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Abstract The overall objective of the present work was to
modulate the release behavior of drug-impregnated silica par-
ticles from almost instantaneous release to a more sustained
delivery, prolonged during several hours. Triflusal was chosen
as a model drug of the low biodisponibility type. The process
is based in the coating with Eudragit® RL 100 polymer of
aerogel-like silica particles. Materials were processed in com-
pressed CO2 by using the batch and semicontinuous
antisolvent coating methods. Triflusal release from Eudragit-
coated aerogel particles was compared with the dissolution
profiles recorded for pristine triflusal and for triflusal impreg-
nated into polymer or non-coated aerogel particles. The re-
lease profiles were determined by high-performance liquid
chromatography. Eudragit-coated materials presented an in-
termediate drug-release rate between this obtained for the
infused polymer and that of the impregnated aerogel particles.
Diffusion-governed mechanisms were found for the studied
aerogel-like systems after fitting the release data to both
Korsmeyer-Peppas and Baker-Lonsdale equations. The major
advantage of the compressed CO2 antisolvent approach was
the ability to physically coat very fine particles (<100 nm).

Moreover, the stability of the studied drug in water increased
after coating.

Keywords Supercritical processing . Nanoparticles .

Polymers . Controlled release

Introduction

Polymer coating of micro- and nanoparticles is presently a
widely used technique for powder processing in various im-
portant industries, including pharmaceuticals, food, fertilizers,
cosmetics, electronics, etc. [1–3]. Most of the coating mate-
rials are natural or synthetic polymers [4–6], but fats, lipids,
and waxes can also be used for encapsulation [7–9]. Polymer
coating usually modify several physical characteristics of the
original material, such as hydrophility, appearance, or me-
chanical strength. Encapsulation can also result in more uni-
form particle size distribution, smoother surfaces, and en-
hanced flowability. Regarding the chemical characteristics,
coating aids to protect unstable ingredients from external
degradation factors, such as moisture, air, or light, and can
enhance compatibility and wettability. In the particular case of
controlled drug delivery, encapsulation is used tomodulate the
release rate of an active pharmaceutical ingredient to the
organism. Other advantages attained by coating are better
dispersion and deagglomeration, as well as enhanced function-
ality when coated with specific polymers such as polyethylene
glycol that gives amphiphilic character and prevent recognition
by the immune system [10, 11]. Many of the marketed poly-
meric drug delivery carriers are adequate for the sustained
release of water-soluble drugs. For low water-solubility drugs,
polymeric systems could also exhibit a good response but often
release the drug very slowly due to its high hydrophobicity. As
an alternative, the relevance in controlled drug delivery of
inorganic materials such as silica, titania, or magnetic iron oxide
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particles, either alone or combined with polymers in hybrid
matrices, is increasing [12–14]. Inorganic porous particles are
mostly applied to obtain an immediate drug dosage of poorly
water-soluble compounds at the desired target site.

The technologies currently used in the industry for coating
solid particles, based on either mechanical movement
(agitation) or solid fluidization (Wurster process), mainly
involve organic solution chemistry and the use of high tem-
peratures to evaporate the solvent [15–17]. In these processes,
the replacement of organic solvents with supercritical and
compressed carbon dioxide (CO2) results in an environmen-
tally friendly option with a near-zero waste production. CO2 is
an ideal processing medium at high pressure, because of its
relatively mild critical conditions (31.1 °C and 73.8 bar) and
generally recognized as safe (GRAS) status. The applicability
of the already known supercritical micronization techniques to
coating depends primarily on the solubility of the coating
material in compressed CO2 [18, 19]. In general, compressed
CO2 has a limited solvent strength for many polymers of
interest. Hence, most of the work performed in coating using
compressed CO2 has been carried out by antisolvent methods
[20, 21] and only a few by polymer precipitation from the
solvent, as in the rapid expansion of supercritical solutions
(RESS) process [22–25]. In a further evolution, the RESS and
the fluidized bed technologies have been combined, using
supercritical CO2 as the fluidizing gas and as a solvent
[26–31]. The precipitation from gas saturated solutions
(PGSS) process and the co-injection route, in which the su-
percritical CO2 is dissolved in a polymer to reduce its melting
temperature, are used to coat thermally sensitive compounds
[32, 33]. However, individual coating is difficult to achieve
using these processes, especially for small-sized particles. In a
different approach, particles have been coated by in situ disper-
sion polymerization in supercritical CO2 [34, 35]. This coating
method has shown excellent results for the encapsulation of fine
particles; however, it would be severely limited for drug-
coating applications due to residual monomers. Spouted bed
technology has recently been applied to coat large micrometric
silica aerogel particles [36] and surface-initiated polymerization
for the coating of aerogel disks with a hydrogel [37].

