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Abstract

Equilibrium data of the solubility of carbon dioxide in Precirol® ATOS5, Compritol® 888 ATO and Gelucire® 43-01, three solid lipid carriers
suitable for controlled/sustained delivery, were measured by a static analytical method for three different temperatures each, in a pressure range
from 10 to 20 MPa. The influence of the presence of carbon dioxide in the melting point of the lipid matrices was also studied by a visual method
for pressures up to 30 MPa. All the compounds studied presented a similar behaviour in the presence of carbon dioxide, showing a decrease in the
melting points between 5 and 13 °C, whereas the solubility of carbon dioxide varies from 0.3 to 0.5 g/g of lipid compound. These results are of
utmost importance to design supercritical fluid processes for particle formation at lower operating costs.
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1. Introduction

The development of new drugs faces a series of usual prob-
lems that vary in a wide range on nature, from physical-chemical
problems (solubility—stability), to the routes of administration
(bioavailability, excipients, regulatory issues, particle size) and
to engineering problems (scale-up production) [1]. To overcome
these problems, and to improve the in vivo properties of bioac-
tive ingredients, either drugs or nutraceuticals, the development
of suitable carriers as well as the adequate techniques to bind the
compounds is required. Lipid particles are extremely promising
carriers. With regard to parenteral application they have excel-
lent stability, they protect the incorporated labile drugs from
degradation and can be used for controlled release systems [2].
Even the potential disadvantages they might have, such as insuf-
ficient drug loading capacity and polymorphic transitions during
storage, which leads to drug expulsion, can be avoided with an
accurate choice of compounds. The less perfect the lipid matrix
is, the better it will be to ensure more drug loading and less phase
transitions. Therefore, the use of complex lipids, with different
molecules and different chain lengths is a great choice in terms
of preparation of controlled release systems with improved phar-
macological/therapeutic properties [3].

* Corresponding author. Tel.: +351 214469727, fax: +351 214421161.
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Precirol® ATOS5 (Cj6 and Cjg), Compritol® 888 ATO (C,)
and Gelucire® 43-01 (Cj3—Cig) are naturally-derived lipid
matrices mainly composed of glyceryl fatty acids (Cj2—C22).
They have been used to enhance the bioavailability of sensi-
tive drugs, to protect active ingredients from light, moisture and
oxidation and as controlled release agents [3—10]. Furthermore,
the fact that they are made from biocompatible natural matrices
decreases the danger of toxicity, making them suitable not only
for pharmaceutical but also to food and nutraceuticals industry.
These compounds are regarded as GRAS (generally recognized
as safe) products by Food and Drug Administration.

Supercritical fluid (SCF) technology has been shown to be
a viable option in the formulation of particulate drug delivery
systems [11-18]. The unique solvent tuneability of supercritical
fluids, from gas-like to liquid-like properties, offers the possi-
bility of precise control over the operative parameters, leading
to production of particles with controllable morphology, narrow
size distribution and low static charge. One of the SCF tech-
niques to produce particles is known as PGSS®—Particles from
Gas Saturated Solutions [16]. These gas saturated solutions are
formed by dissolving a compressed gas in the bulk of a liquid.
The mixture is then rapidly expanded through a nozzle, caus-
ing the complete evaporation of the gas and solidification of
the liquid. During expansion the liquid cools down below its
solidification temperature, due to the Joule-Thompson effect,
thus forming fine particles [17]. Unlike other SCF processes,
PGSS® allows to form particles of substances that do not need



to be soluble in carbon dioxide [18]. The critical condition in this
case is the melting behaviour of the compound in the presence
of carbon dioxide.

In this work, the influence of carbon dioxide in the melting
point of the three lipid matrices, Precirol® ATO5, Compritol®
888 ATO and Gelucire® 43-01, was studied by a visual method
for pressures up to 30 MPa. Equilibrium data of the solubility
of carbon dioxide in the lipid mixtures was measured by a static
analytical method for three different temperatures each, in a
pressure range from 10 to 20 MPa.

2. Experimental
2.1. Materials

Precirol® ATOS3, Comprit01® 888 ATO and Gelucire® 43-01
were kindly provided by Gattefossé. According to the supplier
Precirol® ATOS5 is mainly composed of palmitic and stearic acids
(Ci6 and Cyg), Compritol® 888 ATO is mainly composed of
behenic acid (Cp,) and Gelucire® 43-01 is a mixture of satu-
rated fatty acids with carbon chains from Ciy to C;g. Carbon
dioxide (99.998 mol%) was supplied by Air Liquide and chlo-
roform (99%) by Panreac Quimica SA.

