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ABSTRACT

All-trans retinoic acid (ATRA) is a derivative of retinol (or vitamin A) presenting similar benefits but con-
siderable lower adverse toxicity, mainly in cases of high or long-term therapeutic doses. ATRA showed
to be effective in the treatment and/or chemoprevention of several epithelial and hematological malig-
nancies and diverse dermatological and eye diseases however, its low solubility in aqueous media and
photosensitivity hinder its wider usage by the conventional administration methods. Supercritical flu-
ids technologies are being widely used to enhance the in vivo bioactivity of this type of drugs both by
improving their dissolution rate (using particle size reduction processes) and/or by controlling their
release into the media after incorporation into solid polymeric/inorganic matrices (using supercritical
impregnation/foaming processes). In both cases the solubility of the drug in the supercritical fluid (usu-
ally scCO,) is required for process optimization purposes. Therefore, in this work the solubility of ATRA
in scCO, was measured at different isotherms (308.2, 318.2 and 328.2 K) and pressures that ranged from
10 up to 30 MPa using a static analytical method. Solubility data were correlated using three commonly
used density-based models, namely the Bartle, Chrastil and Méndez-Santiago-Teja models. The solubility
of ATRA in scCO;, was found to be between 1.52 x 10-¢ and 1.84 x 10~ in terms of ATRA mole fraction
and between 7.50 x 10~3 and 1.07 x 10! in terms of amount of solid solute per unit of volume of scCO,.
Fairly good correlation agreement was obtained with all the applied models being the lowest deviations
obtained with the Chrastil model. ATRA particles obtained after scCO, processing (dissolution in scCO,
followed by re-precipitation) were characterized by scanning electron microscopy (SEM), X-ray diffrac-
tion (XRD), Fourier transform infrared (FTIR) and in vitro dissolution studies. The results showed that the
processed particles maintained their chemical structure and presented enhanced dissolution in aqueous
media (PBS:ethanol, 80:20, v/v) when compared with commercial (non-processed) ATRA.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

malignancies such as breast and lung cancer, promyelocytic
leukemia, ovarian adenocarcinoma and human malignant gliomas

Retinoids are derivatives of retinol (or vitamin A) which play
an important role in the regulation and control of many bio-
logical/physiological functions such as the induction of cellular
proliferation, differentiation and apoptosis [ 1-5]. These derivatives
have proved to present many of the vitamin A benefits but consid-
erable lower adverse toxicity, mainly in cases of high or long-term
therapeutic doses. Retinoic acid (Fig. 1) is derived from retinol
and presents two biologically relevant isomers, namely the all-
trans retinoic acid (ATRA) and the 9-cis-retinoic acid. In previously
reported studies ATRA showed to be effective in the treatment
and/or chemoprevention of several epithelial and hematological
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[6-8] as well as diverse dermatological diseases such as acne, pso-
riasis and ichthyosis [3,9]. It has also proved to play a major role in
maintaining the integrity of the cornea since it induces the prolifer-
ation and differentiation of corneal epithelial cells on both normal
and diseased eye [10,11].

Despite of the many therapeutic uses, ATRA delivery sys-
tems and formulations present several drawbacks which include
photosensitivity, low solubility in aqueous media (0.21 uM at
room temperature and pH 7.3 [2]), local irritating reactions and
uncomfortable side effects (e.g. headache, mucocutaneous dryness,
hypertriglyceridermia, acute retinoid resistance or cancer relapse
after a brief remission) which hinder its wider usage by the con-
ventional administration methods [6,12]. Different formulations
have been engineered to enhance ATRA bioavailability and favor its
local sustained delivery by drug-loaded devices/scaffolds such as
encapsulation in chitosan-based nanoparticles [6], biodegradable
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Fig. 1. Chemical structure of all-trans retinoic acid (ATRA) (a) and retinol (b).

PLLA/PEG-PLLA blended microspheres [8], inorganically-coated all
trans retinoic acid nanoparticles [10], polymeric micelles [12] and
ophthalmic ointments [13]. Aiming eye treatment, care and/or pro-
tection ATRA (among other drugs) was also impregnated in contact
lenses (by immersion of the lenses in drug(s) solution) [14].