In previous works, we reported on the supercritical prepara-
tion of impregnated drug delivery systems involving triflusal
(Trf) drug, based in either homopolymers [38] or aerogel-like
silica matrices [39]. Trf is a drug practically insoluble in water
and highly unstable at a neutral and alkaline pH. The in vitro
release study demonstrated a sustained release prolonged for
several days in the polymeric system [38], whilemore than 80%
of triflusal was dissolved in themediawithin the first minutes for
the aerogel matrices [39]. In this study, we have extended our
background in supercritical and compressed CO2 impregnation
and antisolvent precipitation to the deposition of polymeric thin
films of Eudragit® RL 100 on the surface of silica aerogel-like
fine particles, either as synthetized or previously impregnated

with Trf. Two different types of particulate silica were studied:
sub-micron size silica particles (SiO2 300 nm) [40] and
magnetite-silica (Fe3O4@SiO2 65 nm) nanospheres [41].

CO2 antisolvent approaches have often been successfully
applied to the coating of micrometric organic and inorganic
particles [10, 42–44], although only in some particular cases
they are used for the coating of nanometric particles. For
example, the compressed antisolvent coating technique was
used for the surface modification of superparamagnetic iron
oxide nanoparticles of 10–15 nm diameter [45, 46]. The
magnetic particles have been long commercialized as contrast
agents for magnetic resonance imaging and are coated to
reduce magnetic agglomeration [47]. In our study, the used
superparamagnetic Fe3O4 nanoparticles embedded as a core
into a SiO2 matrix (Fe3O4@SiO2) present low magnetic ag-
glomeration [41]. In this work, both the batch gas antisolvent
(GAS) and the semicontinuous precipitation compressed
antisolvent (PCA) techniques were used for particle encapsu-
lation. Results showed that particle encapsulation was
achieved in both cases. In vitro characterization by high-
performance liquid chromatography (HPLC) proved that the
deposited coating acted as a drug-release barrier, thus
obtaining delivery rates that are in between those attained with
polymeric systems and uncoated aerogel particles. Moreover,
drug stability in water increased in the hybrid matrix consti-
tuted by aerogel particles and polymer with respect to the rest
of studied encapsulation systems.

Experimental

Materials

2-Acetyloxy-4-(trifluoromethyl) benzoic acid or triflusal (Trf)
was kindly donated by Uriach S.A., Spain. Eudragit® RL 100
amorphous polymer (Evonik Rohm Pharma Polymer,
Degussa) was selected as the coating element and was kindly
supplied by IMCD, France. It is a copolymer of acrylate and
methyl methacrylate with a low content of methacrylic acid
ester and quaternary ammonium groups. This polymer is
water insoluble, but sweallable, with a relatively high perme-
ability that comes from the presence of the ammonium salt.
Sub-micron silica aerogel-like particles (AP) and magnetite-
silica composite nanoparticles (APFe), with diameters of 300
and 65 nm, respectively, were synthesized in our laboratory by
hydrolysis and polycondensation of tetramethylorthosilicate
(TMOS, 98 %, Sigma-Aldrich) and high temperature super-
critical drying, according to the procedures described else-
where [40, 41]. These particles had a surface area of near
200 m2 g−1 and a pore volume of ca. 0.07 cm3 g−1. Some APFe
nanoparticles were impregnated with Trf by a supercritical
method, as previously reported [39], thus obtaining Trf@APFe
nanoparticles. The Trf loading was in the order of ca. 4 wt% of
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Trf. Acetone (99.8 wt% purity, VWR) was used to suspend the
inorganic nanoparticles and CO2 (industrial grade, Air Liquid)
as the antisolvent.