2.2. Experimental procedures

In this study two different methods were used to investi-
gate the incorporation of carbon dioxide in Precirol® ATOS,
Compritol® 888 ATO and Gelucire® 43-01. A visual method
was applied to measure the variation of the compounds’ melting
points in the presence of carbon dioxide, and a static analytical
method was applied to quantify the amount of carbon dioxide
solubilized in the lipid matrices.

2.3. Melting point determination

The variation in the melting point of the lipidic mixtures was
measured in a high-pressure apparatus, schematically presented
in Fig. 1, in a similar method to the one described by Fukné-
Kokot et al. [19]. Briefly, a sample is placed inside a capillary
tube, which by its turn is inserted in a high-pressure cell with sap-
phire windows, with an internal volume of approximately 4 cm?>.
The desired amount of carbon dioxide is pumped into the cell,
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Fig. 1. High-pressure apparatus for melting point measurements: (a) heated
sapphire-windowed cell and (b) capillary tube.

with an accuracy of 0.05 MPa and then temperature is continu-
ously increased until the last solid particle melts. Measurements
were performed in a pressure range up to 30 MPa. Although
accurate measurements are dependent on the observer, the direct
observation of the phase equilibrium and the small amounts of
sample required are clear advantages of this method. But even to
confirm the accuracy some points were randomly repeated and
the maximum deviation obtained was 0.2 °C.

2.4. Solubility measurements

The amount of carbon dioxide incorporated in the lipid matri-
ces was measured by for three different temperatures each, in
a pressure range from 10 to 20 MPa. The measurements were
performed using the high-pressure apparatus shown in Fig. 2,
using a similar method to the one described by Matias et al.
[20]. A stainless steel cell, with sapphire windows and an inter-
nal volume of approximately 60 cm?, is loaded with about 10 g
of the lipid carrier and placed in a thermostated air bath heated
by means of a controller that maintained temperature within
40.1 °C. The system is then pressurized with fresh carbon diox-
ide until the desired pressure is brought into the cell, with an
error of £0.007 MPa and the mixture is magnetically stirred.
At the fixed temperature, a typical equilibration time is 1h.
After 30min of rest for equilibration, samples from the lig-
uid phase are withdrawn through a high-pressure valve system,
which is locally heated to avoid solidification of the samples
upon pressure drops. The liquid samples were collected by quick
depressurization and expansion into a small glass trap and the gas
in them contained is further expanded into a calibrated volume
at sub-atmospheric pressure. The amount of CO; in each sample
is calculated from the increase of the resulting sub-atmospheric
pressure at the working temperature: the number of CO; moles
was determined from the measured gas volume using the sec-
ond virial coefficient EOS. The sampling valve system is later
flushed with chloroform to ensure all the product is collected
and the amount of product is obtained by weighing after solvent
evaporation in a vacuum chamber. Each data point obtained is
the result of at least three measurements, with a maximum abso-
lute relative deviation, AARD of 9%.
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Fig. 2. High-pressure apparatus for solubility measurements: (a) sapphire-
windowed visual cell; (b) sampling glass trap; (c) expansion volume; (d) air
bath; (PI) pressure indicator; (TIC) temperature controller.



where Sexp and Scaic are the experimental solubilities and the
calculated average for n data points, respectively.

2.5. Analytical determination of the mixtures’ composition

Lipid samples before and after melting were submitted to GC
analysis to evaluate if the relative composition of the mixtures
remained the same, or if fractionation occurred after melting
and sampling. This method was standardized by the IUPAC
and constitutes the basis of some European Regulations for
determination of fatty acids. A separation capillary column
Supelco SP-2380, 60m x 0.32mm with a film thickness of
0.2 wm and split injection was used. Hydrogen was used as
the gas carrier with a column inlet pressure of 100kPa and
a split of 120 mL/min. The samples were dissolved in hep-
tane and 1 pL was injected. The temperature program was
50°C for 5min, then at 4 °C/min to 250 °C hold for 25 min,
with an initial temperature of the injector and the detector
of 275°C. The results were compared with a commercial
standard solution Supelco FAME Mix C4—Cy; in the same
conditions.