Our research group has broad expertise on the impregnation
of various drugs in different polymeric/inorganic matrices using
supercritical fluid impregnation/deposition methodologies based
onits recognized advantages over conventional drug incorporation
methods, particularly when considering drugs with low solubil-
ity in aqueous media, and which mainly include the preparation
of solvent free drug loaded devices, presenting patient-specific
drug delivery profiles/rates obtained by the fine tune of mild pro-
cess conditions [ 15-19]. Supercritical fluid processes such as rapid
expansion of supercritical solutions (RESS), gas anti-solvent (GAS),
supercritical anti-solvent (SAS) or supercritical assisted atomiza-
tion (SAA) have also emerged as attractive methods for drug particle
size reduction with clear enhancement of their dissolution rate and
consequent bioavailability [20-25]. This is particularly important
by knowing that more than 1/3 of the drugs listed in the US Phar-
macopoeia and more than 40% of newly discovered ones exhibit
very low aqueous solubility [20,21] thus requiring higher admin-
istration dosage and/or frequency in order to achieve therapeutic
levels in target tissues/organs.

The optimization of both supercritical impregnation/deposition
and particle size reduction processes requires the accurate knowl-
edge of the equilibrium solubility of the drug to be impregnated
and/or processed (micronized) in supercritical carbon dioxide
(scCOy). Therefore, and foreseeing the benefits of ATRA impregna-
tion into contact lenses (or in other drug delivery devices), in this
work the equilibrium solubility of all-trans retinoic acid in scCO,
was experimentally measured at 308.2K, 318.2K and 328.2K, an
over a pressure range from 9 up to 30 MPa using a static analytical
method coupled to a spectrophotometric quantification method.
To the best of our knowledge, this is the first time that the equilib-
rium solubility data of ATRA in scCO, is reported in the literature.
Experimental solubility data measured for ATRA was further com-
pared with data previously reported in the literature for retinol [26]
in order to conclude about the influence of the chemical structure
(in this specific case the substitution of the terminal hydroxyl func-
tional group in retinol by the carboxyl functional group in retinoic
acid) on the solubility of these compounds in scCO,. Experimen-
tal solubility data of both compounds were correlated with three
density-based models (Chrastil, Bartle and Méndez-Santiago-Teja
models) because they often deliver fairly accurate correlations at
high simplicity which make them easy to apply. Finally, a prelimi-
nary essay to test the possibility of ATRA particle size reduction by
using SCF processes was also attempted. The processed and non-
processed particles were characterized for their morphology (by
scanning electron microscopy), chemical structure and crystallinity
(by Fourier transform infrared and X-ray diffraction) and in vitro
dissolution rate.

2. Materials and methods
2.1. Chemicals

All-trans retinoic acid (CAS 302-79-4, purity > 98%) and naph-
thalene (CAS 91-20-3, purity >99.7%) were purchased from

Sigma-Aldrich. Carbon dioxide (CAS 124-38-9, purity>99.998%,
v/v) was supplied by Praxair, Spain and ethanol (CAS 64-17-5,
purity >99.9%, v/v) was obtained by Scharlau, Spain. All the chem-
ical reagents were used without further purification.

2.2. Solubility determination

2.2.1. Apparatus and procedure

Experimental equilibrium solubility data of ATRA in scCO, were
measured using a static analytical method and accordingly to the
methodology previously described in the literature [27-35]. Briefly,
it consists in a high pressure stainless steel equilibrium cell with
sapphire windows connected to a six-port sampling valve, which
is further connected to a known volume sampling loop followed by
a glass trap (collector for the scCO, solubilized solute with known
volume) and a stainless steel balloon (with calibrated volume to
quantify the solvent). The high pressure cell (HPC) and the samp-
ling loop are immersed in a temperature-controlled water bath
(controlled to within +0.1 K using a thermostat head from Thermo
Haake, model DC30) while the glass trap and the stainless steel
balloon are immersed in ice and in a room temperature water
bath, respectively. The pressure is measured by a high-pressure
transducer in the cell (up to 34.440.04 MPa) and in the calibrated
balloon (up to 0.175+ 1.9 x 10~4 MPa).