CO2 antisolvent processes

First experiments were performed in a GAS home-made batch
apparatus, consisting of a 0.5-L autoclave that at the bottom
has a membrane filter of 0.22 μm placed on the top of a
stainless steel frit (5 μm mesh). The setup is described else-
where in detail [48, 49]. In the batch approach, compressed
CO2 was introduced into the vessel that contained the acetone
suspension of sub-micron silica particles and the dissolved
polymer. The vessel was equippedwith a stirrer plunged in the
solution, thus maintaining the particles in suspension. In a
typical GAS experiment, AP and drugwere weighed in a mass
ratio of 1.1:1.7 (ca. 0.25 g of Trf) and mixed with 40 mL of
acetone. The obtained mixture was soaked overnight under
mild conditions of stirring, previous to Eudragit addition in a
polymer:silica mass ratio of 1:1.1. The temperature of the
vessel was controlled by heating jackets and maintained at
26 °C during the polymer precipitation step. Compressed CO2

was added resulting in a gradual increase of the pressure in the
chamber up to 100 bar. After 1 h, the exit valve was opened,
and the product was washed at 30 °Cwith a fresh flow of CO2.

A second set of experiments, aiming at coating the smallest
silica particles (65 nm), was performed using the PCA
semicontinuous approach. The equipment is fully described
elsewhere [48]. In the PCA technique, the liquid phase in-
volving dispersed silica nanoparticles and a dissolved polymer
was sprayed into a continuous feed of CO2. In the PCA1
experiment, the acetone suspension had concentrations of
pre-impregnated Trf@APFe and polymer of 4 and
8 mg mL−1, respectively. The mixture was sonicated during
15 min before pumping. In the PCA2 experiment, a weighted
amount of Trf calculated to reach a concentration of
6.5 mg mL−1 was added to acetone containing dispersed APFe
particles (5 mg mL−1) and dissolved polymer (20 mg mL−1).
The high pressure autoclave was first heated at 30 °C and
filled with CO2 at a pressure of 90 bar, and then, the acetone
suspension was sprayed into the vessel at a flow rate of 1.5–
2.0 mLmin−1. A capillary nozzle (180 μm diameter) was used
to deliver the suspension. Liquid CO2 was continuously
pumped to the vessel at a rate of 15–25 gmin−1 during acetone
injection and, afterwards, for 1 h to wash the obtained product.
The coated material was recovered on a 5-μm filter
overtopped by two membranes of 0.22 μm placed at the
bottom of the autoclave.

Characterization

Fourier transform infrared spectroscopy (FTIR, Perkin Elmer
Spectrum One instrument) was used to monitor the success of

the processing technique by signaling the presence of the
different components (Trf, SiO2, and the polymer). Thermo-
gravimetric analysis (TGA, system NETZSCH-STA 449F1)
was used to estimate the percentage of organic components in
the recovered products. Morphological characterization was
based on scanning (SEM, Hitachi S570) and transmission
(TEM, JEOL JEM-1210) electron microscopies. Mean parti-
cle size and polydispersity of each system were obtained by
using the ImageJ software package, adjusting the particle size
histogram obtained from 200 counts in the TEM images to a
Gaussian distribution. Drug-release kinetic profiles were mon-
itored using a Trf-established HPLC method described else-
where [50]. The delivery of the active component was studied
at pH 2 in a 0.01 M HCl medium, fixing the stirring rate and
temperature at 60 rpm and 37 °C, respectively. Acid pH was
chosen to simulate physiological conditions at the stomach.
Themetabolite of Trf (4-(trifluoromethyl) salicylic acid, HTB)
was also quantified. To calculate the amount of impregnated
drug, both the Trf and the HTB contributions were considered.
The kinetic curves were monitored chromatographically, mea-
suring the UVabsorption at 280 nm, to obtain the correspond-
ing delivery profiles. Total loading was obtained from HPLC
data at 100 % release.

Results and discussion

The antisolvent process is based on solute precipitation oc-
curring when compressed CO2 and an organic liquid phase
that contains the solute come into contact [51, 52]. The inter-
diffusion of the organic solvent and CO2 creates conditions of
solute supersaturation in the organic phase, since the newly
formed CO2 solvent mixture exhibits lower solubilization
ability than that of the pure solvent. Besides the precipitation
of a single specie, the formation of complex mixtures can be
also carried out through the CO2 antisolvent coprecipitation of
two or more solutes dissolved in the liquid phase [44, 53]. In
the process used in this work, fine aerogel-like particles were
suspended in a liquid solution containing the dissolved poly-
mer. The CO2 addition provoked the precipitation of the
polymer embedding the inorganic particles and giving place
to hybrid products. The used experimental conditions are
shown in Table 1 together with some end-product character-
istics. Under working conditions, the process yield was typi-
cally below 50wt%, likely due to the high solubility of Trf and
Eudragit in acetone. The yield was also reduced due to the
nanometric character of the inorganic nanoparticles that could
easily bypass the used filter at the bottom of the reactor.
Moreover, Trf has a relatively high solubility in compressed
and supercritical CO2. For instance, a mole fraction of 3×10−2