3. Results and discussion

The experimental data for the variation of the melting points
of Precirol® ATOS3, Compritol® 888 ATO and Gelucire® 43-01
in the presence of carbon dioxide up to pressures of 30 MPa are
presented in Fig. 3 and Table 1. A maximum decrease of 13 °C
for Precirol® ATOS5, 5 °C for Compritol® 888 ATO and of 12°C
for Gelucire® 43-01, was observed when increasing carbon diox-
ide pressures up to approximately 10 MPa. For higher pressures
a slight increase is observed, but the melting domain remains
approximately constant.

This behaviour is explained by two competing phenomena:
on one hand, the increase of the hydrostatic pressure increases
the melting temperature of the compounds; on the other hand,
if a gas is dissolved in a heavy substance the melting tempera-

Table 1
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Fig. 3. Melting points of Precirol® ATO5 (O), Compritol® 888 ATO () and
Gelucire® 43-01 (@) in the presence of carbon dioxide.
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Fig. 4. Solubility of carbon dioxide in Precirol® ATO5 at (0) 328 K, (@) 323K
and (A) 333K.

Melting points of Precirol® ATOS, Compritol® 888 ATO and Gelucire® 43-01 in the presence of carbon dioxide

Gelucire® 43-01

Temperature (K)

Pressure (MPa)

Precirol® ATO5

Temperature (K)

Pressure (MPa)

Compritol® 888 ATO

Temperature (K)

Pressure (MPa)

308.4 19.80 323.3
309.0 17.15 323.5
309.6 15.90 323.8
309.6 9.00 3239
309.8 21.95 324.2
309.9 12.60 324.3
310.3 10.35 324.5
311.9 27.70 325.0
313.8 6.10 327.0
315.7 435 329.1
319.0 2.40 331.3
321.5 0.10 332.6

334.3

336.2

15.15
18.80
10.65
26.55
22.05
24.45
29.15
8.60
7.30
5.70
4.30
3.15
1.90
0.10

340.4
340.0
340.1
339.9
340.9
342.6
343.3
343.8
344.7
345.0
345.7

22.70
19.40
16.50
13.20
10.00
7.10
6.20
5.75
2.10
1.00
0.10




Table 2

Solubilities of carbon dioxide in Precirol® ATO5

Temperature=323.0K

Temperature =328.0K

Temperature =333.0K

Pressure  Solubility Solubility Pressure Solubility Solubility Pressure  Solubility Solubility
(MPa) (gCOy/g Precirol® (mass fraction) (MPa) (gCO,/g Precirol® (mass fraction) (MPa) (gCOy/g Precirol® (mass fraction)
ATO5) ATO5) ATOS5)
11.90 0.31 0.24 11.27 0.28 0.23 10.04 0.23 0.18
13.48 0.33 0.25 12.59 0.30 0.23 12.88 0.28 0.22
15.10 0.36 0.27 14.35 0.32 0.23 14.65 0.31 0.23
16.95 0.35 0.26 14.68 0.32 0.24 17.37 0.35 0.26
18.34 0.36 0.27 15.78 0.34 0.25
19.79 0.37 0.27 17.45 0.35 0.26
18.49 0.36 0.26
0,55 0,32
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Fig. 5. Solubility of carbon dioxide in Gelucire® 43-01 at (0) 326 K, (@) 310K Fig. 6. Solubility of carbon dioxide in Comprit01® 888 ATO at (O) 344 K, (@)
and (4) 318K. 340K and (A) 348 K.
Table 3

Solubilities of carbon dioxide in Gelucire® 43-01

Temperature =326.0 K

Temperature =310.0 K

Temperature =318.0 K

Pressure  Solubility Solubility Pressure  Solubility Solubility Pressure  Solubility Solubility
(MPa) (gCOy/g Gelucire®  (mass fraction) (MPa) (gCOy/g Gelucire®  (mass fraction) (MPa) (gCOy/g Gelucire®  (mass fraction)
43-01) 43-01) 43-01)

10.15 0.41 0.29 10.28 0.30 0.23 10.00 0.38 0.28

11.43 0.43 0.30 12.19 0.35 0.26 11.94 0.40 0.28

12.57 0.45 0.31 15.62 0.40 0.29 13.38 0.42 0.29

14.08 0.47 0.32 17.92 0.44 0.31 13.98 0.44 0.31

16.61 0.52 0.34 15.63 0.45 0.31

19.02 0.53 0.35 17.95 0.48 0.33
18.24 0.49 0.33
19.81 0.50 0.33

Table 4

Solubilities of carbon dioxide in Compritol® 888 ATO

Temperature = 340.0 K Temperature =344.0 K Temperature =348.0 K

Pressure  Solubility Solubility Pressure  Solubility Solubility Pressure  Solubility Solubility