The HPC is loaded with an excess of ATRA (~100 mg) and a mag-
netic stirrer, and then placed into the thermostatic water bath over
a magnetic stirrer plate to homogenize the ATRA +scCO, mixture.
At fixed experimental temperature, the high pressure cell is pres-
surized using a high-pressure liquid pump (Isco, model 260D) until
the desired pressure is attained. After the system reaches equilib-
rium, the supercritical mixture is left for stirring for 3 h, followed
by a short period of time without stirring (~15 min) to allow stabi-
lization. Then, a sample is taken from the HPC, through the six-port
sampling valve into the sampling loop and further expanded into
the glass trap and stainless steel balloon by depressurization. Dur-
ing the expansion step, the dissolved solid is precipitated into the
glass trap. In order to recover all precipitated solid, ethanol was
injected into the lines (sampling loop and expansion lines) and rec-
ollected into the glass trap. Fresh CO; is then pumped through the
lines for aditional cleaning and drying.

The amount of ATRA solubilized in scCO, at each experimental
condition was measured with a UV/vis spectophotometer (Jasco
V650, Japan), measuring at 351 nm, and using previously deter-
mined calibration. Since ATRA is a light sensitive compound, it was
carefully stored and protected from the light to avoid degradation.
The amount of CO, in each sampling step was calculated using the
Virial EOS (applied to pure CO,) as previously reported in the liter-
ature [27]. The overall uncertainty of the solubility measurements,
taking into consideration the random uncertainties (statistical,
associated to Beer-Lambert’s calibration curve and to the average of
the experimental solubility measurements) was found to be lower
than 1.2 x 1076 (in terms of ATRA mole fraction, y, ). Each reported
data point is the average of at least three replicate measurements
with relative standard deviations (RSD) less than 4.6%.

After the solubility measurements, the supercritical mixture
(scCO, +ATRA) at 30 MPa and 328.2 K was sudently depressurized
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to atmospheric pressure at 15MPamin~! and the obtained solid
processed particles were collected for further analysis.

2.3. Characterization methods

Processed and non-processed ATRA particles were charac-
terized by several methods, as described below, to infer about
chemical and/or morphological changes after particles dissolution
and precipitation in scCO,.

2.3.1. Scanning electron microscopy (SEM)

The solid particles were observed using a scanning microscope
(Jeol JSM-5310, Japan) with an operating voltage of 10kV. The
samples were sputter-coated with gold for 25s (~20nm of film
thickness).

2.3.2. Fourier-transform infra-red spectroscopy (FTIR)

The infrared spectra of the solid particles was obtained using a
Fourier transform infrared spectrometer (Jasco FT/IR-4200, Japan)
with a resolution of 4cm~1 at 128 scans, in the spectral region from
4000 to 400 cm~!. The drug powders were mixed with potassium
bromide (KBr) at 1:100 and pressed into pellets using a hand press.

2.3.3. X-ray diffraction (XRD)

The chemical structure and crystallinity of the powder sam-
ples were analyzed by X-ray Diffraction (XRD) (Philips, X'Pert)
operating in the Bragg-Brentano geometry with Co radiation
(Akq1 =0.178896 nm) and an accelerating voltage of 40kV at a cur-
rent of 35 mA. The diffraction patterns were obtained over 26 values
in the range from 4 to 35° at a step size 0of 0.02° and acquisition time
of 2s.

2.3.4. Invitro dissolution analysis

ATRA dissolution measurements were performed in
PBS:ethanol (80:20, v/v) using a spectrometer (Jasco, model
V650, Japan) at 351 nm. Processed and non-processed samples
weighting ~5mg were placed inside dialysis membranes (Spec-
tra/Por Dialysis Membrane, MWCO 3500) and then immersed
in 10mL of the PBS:ethanol solution at 37°C and under stirring
(100rpm) for 78 h. At pre-determined time intervals, an aliquot
of the dissolved drug solution was removed and analyzed, with-
out renovation of the dissolution medium with fresh solvent.
Drug concentration was calculated using previously determined
concentration curves. All the experiments were carried out in
triplicate.

3. Correlation of experimental solubility data

The experimental solubility data of ATRA in scCO, mea-
sured in this work were correlated using three semi-empirical
density-based models namely the Bartle, Chrastil and Méndez-
Santiago-Teja models.

3.1. Density-based correlations

3.1.1. Bartle model

Bartle and collaborators [36] proposed a correlation between
the solubility of the solid in the supercritical fluid (expressed in
terms of mole fraction, y, experimental pressure, P [bar] and pure
CO, density, p [kgm~3]) as defined in the following equation:

In (,{T’;)=A+C(p—pwf) (1)
A=a+¥ (2)

where P¢ris a standard reference pressure (setequal to 1 bar), pefis
areference density (set equal to 700 kgm~3), T is the experimental
temperature (K) and a, b, A and C are empirical constants obtained
by fitting the solubility data points via multiple linear regression
as previously described [39,40,42]. The parameter b is related to
the enthalpy of sublimation of the solid solute and is defined as
b=—AHg,,/R, where R is the gas constant.