was measured at 200 bar and 35 °C [38]. Experiments were
performed at temperature lower than the critical temperature
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of CO2 to reduce drug solubility in the solvent mixture and to
prevent polymer swelling in the liquid phase. Organic com-
pounds solubility in CO2+solvent mixtures increase generally
with temperature [51, 54], thus processing at low temperature
reduced the risk of losing the Trf drug by dissolution. Regard-
ing the mixing behavior of the solvent and CO2, 3D simula-
tion showed that the mixing plume did not differ notably in the
interval from 25 to 45 °C, since convection and not diffusion
is the mechanism that dominates mass transfer [51].

When performing the PCA experiments, a part of the
coated material was found stacked to the filter as a cake due
to the continuous flow. The rest of the product was recovered
from the body of the reactor as a free-flowing powder. In
Fig. 1a, a SEM picture of the filter cake product is shown, in
which aggregates of nanoparticles entrapped in a polymeric

mass can be observed. SEM (Fig. 1b) and TEM (Fig. 1c)
characterization of the as-recovered flowing powder for
the PCA1 experiment showed that it consisted of small-
agglomerated entities immersed in a continuous polymer
film. The flowing powder can be further dispersed by
rinsing it with a minimum amount of a proper solvent
(acetone, ethanol, or methanol) to eliminate the excess
of polymer (Fig. 1d). A liquid solvent washing of the
excess polymer was not strictly necessary for controlled
drug delivery applications; however, it was considered
desirable to reduce particle aggregation while still hav-
ing a polymer coating, as was later confirmed by FTIR
and TGA measurements.

Batch GAS approach was applied to modify the surface of
the 300-nm AP particles. The feasibility of this precipitation-

Table 1 Composition of the processed slurry and recovered powder, in regard to polymer, silica matrix, and triflusal drug, for the performed antisolvent
experiments

Sample Matrix composition before coating Slurry composition Composition of as-recovered samples

Silica aerogel Trf (wt%) Eudragit:silica:Trf ratio [mg mL−1] Silica (wt%) Trf (wt%) Eudragit (wt%)

GAS1 AP 0 1:1.1:1.7 60 1 39

PCA1 Trf@APFe 4.1 1:0.5:0.05 43 1 56

PCA2 APFe 0 1:0.25:0.3 47 2 51

Fig. 1 Images of the collected
product from experiment PCA1:
SEM pictures of a the cake and b
the as-recovered powder, and
TEM images of the flowing
powder c as-recovered and d after
rinsing it with methanol
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on-slurry technique has been demonstrated previously for
micrometric particles [49]. This approach was selected pref-
erably to the semicontinuous PCA mode to coat the largest
silica particles that are difficult to pump avoiding sedimenta-
tion. The PCA approach could be applied only for the coating
of the nanometric 65-nm APFe particles, avoiding flow insta-
bilities and nozzle plugging occurring when pumping large
particles. For Trf pre-impregnated samples, it was observed
that the drug loading was reduced after antisolvent processing,
likely due to partial dissolution of the drug in both the com-
pressed CO2 and in the liquid phase. To avoid this problem,
GAS experiments were performed starting from a non-
impregnated AP sample that was soaked overnight with a
solution of Trf in acetone (GAS1 experiment). The performed
soaking step was envisioned as a way to infiltrate the drug into
the silica pores [55]. Using the PCA approach, samples were
prepared either directly from a triflusal pre-impregnated ma-
terial, Trf@APFe, (PCA1 experiment) or by first soaking
pristine APFe nanoparticles in acetone with Trf overnight
(PCA2 experiment).

