 24.05°) (29) over time. After
24 days of storage, only the tristearin β-form is evident.

It is interesting to compare the recrystallization
behavior of pure tristearin melts with melts consisting of
90% tristearin and 10% glyceryl monostearate. The XRPD
patterns (Figs. 2e, f and 7a, b) do not show any significant
differences. In this case, DSC measurements are the
method of choice to investigate solid-state differences
(Figs. 1e, f and 6a, b). For samples stored in room
temperature (Figs. 1e and 6a), an increased incidence of
the unstable tristearin α-form can be detected for the
sample containing the mixture in comparison to the pure
tristearin melt. During the DSC measurement, the tris-
tearin α-form melts, and hence, recrystallization of more
stable polymorphs can occur. In the mixture, it appears
that the glyceryl monostearate is able to prevent or delay
the transformation from the tristearin α-form (peak onset
63°C) to the stable β-form as the β-form peak (onset 69°C)
exhibits a much reduced intensity compared to the pure
tristearin sample (28). The α-form is probably stabilized by
combined structures of tristearin and glyceryl monostearate
on the intermolecular level. The ability of a partial glyceride
to hinder another lipid transforming into its stable polymorph
has been previously reported (31,32). In the chocolate
industry, this specific effect is used to maintain an unstable
polymorph of cocoa butter which appears more glossy than
the recrystallised stable polymorph (33).

Fig. 5. XRPD diffractograms of resolidified partial glycerides during storage. Glyceryl monostearate a at room conditions, b
at 40°C, glyceryl stearate c at room conditions and d at 40°C
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It is also interesting to compare the DSC pattern of the
tristearin and the mixed samples stored at 40°C (Figs. 2f and
7b). Even though the presence of the partial glyceride,
glyceryl monostearate, hinders the formation of the β-form
during DSC measurement, complete transformation to the
tristearin β-form is faster and more pronounced than in the
case of pure tristearin during storage. For the pure tristearin
sample (Fig. 1f), the melting peak of the α-form can be
observed for up to 48 days of storage, whereas in the
thermogram of the mixed sample, the melting endotherm of
the α-form is absent after only 24 days of storage (28). This
phenomenon is probably associated with a less organized and
energetically favorable packing and higher molecular mobility
in the resolidified melt of the combined lipids due to the
different structures of the two lipids which are mixing. This
might affect the mixed melt in terms of recrystallization rate
at higher temperatures.

The extent of interactions between the partial glyceride
and the triglyceride was investigated further in the lipid
mixture containing 50% tristearin and 50% glyceryl mono-
stearate (w/w). TheDSC thermograms are depicted in Fig. 6c, d.
The freshly resolidified sample exhibits three melting endo-
therms. Their onsets can be detected at 37°C, 53°C, and
66°C, respectively (28). The first peak is due to the unstable
sub-α-form of glyceryl monostearate. The melting endotherm
having its onset at 53°C corresponds to the α-form of
tristearin, whereas the last endotherm (onset 66°C) is a

mixture of melting events of both lipids which is difficult to
assign to the exact polymorphic forms of the lipids (28).
During storage at room temperature, the sub-α-form of
glyceryl monostearate as well as the α-form of tristearin
remain in the resolidified sample for the whole storage time.
The melting endotherm with an onset at 66°C also persists.
After 6 days of storage, a tiny melting endotherm (onset
72°C) occurs corresponding to the tristearin β-form. In
contrast, in the sample stored at 40°C, the sub α-form is
only detected up to 6 days of storage with the peak onset
shifting from 37°C up to 41°C (Fig. 4d). The tristearin α-form
(onset 54°C) is detectable up to 8 days of storage. The
melting endotherm with an onset at 65°C corresponding to
both glycerides in the resolidified melt can be detected for
4 days. After 6 days of storage, this peak becomes bimodal,
and then the peak completely shifts to higher temperatures
(onset 71°C) with a shoulder remaining at lower temperatures.
The maximum of this endotherm is likely to be due to a mixture
of the stable β-forms of tristearin and glyceryl monostearate
(28). TheXRPDpatterns (Fig. 7c, d) did not offer any additional
information.

In conclusion, resolidified melts consisting of mixtures
of triglyceride and partial glyceride show diverse solid-state
behavior. Small quantities of partial glyceride (10%)
increased the amount of unstable α-form of the triglyceride
compared to that of a pure tristearin melt. This behavior
was also observed for the mixture containing 50% partial

Fig. 6. DSC thermograms of resolidified lipid mixtures during storage. 90% tristearin/10% glyceryl monostearate (w/w) a at
room conditions, b at 40°C, 50% tristearin/50% glyceryl monostearate (w/w) c at room conditions and d at 40°C
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glyceride. Nevertheless, the mixtures allow faster recrystal-
lization of the stable β-form than pure tristearin melts
during storage. This becomes obvious upon comparison of
the pure tristearin sample (Fig. 1f) and the mixtures
(Fig. 6b, d) after storage in 40°C. Again, increasing the
temperature accelerated the transformation rate to more
stable polymorphic forms. Comparing the different mixing
ratios suggests that the ability of the solid state form of the
triglyceride to incorporate different amounts of the partial
glyceride molecules affects the transformation rate to a
large extent. The mixture containing 10% glyceryl mono-
stearate exhibits the tristearin α-form for 16 days (Fig. 6b),
whereas the mixture containing 50% glyceryl monostearate
features the tristearin α-form just for 10 days (Fig. 6d).