3.1.2. Chrastil model

The Chrastil model [37] correlates the solubility of a solid solute
in the supercritical fluid with the density of the pure fluid and the
absolute temperature, according to the following equation:

lnS=K1np+%+,3 (3)

where S [kg m—3] is the solubility of the solute in scCO,, o [kgm—3]
is the density of pure scCO, at the experimental temperature and
pressure and « is the association number. The parameter « is
defined as the sum of the vaporization and solvation enthalpies
divided by the gas constant (R), and f is another constant related
to the molecular weights of the solute and of the solvent. The model
parameters «, 8 and k were obtained performing a multiple linear
regression on the solubility data as previously described [27,28,32].

3.1.3. Méndez-Santiago and Teja model

The Méndez-Santiago and Teja model [38] is based on the theory
of diluted dilutions, that correlates the solubility of a solid solute (y,
mole fraction solubility) as a function of temperature and density
of the supercritical fluid:

Tln (yP)=A"+Bp+CT (4)

where A’, B' and C are pressure and temperature independent
constants, obtained from multiple linear regression of the experi-
mental solubility data.

To evaluate the quality of the correlation, the error between
the experimental (ye*P) and calculated (y<@) solubility was esti-
mated using different fitting statistic variables, namely R square,
average absolute relative deviation (AARD), standard error (SE) and
maximum absolute relative error, in order to better access the cor-
relation efficiency of the proposed density-based models. Models’
parameters as well as the models’ fitting errors are reported in
Table 2.

4. Results and discussion
4.1. Solubility measurements

4.1.1. Experimental results

Prior to any experimental measurement with ATRA, the accu-
racy of the solubility measurements was established by measuring
the solubility of naphthalene in scCO, which is a reference system
extensively studied in the literature. The solubility of naphthalene
in scCO, was measured at 308 K and in the pressure range from 10
to 30 MPa and compared with data reported by different authors
[39-44]. The results presented in Fig. 2 show that data measured
in the present work is in good agreement with previously pub-
lished data with an AARD of 5.7%. The highest deviations (13.7%
and 13.4%) were observed at lower pressure (10 MPa) and when
comparing with data measured by Pauchon et al. [41] and Wagner
et al. [43], respectively. These results, together with solubility data
previously published for different solid solutes at different temper-
ature, pressure and solubility ranges [27-35] and using the same
apparatus and experimental procedures, confirm the accuracy of
the measurements reported in the present work.

The solubility of ATRA in scCO, was measured at three dif-
ferent temperatures (308, 318 and 328K) and over a pressure
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Fig. 2. Comparison between the solubility data of naphthalene in scCO, measured
in this work (expressed in mole fraction) with data previously reported in the liter-
ature: (0) McHugh and Paulaitis [44]; (O) Hourri et al. [40]; (A) Pauchon et al. [41];
(O) Wagner et al. [43]; (+) Diefenbacher and Turk [39]; (x) Sauceau et al. [42]; (a)
This work.

Table 1
Experimental solubility of all-trans retinoic acid (ATRA) in supercritical carbon diox-
ide (scCO3).

T (K) P (MPa) p (kgm3) S x102 (kgm=3) y x108
308.2 10.6+£0.5 732.20 0.75+0.04 1.52+0.08
15.3+0.6 818.51 1.94+0.08 3.47+0.14
20.4+0.2 868.72 2.79+0.17 4.70+0.28
252+0.2 902.25 4.03+0.10 6.54+0.16
30.1+0.3 929.42 5.13+0.27 8.08+0.42
3182 103+0.3 537.42 0.35+0.03 0.96 +0.68
15.440.5 749.14 2.52+0.07 4.93+0.14
20.5+0.3 817.63 4.65+0.14 8.33+0.26
25.3+04 859.15 6.09+0.11 10.38+0.18
31.2+03 897.04 7.56+0.44 12.42+0.72
3282 10.2+0.1 341.13 0.04+0.00 0.19+0.02
15.3+0.3 661.96 2.24+0.03 4.96+0.07
20.7+0.5 763.75 5.53+0.34 10.61+0.64
25.4+0.5 814.03 8.99+0.32 16.18+0.57
303+1.0 852.07 10.71+0.74 18.41+1.27