Sample composition

FTIR spectroscopy was used to monitor the presence of the
different components in the precipitated products involving
Trf drug, silica matrix, and Eudragit polymer as a coating
agent. The spectra of the different products obtained following
the different antisolvent routes are shown in Fig. 2. The as-
recovered samples were rinsed with methanol before analysis.
The most distinctive band in the spectrum of Eudragit was the
C=O vibration appearing at ca. 1,725 cm−1. Moreover, the
spectra of the polymer exhibited the characteristic bands of the
asymmetric and symmetric alkyl stretching modes at 2,990
and 2,950 cm−1, respectively. The corresponding absorbance
of bending vibrations was shown as a shoulder at ca.
1,480 cm−1 and as two peaks at ca. 1,445 and 1,385 cm−1.
For all the studied silica matrices, intense absorption bands

appeared in the 900–1,200 cm−1 region, which corresponded
to the stretching vibrations of the O–Si–O bond in the SiO4

tetrahedrons of the aerogel skeleton. The band at 1,620–
1,630 cm−1 was due to the bending frequency of molecular
water adsorbed in the silica. The broad band from the free O–
H stretching vibration was observed in the range of 3,600–
3,100 cm−1. The useful FTIR region of solid Trf/HTB
contained bands at 1,770 and 1,685 cm−1 corresponding to
the carbonyls (C=O). The presence of Trf in the coated
matrices was difficult to assess, due to the low percentage of
drug in the samples. However, for some samples, the Trf could
be tentatively monitored by the C=O band of the ester
appearing at a frequency near 1,770 cm−1, as a shoulder of
the more intense carbonyl band associated to the polymer
occurring at a slightly higher frequency (1,725 cm−1).

The quantification of the organic and inorganic phases was
performed by sample pyrolysis using TGA analysis (Fig. 3).
The thermogravimetric curves obtained indicated that
Eudragit polymer decomposed in the temperature interval
350–430 °C. The lost of Trf occurred in the range 150–
350 °C. However, the amount of Trf in the samples was too
small to be quantified following this procedure. The residue
lasting after heating up to 450 °C was assigned to the

Fig. 2 FTIR spectroscopic analysis of the Eudragit-coated products,
indicating the C=O carbonyl functionality for the polymer and, tentative-
ly, also for the drug

Fig. 3 Thermal analysis of the as-recovered-coated powder in the GAS1,
PCA1, and PCA2 experiments, and sample PCA1 also after rinsing it
with methanol (PCA1 MeOH)

Fig. 4 Percentage of Trf and HTB in the studied matrices after 6 months
of storage
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inorganic phase. In the GAS1 sample, the percentage value of
the residue at 450 °C corresponded to ca. 60 wt% of the total
composite mass, while in the PCA precipitated products, this
percentage was reduced to values of less than 50 wt%. After
rinsing PCA1 sample with methanol, the percentage of poly-
mer was reduced to values of 10–20 wt%.

The preservation of the Trf form, in terms of hydrolysis to
HTB, inside the silica matrices during preparation and storage
was studied and compared with the behavior observed for the

pure drug, the Trf@APFe sample before coating and with a
polymeric system involving Trf impregnated in
polymethylmethacrylate particles (sample Trf@PMMA).
The transformation was evaluated after 6 months of storing
the samples under ambient conditions, i.e., 21 °C and 60–
65 % relative humidity [39]. The amount of either Trf or HTB
was determined from the corresponding chromatographic
peaks at the initial stages of the release. Figure 4 shows that
the Trf transformation for the different samples was of more

Fig. 5 TEM images of the
following: a pristine AP particles,
b as-recovered GAS1 sample, c
GAS1 sample rinsed with
methanol, d pristine APFe
nanoparticles, e as-recovered
PCA2 sample, and f PCA2
sample rinsed with methanol
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than 50% for the PMMA-basedmatrix to less than 5% for the
Eudragit-coated APFe particles. An intermediate situation was
observed for the uncoated Trf@APFe and Eudragit-
coated AP samples, which had hydrolysis degrees of
20–30 %. In principle, the preservation of the ester
form present in non-hydrolyzed Trf could be presumed
for hydrophobic polymeric matrices. However, hydro-
philic environments, such as the one existent inside of
the pores of the silica aerogel-like particles, preserved
the water-sensitive drug more efficiently than the
PMMA beads. This finding was attributed to the acidity
that silica materials provided to the adsorbed water. Trf
is a drug with a relatively high stability in acid media
[50]. After impregnation, the PMMA matrix would have
an internal porosity induced by CO2 swelling [38]. This
feature allowed the incorporation of neutral water to the
matrix, which led to a high hydrolysis degree of the Trf
drug. For the inorganic particles, the coating with
Eudragit likely avoided the diffusion of water into the
material, minimizing the subsequent drug hydrolysis.