CONCLUSION

Solid-state analysis of thin glyceride layers of pure
triglycerides or mixtures of a triglyceride and a partial
glyceride as model systems for lipid-based dosage forms led
to a deeper insight into the principles of recrystallization from
melts and during storage. The combination of DSC and
XRPD measurements was found to give a comprehensive
overview of the recrystallization from the melts. It could be
shown that the results of only one method can be misleading
for the interpretation.

Triglycerides exhibited chain-length-dependent recrys-
tallization behavior. With increasing chain length, the
recrystallization to the stable polymorph was decelerated
at each storage temperature. Partial glycerides exhibited a
more complex recrystallization behavior due to the fact
that the melting ranges of their different polymorphs
overlap. The combination of a triglyceride and a partial
glyceride led to interactions influencing the recrystalliza-
tion. Generally, temperature was shown to have a pro-
nounced impact on the rate of recrystallization with the
higher temperature accelerating the recrystallization. But
storage at elevated temperatures does not necessarily lead
to a fast transformation to the stable form of the lipid.
Based on these results, changes in solid dosage forms
based on glycerides during processing and storage can be
better understood. A deeper knowledge of the underlying
principles of solid-state changes in lipids used in the
pharmaceutical setting is mandatory to avoid unpredictable
and undesirable changes in glyceride-based dosage forms
during processing and storage.
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1232 Windbergs, Strachan, Kleinebudde



REFERENCES

1. Porter CJH, Charman WN. In vitro assessment of oral lipid
based formulations. Adv Drug Deliv Rev. 2001;50:127–47.

2. Cole ET. Liquid-filled hard-gelatin capsules. Pharm Technol.
1989;13:124–40.

3. Bowtle WJ. Materials, process, and manufacturing considera-
tions for lipid-based hard-capsule formats. In: Hauss DJ, editor.
Oral lipid-based formulations—enhancing the bioavailability of
poorly water-soluble drugs. New York: Informa Healthcare;
2007. p. 79–106.

4. Liu J, Zhang F, McGinity JW. Properties of lipophilic matrix
tablets containing phenylpropanololamine hydrochloride prepared
by hot-melt extrusion. Eur J Pharm Biopharm. 2001;52:181–90.

5. Evrard B, Amighi K, Beten D, Delattre L, Moës AJ. Influence of
melting and rheological properties of fatty binders on the melt
granulation process in a high-shear mixer. Drug Dev Ind Pharm.
1999;25:1177–84.

6. Zhang YE, Schwartz JB. Melt granulation and heat treatment
for wax matrix-controlled drug release. Drug Dev Ind Pharm.
2003;29:131–8.

7. Cavallari C, Rodriguez L, Albertini B, Passerini N, Rosetti F,
Fini A. Thermal and fractal analysis of diclofenac/Gelucire 50/13
microparticles obtained by ultrasound-assisted atomization. J
Pharm Sci. 2005;94:1124–34.

8. Chauhan B, Shimpi S, Paradkar A. Preparation and character-
ization of etoricoxib solid dispersions using lipid carriers by spray
drying technique. AAPS PharmSciTech. 2005;6:E405–12.

9. Bunjes H, Westensen K, Koch MHJ. Crystallization tendency
and polymorphic transitions in triglyceride nanoparticles. Int J
Pharm. 1996;129:159–73.

10. Ricci M, Puglia C, Bonina F, Di Giovanni CD, Giovagnoli S,
Rossi C. Evaluation of indomethacin percutaneous absorption
from nanostructured lipid carriers (NLC): in vitro and in vivo
studies. J Pharm Sci. 2005;94:1149–59.

11. Pinto JF, Silverio NP. Assessment of the extrudability of three
different mixtures of saturated polyglycolysed glycerides by
determination of the “specific work of extrusion” and cappillar
rheometry. Pharm Dev Tech. 2001;6:117–28.

12. Windbergs M, Strachan CJ, Kleinebudde P. Understanding the
solid-state behaviour of triglyceride solid lipid extrudates and its
influence on dissolution. Eur J Pharm Biopharm. 2009;71:80–7.

13. Breitkreutz J, El Saleh F, Kiera C, Kleinebudde P, Wiedey W.
Pediatric drug formulation of sodium benzoate: II. Coated
granules with a lipophilic binder. Eur J Pharm Biopharm.
2003;56:255–60.