" Data from NIST webbook (http://webbook.nist.gov/chemistry/).

range from 10 to 30 MPa. Experimental results are summarized
in Table 1 where the solubility of ATRA in scCO, is expressed in
terms of mole fraction and amount of solid solute per unit of vol-
ume of scCO,. The presented values are an average of, at least,
three experimental solubility measurements. The solubility ranged
between 1.52 x 1076 and 1.84 x 10~ (in terms of mole fraction)
and between 7.50 x 10~3 and 1.07 x 10! (in terms of amount of
solid solute per unit of volume of scCO,). The average relative
standard deviation (RSD) calculated for all the data points mea-
sured at the different experimental conditions was below 5% which
indicates good reproducibility and precision of the obtained data.
As expected, and for each isotherm, the solubility of ATRA in scCO,
increased with pressure caused by the simultaneous increase in the
density of the solvent (which increases with pressure at fixed tem-
perature), that leads into a reduction of the intermolecular mean
distance between solute and solvent molecules and consequently
to anincrease in the solubility of the solute at higher pressure (den-
sity). A crossover region was observed at ~12-13 MPa (Fig. 3) and
it reflects the effect of the temperature on the equilibrium solu-
bility which is simultaneously affected the solute vapor pressure
and the solvent density. Below the crossover region the solvent

-4

6 A

~B K
e

E
g B
kel
C
©
T -

-10
-
o A
) & : :
S 2 - o °
® e

(%
14 4 ol
A
-16 . . . ; . ,
5 10 15 20 25 30 35 40

Pressure (MPa)

Fig. 3. Solubility data of all-trans retinoic acid (ATRA) and retinol in supercritical
carbon dioxide (scCO,) as a function of pressure and at different isotherms. Full
symbols represent solubility data measured in this work for retinoic acid at (®)
308.2K, (m) 318.2K and (a) 328.2K while open symbols represent solubility data
for retinol, taken from reference [26], at (O) 313.2K, (0) 333.2K and (A) 353.2K.

density (solvent power) effect is dominant so the solute is more sol-
uble at low temperature and the solubility of ATRA decreases when
temperature increases while above the crossover region the solute
vapor pressure prevails over the solvent density and the solubility
increases with temperature. This phenomenon is known as retro-
grade solubility behavior and was already reported in the literature
for other solute-scCO, systems [31,32,45-48].

The solubility data measured for ATRA was compared with that
previously reported in the literature for retinol [26] to conclude
about the influence of the substitution of the terminal carboxyl
functional group in retinoic acid by the hydroxyl functional group
in retinol on the solubility of each molecule in scCO, (the chemical
structure of both molecules is given in Fig. 1).

Even if considering that different experimental temperatures
and measurement techniques were used in both works it can be
seen in Fig. 3 that the substitution of the hydroxyl terminal group
of retinol by the terminal carboxyl group of ATRA leads to a very
significant decrease in the solubility of the acid in scCO,, which was
found to be three orders of magnitude lower than that of the alco-
hol. A similar effect was observed by Iwai and coworkers [49] when
comparing the solubility of stearyl alcohol with that of stearic acid
in scCO,. This behavior is mostly due to the higher polarity of the
carboxyl functional group which results from the presence of the
strongly polarized carbonyl (C=0) and hydroxyl (O—H) groups. In
this case the O—H group is even more strongly polarized than the
O—H group of alcohols due to the presence of the adjacent carbonyl
moiety [50]. The large number of strong dipoles allows carboxylic
acids to interact trough favorable hydrogen bonding interactions,
working as both H-bond donors and acceptors, which favors the
cohesion of the solid molecules and limits their solubility in scCO5.
Moreover the molecular weight of ATRA (300.44 gmol-1) is also
slightly higher than that of retinol (286.45 g mol~1) which also jus-
tifies the differences observed in the solubility of both compounds.

4.1.2. Correlation results

In this work, three density-based correlation methods, namely
the Bartle, Chrastil and Méndez-Santiago-Teja models, were
applied to correlate the experimental solubility data measured for
ATRA as well as that previously reported in the literature for retinol.
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(ATRA) in scCO, and the density of pure scCO,. Symbols represent experimental
data measured at: 308.2K (@); 318.2K (W) and 328.2K (a) and the lines represent
the correlation given by Chrastil model.