Sample morphology

The bare AP matrix consisted of spherical fine particles
of 300-nm mean diameter with a 9 % polydispersity
(Fig. 5a). The inset in Fig. 5a evidences that the spheres
were not aggregated, and necking between them were
not observed. After GAS precipitation, the as-recovered
particles were clearly embedded in a continuous mass of
polymer (Fig. 5b). The thickness of the polymer film
could be reduced by rinsing the sample with methanol
(Fig. 5c), thus producing an easily flowable-coated pow-
der. The presence of the polymer after rinsing was not
easily seen in the images, and only a thin layer of the
organic material connecting the particles was visible
(see the inset in Fig. 5c).

The APFe particulate matrix was characterized by a
mean diameter of 65 nm and 20 % size dispersion
(Fig. 5d). The nanocomposite was constituted by a core
of magnetite nanoparticles (ca. 6 nm diameter)
surrounded by a shell of porous silica. This core/shell
structure is easily distinguishable in the image inset of
Fig. 5d. After loading with Trf, the particles did not
show morphological differences (image not shown).
Similar behavior to that explained for GAS1 sample
was observed for PCA1 and 2 samples. The PCA coat-
ing process produced particles embedded in a polymer
mass (Fig. 5e), which was partially eliminated with
methanol giving place to almost individually coated
particles (Fig. 5f). The polymer can be still observed
as a thin layer that covers and attaches the nanoparticles
together (inset of Fig. 5f).

Drug-release profiles

The percentage of drug loaded in each as-recovered powder
was determined by HPLC (Table 1). Obtained values were in
the order of 1 wt% for GAS1 and PCA1 samples and of 2 wt%
for PCA2 sample. For samples GAS1 and PCA2, release
kinetics were followed under gastric pH conditions (Fig. 6).
The carboxylic acid of the Trf molecule is protonated at the
acid stomach pH, and the drug is completely absorbed before
reaching the intestine. Drug dissolution profile of pure Trf is
also shown in the figure for comparison, together with the Trf
release curves of samples Trf@APFe and Trf@PMMA. For
uncoated silica aerogel nanospheres (Trf@APFe), the drug
release in acidic pH occurred almost instantaneously, and
95 % of the drug was dissolved within the first minute. At
pH=2, pure triflusal was fully dissolved in a period of 15 min.
In contrast, the slowest release kinetics was obtained for the
sample Trf@PMMA. In this case, the delivery of Trf from the
sample to gastric medium lasted several days, having only the
18 % released in the first 60 min. The measured drug delivery
profiles of the coated samples GAS1 and PCA2 were inter-
mediate between those of Trf@APFe (fastest kinetics) and
Trf@PMMA (slowest kinetics). For coated samples, ca.
25 % of the drug was dissolved during the first
10 min, and a progressive release of the remaining
75 % occurred during the next 5–8 h. For instance, at
60 min, the released percentages were of 55 and 70 %
for GAS1 and PCA2 samples, respectively. Reasons of
prolonged released in the coated systems were related to
the necessity of swelling the polymer before diffusion

Fig. 6 Drug delivery profiles for pure Trf (solid line), Trf pre-impreg-
nated PMMA (Trf@PMMA), and APFe (Trf@APFe) samples, and pow-
der recovered from GAS1 and PCA2 experiments

Table 2 Release param-
eters estimated from the
fits of the experimental
data to the Korsmeyer-
Peppas model for sam-
ples GAS1 and PCA2

Sample R2 n a (h−n)

GAS1 0.9838 0.49 0.55

PCA2 0.9965 0.42 0.92
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and the long diffusion channels that the drug molecules
have to follow to reach the bulk solution.