14. Hamdani J, Moes AJ, Amighi K. Development and evaluation of
prolonged release pellets obtained by the melt pelletization
process. Int J Pharm. 2002;245:167–77.

15. Prabhu S, Ortega M, Ma C. Novel lipid-based formulations
enhancing the in vitro dissolution and permeability characteristics
of a poorly water-soluble model drug, piroxicam. Int J Pharm.
2005;301:209–16.

16. Humberstone AJ, Charman WN. Lipid based vehicles for the
oral delivery of poorly water soluble drugs. Adv Drug Deliv Rev.
1997;25:103–28.

17. Löbenberg R, Amidon GL. Modern bioavailability, bioequili-
brance and biopharmaceutics classification system. New scientific
approaches to international regulatory standards. Eur J Pharm
Biopharm. 2000;50:3–12.

18. Qi S, Deutsch D, Craig DQ. An investigation into the
mechanisms of drug release from taste-masking fatty acid
microspheres. J Pharm Sci. 2008;97:3842–54.

19. Hamdani J, Moes AJ, Amighi K. Physical and thermal character-
isation of Precirol® and Compritol® as lipophilic glycerides used
for the preparation of controlled-release matrix pellets. Int J
Pharm. 2003;260:47–57.

20. Sato K. Crystallization behaviour of fats and lipids—a review.
Chem Eng Sci. 2001;56:2255–65.

21. Sato K, Ueno S, Yano J. Molecular interactions and kinetic
properties of fats. Prog Lipid Res. 1999;38:91–116.

22. MacNaughtan W, Farhat IA, Himawan C, Starov VM, Stapley
AGF. A differential scanning calorimetry study of the crystal-
lization kinetics of the crystallization kinetics of tristearin–
tripalmitin mixtures. J Am Oil Chem Soc. 2006;83:1–9.

23. Whittam JH, Rosano HL. Physical aging of even saturated
monoacid triglycerides. J Am Oil Chem Soc. 1975;52:128–33.

24. Khan N, Craig DQM. Role of blooming in determinig the
storage stability of lipid-based dosage forms. J Pharm Sci.
2004;93:2962–71.

25. Sutananta W, Craig DQM, Newton JM. The effects of ageing on
the thermal behaviour and mechanical properties of pharma-
ceutical glycerides. Int J Pharm. 1994;111:51–62.

26. Choy YW, Khan N, Yuen KH. Significance of lipid matrix aging
on in vitro release and in vitro bioavailability. Int J Pharm.
2005;299:55–64.

27. Windbergs M, Strachan CJ, Kleinebudde P. Influence of the
composition of glycerides on the solid-state behaviour and the
dissolution profiles of solid lipid extrudates. Int J Pharm.
2009;381:184–91.

28. Hagemann JW. Thermal behaviour and polymorphism of
acylglycerides. In: Garti N, Sato K, editors. Crystallization and
polymorphism of fats and fatty acids. New York: Marcel Dekker;
1988. p. 9–95.

29. Kellens M, Meeussen W, Gehrke R, Reynaers H. Synchrotron
radiation investigations of the polymorphic transitions of satu-
rated monoacid triglycerides. Part 1: tripalmitin and tristearin,
chemistry and physics of lipids. Chem Phys Lipids. 1991;58:131–
44.

30. Yajima T, Itai S, Takeuchi H, Kawashima Y. Determination of
optimum processing temperature for transformation of glyceryl
monostearate. Chem Pharm Bull. 2002;50:1430–3.

31. Garti N, Schlichter J, Sarig S. DSC studies concerning poly-
morphism of saturated monoacid triglycerides in the presence of
food emulsifiers. Fat Sci Technol. 1988;90:295–9.

32. Garti N. Effects of surfactants on crystallization and polymorphic
transformation of fats and fatty acids. In: Garti N, Sato K,
editors. Crystallization and polymorphism of fats and fatty acids.
New York: Marcel Dekker; 1988. p. 267–303.

33. Schlichter-Aronhime J, Garti N. Solidification and polymorphism
in cacao butter and the blooming problems. In: Garti N, Sato K,
editors. Crystallization and polymorphism of fats and fatty acids.
New York: Marcel Dekker; 1988. p. 363–93.

1233Investigating Principles of Recrystallization from Glyceride Melts


	Investigating the Principles of Recrystallization from Glyceride Melts
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Methods
	Preparation of Melts
	Storage
	Sampling
	Differential Scanning Calorimetry
	X-Ray Powder Diffraction
	Hot-Stage Microscopy


	RESULTS AND DISCUSSION
	Monoacid Triglycerides and the Influence of Fatty Acid Chain Length
	Partial Glycerides and the Influence of Degree of Esterification
	Mixtures of a Triglyceride and a Partial Glyceride and the Impact of Interactions

	CONCLUSION
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