The correlation results obtained for ATRA are graphically repre-
sented in Figs. 4-6 and the fitting deviations obtained for both ATRA
and retinol using the three density-based models are presented in
Table 2. All together these results indicate that the three density-
based models were able to successfully correlate the experimental
ATRA-scCO, solubility data, with the lowest deviations observed
for the Chrastil model, and to correctly describe both the depend-
ence of the solubility with pressure (between 10 and 30 MPa) and
temperature (between 308 and 328 K).

The consistency of the solubility experimental data was also
confirmed by the good correlation results obtained with the
Méndez-Santiago-Teja model which showed very good con-
vergence of all the solubility isotherms into a single straight
line, even at solvent density where usually larger deviations
from the fitted curves can be found. Finally, similar good cor-
relation results were also obtained when using the Chrastil
model to describe the experimental solubility data of retinol in
scCO,
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Fig. 6. Relationship between the solubility of all-trans retinoic acid (ATRA) in scCO,
and the density of scCO,. Symbols represent experimental data measured at: 308.2 K
(@);318.2K(m); 328.2 K(a)and the lines represent the correlation given by Méndez-
Santiago-Teja model.

Table 2
Solubility correlation parameters obtained with the three employed density-based
models for the studied temperatures (308.2, 318.2 and 328.2 K).

Chrastil model ATRA Retinol
K 6.08+0.12 6.08 +0.44
o (K) —7494.72 +£375.58 —3079.24+339.77
B -20.33+1.11 —28.69+2.12
AHotar (K] mol~1) -62.31 -25.60
R? 0.995 0.929
Average absolute 0.08 0.09
relative deviation
(AARD)
Standard error (SE) 0.11 0.13
Maximum absolute 0.29 0.26
relative error
N 15 20
Bartle model
a 36.38+£1.59 23.90 +0.66

b (K)
C(m3kg™)
AHgyp (K] mol—1)
RZ

Average absolute
relative deviation
(AARD)

Standard error (SE)

Maximum absolute
relative error

N

Mendez-
Santiago-Teja
model

A(K)

B(Km3kg1)

C

RZ

Average absolute
relative deviation
(AARD)

Standard error (SE)

Maximum absolute
Relative error

N

—10379.04 £505.78
0.01+0.00034
86.29
0.970
0.10

0.16
0.34

15

—12846.90 + 553.87
3.58+0.09
2476 £1.64
0.993
0.09

46.49
0.30

15

—6161.42 +220.02
0.01+0.00077
51.23
0.977
0.11

0.16
0.40

20

—8254.71+£491.58
3.62+£0.20
15.75+1.05
0.953
0.09

41.41
0.28

20

AARD = (1/N) (ZL

-y

exp

) /y,-ex"));

2
SE = \/(1/(N —Kk— 1)) Z:v:l (yica' —yfx") , where N is the number of solu-

bility experimental data points and « is the number of independent variables in the

model.

" Parameters correlated using experimental data previously reported by

Johannsen and Brunner [26].



A.B.S. Rosa et al. / . of Supercritical Fluids 98 (2015) 70-78 75

Fig. 7. SEM images of non-processed (top) and processed (bottom) solid particles of all-trans retinoic acid (ATRA). Processed samples were obtained at 328.2 K, 30 MPa and

depressurization rate of 150 MPamin~"'.

The values obtained from the Bartle model for the enthalpy of
sublimation of ATRA (86.3 k] mol~1)and retinol (51.2 k] mol~1) con-
firm the presence of stronger solute-solute molecular interactions
in the case of ATRA which justifies its lower solubility in scCO;, as
discussed above. Furthermore, and considering the total enthalpy
change (AH;q) calculated from the Chrastil model, it is possi-
ble to estimate the enthalpy of solvation (AHs, ) for both solutes
as the difference between the total enthalpy and the vaporization
enthalpy, which can be approximated to the solid’s sublimation
enthalpy calculated from the Bartle model. The calculated AHgg,
were equal to —148.6kJmol-! for ATRA and —76.8kJmol-! for
retinol indicating that, after sublimation, stronger intermolecular
interactions can be found for the ATRA-scCO, system.