(MPa) (gCOy/g Compritol® (mass fraction) (MPa) (gCOy/g Comprit01® (mass fraction) (MPa) (gCOy/g Comprit01® (mass fraction)

888 ATO) 888 ATO) 888 ATO)

10.11 0.16 0.17 10.61 0.18 0.16 11.20 0.21 0.14

12.13 0.20 0.18 12.10 0.21 0.17 12.17 0.22 0.17

15.95 0.27 0.22 14.16 0.24 0.19 15.73 0.27 0.21

18.17 0.29 0.23 16.62 0.28 0.22 19.53 0.30 0.22




ture decreases, this prevails on the first part of the curve. This
behaviour is a common one for fats and the melting point depres-
sion seems to be in the same order of magnitude from one fat
to another. As an example, Elvassore et al. [21] measured the
melting point of tristearin and the results are similar to ours. The
rather scattered data obtained for the upper part of the melting
curves, could be explained due to the fact that a visual method
was employed, but most certainly the main reason is the poly-
morphic forms these compounds can assume, meaning that in
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some cases probably the predominant solid phase present was
not the same.

The solubility of carbon dioxide in Precirol® ATOS5 (C;¢ and
C1g) was measured in a pressure range from 10 to 20 MPa, at
323, 328 and 333 K. For Compritol® 888 ATO (Cjp) and for
Gelucire® 43-01 (C12—C13g) the measurements were performed
in the same pressure range but at 340, 344 and 348K for the
first and at 310, 318 and 326 K for the latter. These data are
presented in Figs. 4-6 and in Tables 2—4. The composition of
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Fig. 7. Chromatograms of Precirol® ATO5, Compritol® 888 ATO and Gelucire® 43-01 before and after solubility measurements.



carbon dioxide in the heavy phase increases with pressure up
to a maximum, and decreases with increasing temperature. This
occurs because the density of the fluid decreases, and its vapour
pressure increases with increasing temperature, thus making it
less soluble in the molten mixture.

Comparing the data obtained with the structure of the dif-
ferent compounds, the shorter the carbon chains, the greater
amount of carbon dioxide is incorporated. The fact that Precirol®
ATO5 and Gelucire® 43-01 have some common composition
also explains the similar variation (13 and 12 °C, respectively)
in the melting in the presence of carbon dioxide.

The GC analysis showed no significant change in the relative
compositions of the lipid mixtures (Fig. 7). This is important
because even if there is some solubility of the mixture compo-
nents in the vapour phase, which probably will happen since the
solubility in carbon dioxide of some of the pure components of
the mixtures used in this study has already been reported [22],
there is no fractionation and the overall composition remains the
same, meaning the properties of Precirol® ATO5, Compritol®
888 ATO and Gelucire® 43-01 as biocarriers for active ingredi-
ents also remain the same.

4. Conclusions

In this work the incorporation of carbon dioxide in two lipid
matrices was studied using two different methods. The mea-
surement of the melting point variation of the compounds in the
presence of carbon dioxide, for pressures up to 30 MPa, gave
a qualitative idea of the amount incorporated; this amount was
later quantified by results of the solubility experiments, carried
out in pressures from 10 to 20 MPa, and for three different tem-
peratures for each compound with a maximum relative deviation,
AARD, of 9%.

For Precirol® ATOS3 it was found that the melting point could
decrease up to 13 °C in the presence of carbon dioxide, and its
solubility increases at constant temperature up to a maximum of
approximately 0.4 g/g of Precirol® ATOS. The melting point of
Compritol® 888 ATO decreases only 5°C and it can incorpo-
rate carbon dioxide up to a maximum of 0.3 g/g of Compritol®
888 ATO. Finally for Gelucire® 43-01 the melting point depres-
sion obtained is 12 °C lower than at atmospheric pressure, and
the solubility of carbon dioxide also increases with pressure up
to approximately 0.5 g/g of Gelucire® 43-01. The temperature
effect is the opposite, for the same pressure, solubility decreases
with increasing temperature.

This is the main reason why it is so important to know the
high-pressure equilibrium behaviour. If we can operate at lower
temperatures and still have maximum incorporation of carbon
dioxide in the lipid matrices, the supercritical particle formation
process can later be designed more effectively in terms of yield
and energy.
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