To better understand the mechanism of the drug delivery
from the Eudragit-coated aerogel-like silica nanoparticles, the
release data was fitted in the light of two different mathemat-
ical models. The first one, the Korsmeyer-Peppas model [56,
57], is a simple semi-empirical model which follows Eq. (1)
and includes the possibility of a burst effect:

Mt

M∞
¼ atn þ b ð1Þ

whereMt represents the amount of the drug released at time t;
M∞, the total amount of drug released over a long period of
time (it is considered equivalent to the drug loading); a, the
kinetics constant that is related to structural and geometrical
characteristics of the carrier; t, the elapsed time; n, the release
exponent, indicative of the drug-release mechanism; and b, the
parameter that introduces the burst effect. This model is com-
monly used to describe the drug release from polymeric systems
and when the kinetics of the process is unknown. The second
model is the Baker-Lonsdale [57] that interprets the diffusion of
the drug from a spherical matrix, being adjusted to the expression
shown in Eq. (2):

f
i¼3

2 1− 1− Mt
M∞ð Þ2=3

� �
− Mt
M∞¼kt

ð2Þ

where Mt is the drug-released amount at time t and M∞ is the
amount of drug released at an infinite time. For a heteroge-
neous system with structural features that influence the drug
discharge mechanism, k can be written as depicted in Eq. (3):

k ¼ 3Df KCfs

r20τ
ð3Þ

beingDf the diffusion coefficient, K the drug specific volume,
Cfs the drug solubility in the liquid surrounding the matrix, r0

the radius of the spherical matrix, and τ the tortuosity factor of
the system. The use of this approach requires the total drug
loading to be greater than its solubility in the matrix.

The dissolution data of drug for samples GAS1 and PCA2
were both fitted to Eq. (1) and for sample GAS1 also to
Eq. (2). For Eq. (1), only the first 60 % of the cumulative
release points was considered, as the Korsmeyer-Peppas mod-
el demands. Correlation coefficients (R2) were employed to
evaluate the quality of the fit. In Table 2, the “n” values, the
kinetic constants and the correlation coefficients resulting
from fitting the curves with the Korsmeyer-Peppas equation
are presented" for clarity sake of the text. On the basis of this
model, reasonable values of R2 were obtained, especially for
the case of PCA2 sample (0.9965). In addition, the n expo-
nents were determined to be equal to 0.42 and 0.49 and the
kinetic constants to 0.92 and 0.55 for PCA2 and GAS1
samples, respectively (see Fig. 7a, b). According to these
results, the drug was released by a Fickian diffusion mecha-
nism in PCA2 sample. The sample GAS1 did not seem to be
governed by a Fick’s law [58] but could be described by
anomalous transport, as Peppas et al. determined for spherical
polymeric matrices [59]. The release data of GAS1 sample
was also fitted to the Baker-Lonsdale equation, obtaining a
correlation coefficient value of 0.9888 (Fig. 7c).

Conclusions

Compressed CO2 antisolvent route was here presented as a
versatile approach for coating fine particles and preparing
hybrid composites made of aerogel-like particles, a polymeric
coating, and an active pharmaceutical ingredient. For relative-
ly large particles (300 nm), the coating was based on mixing
an acetone slurry of aerogel nanoparticles and dissolved poly-
mer with pressurized CO2 in a batch antisolvent mode (GAS
method). A semicontinuous antisolvent mode (PCA method)
could be applied to encapsulate nanometric aerogel particles

Fig. 7 Drug-release data fitted
with the Korsmeyer-Peppas
equation for the following: a
PCA2 and b GAS1 samples, and
with the Baker-Lonsdale equation
for c GAS1 formulation. Symbols
correspond to experimental data
and solid lines to fitted profiles
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(65 nm). The coating was performed without any
prefunctionalization of the surface of the silica nanoparticles,
although, in some cases, they were supercritically pre-
impregnated with the therapeutic agent. Our results showed
that sub-micron and nanometric porous silica particles were
successfully coated by the polymer Eudragit forming loose
agglomerates while simultaneously incorporating the drug. At
low pH, triflusal-loaded aerogel nanoparticles released almost
100 % of the drug in the first 5 min, whereas coating with
Eudragit enabled a significant reduction to less than 25 % in
the first 10 min and prolonging further the release to several
hours. In addition, the kinetics of the release was shown to
obey the Baker-Lonsdale model indicating a diffusion-
controlled delivery of the drug for the sample obtained using
the GAS method and the Korsmeyer-Peppas model for the
sample prepared by PCA, exhibiting a Fickian diffusional
mechanism. Compressed CO2 antisolvent processes are envi-
ronmentally friendly techniques for fine particles
encapsulation/coating with diverse solutes, which have appli-
cations as high-added-value pharmaceutical products in rela-
tion with their surface chemistry and delivery characteristics.
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