4.2. Characterization of the ATRA scCO, processed particles

The morphology of ATRA particles before and after processing
with scCO, (at 30MPa and 328.2K for 3h and depressurized at
150 MPamin~!) was analyzed by SEM and is compared in Fig. 7.
A clear reduction in the size of the solid particles was observed
after ATRA dissolution in scCO, and re-precipitation which is a
good indication that supercritical fluid technologies can be used to
micronize ATRA solid particles, with all the inherent advantages
previously discussed, mainly the improved dissolution perfor-
mance of micronized solid particles in biological fluids [20]. The
effect of the particle size reduction on the dissolution profile of
processed ATRA was compared with that of the commercial drug
(non-processed) and the results are shown in Fig. 8. As can be
seen, the processed particles present faster dissolution with a
dissolution coefficient rate of 0.043 min~—! which is ~59% higher
than that obtained for the commercial non-processed sample.
The dissolution coefficient rate was calculated from the linear
region of the dissolution profile (Fig. 8, inner figure) which was
observed up to 8h of dissolution. At this point (after 8h) the
concentration of processed ATRA in the medium is about 40%
higher than that of the non-processed sample (the percentage
of ATRA dissolved after 8 h was equal to 25% and 35% for the
processed and non-processed samples, respectively). Notice that
these results can be, in principle, improved if processing variables
(pressure, temperature, contact time, depressurization rate, nozzle
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o

Concentration, png/mL

y=00274x
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ATRAdissolved attime 't/Total amount of ATRAdissoved

Time (h)
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Time (h)

Fig. 8. Dissolution profiles of non-processed (O) and scCO, processed (M) all-trans
retinoic acid (ATRA).

geometry) are optimized; however this study was outside the scope
of this work. Similar results have been reported in the literature for
different drugs and in all cases the dissolution rate were signifi-
cantly enhanced after supercritical processing [20,48,51]. Finally,
FTIR and XRD analysis were performed to evaluate possible chemi-
cal and/or structural changes/rearrangements of the ATRA particles
after scCO, processing. The results shown in Fig. 9a (FTIR data)
and 9b (XRD data) do not show any appreciable difference with
respect to ATRA’s crystallinity or structure which maintained the
original monoclinic phase [52] without the formation of any new
phases. These results indicate that scCO, processing can be used
to enhance the dissolution performance of ATRA without affecting
its chemical structure and therefore guarantying that its bioactivity
and natural function is not altered which are crucial factors to be
considered for the development of novel drug delivery controlled
systems.
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Fig. 9. Characterization of non-processed (light grey line) and processed (black line) all-trans retinoic acid (ATRA): (a) FTIR spectra, (b) XRD patterns.

5. Conclusions

In this work, the equilibrium solubility of ATRA in scCO, was
measured at three different temperatures (308, 318 and 328K)
and at pressure varying from 10 to 30 MPa using a static ana-
lytic method. The accuracy of the experimental equipment was
evaluated by comparing solubility data measured for naphtha-
lene with data previously reported in the literature and measured
by several authors. Good agreement was found between data
measured in this work and literature, with an AARD of 5.7%. As
expected, the solubility of ATRA in scCO, increased with pressure
for all isotherms. Furthermore, a pressure crossover region was
identified between 12-13 MPa. The solubility of ATRA in scCO,
ranged between 1.52 x 1076 and 1.84 x 10> (in terms of mole
fraction) which is three orders of magnitude lower than that

previously reported in the literature for retinol. This result was
mainly justified by the stronger intensity of the chemical inter-
actions that can be established between the carboxylic groups
of ATRA, when compared to the hydroxyl groups of retinol, and
which favors the cohesion of the solid molecules and limits their
solubility in scCO,. Experimental solubility data of ATRA and
retinol (data taken from the literature) were correlated using
three commonly used density based models (Bartle, Chrastil and
Méndez-Santiago-Teja) and satisfactory correlation results were
found with an AARD lower than 10% in both cases. Finally it was
shown that scCO, processing does not alter the chemical struc-
ture of ATRA and significantly improved its dissolution rate in
aqueous media as confirmed by an increase of almost 60% in the
dissolution coefficient rate (measured up to 8h of dissolution)
when compared with the commercial non-processed sample. All
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together these results indicate that supercritical fluid processes
can be advantageously used to develop ATRA delivery biomed-
ical devices or formulations with improved drug bioavailability
and controlled release rates without affecting ATRA’s chemical
structure.
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