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In this study, high surface area mesoporous silica foam with cellular pore morphology (MCF) was used for
injectable delivery of paliperidone, an antipsychotic drug used in patients suffering from bipolar disorder.
The aim was to enhance paliperidone solubility and simultaneously to prepare long active intractable
microspheres. For this reason paliperidone was first loaded in MCF silica, and the whole system was fur-
ther encapsulated into PLA and PLGA 75/25 w/w copolymer in the form of microspheres. It was found
that paliperidone, after its adsorption into MCF, was transformed in its amorphous state, thus leading
to enhanced in vitro dissolution profile. Furthermore, incorporation of the drug-loaded MCF to polymeric
microparticles (PLA and PLGA) prolonged the release time of paliperidone from 10 to 15 days.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Mesoporous silica nanoparticles (MSN) have attracted much
attention due to their use as potential drug delivery systems [1],
drug targeting [2,3], gene transfection [4–7], tissue engineering
[7–9] and cell tracking [9–12]. Their unique properties, such as
high surface area, uniform pore, particle size distribution, good bio-
compatibility and easily functionalized surface, render them ideal
for drug delivery systems [13–17]. MSN have already been used
for the delivery of active compounds through oral [18–20] and
intravenous [21,22] route. Studies have been conducted concern-
ing cytotoxicity of silica-based nanoparticles. Several in vitro stud-
ies have convincingly demonstrated that mesoporous [23] and
colloidal silica-based nanoparticles [24] do not affect cell viability
or plasma membrane integrity at concentrations adequate for
potential pharmacological applications. However, there were
observed differences in hepatotoxic effects, that apart from other
factors, might be accounted for by the distinct characteristics of
particle size [25], surface charge [26], or both. Ivanov et al. [27]
showed that intravenous administration of silica nanoparticles at
a dose of 7 mg/kg was not associated with any changes in hemato-
logical parameters or serum biochemical markers over a period of
60 days post-infusion.

Among mesoporous silica nanoparticles, Mobil Composition of
Matter (MCM)-41 and Santa Barbara Amorphous (SBA)-15 with a
two dimensionally ordered hexagonal arrangement of cylindrical
pores of uniform size (typically 2–10 nm) disposed parallel to each
other, are probably the most investigated materials [28–30].
Mesocellular foam nanoparticles (MCF) are a MSN category with
spherical structure and a continuous three-dimensional pore sys-
tem, having already been used for oral delivery of drugs [31,32]
showing enhanced drug loading efficiency compared to SBA-15.
This is due to the high specific area that MCF nanoparticles have,
based on their cellular form.

Paliperidone (9-hydroxy-risperidone) belongs to the class of
typical antipsychotics and is the major metabolite of the already
well-established risperidone that has very similar receptor activity.
As a second generation antipsychotic, paliperidone is effective in
treating both positive and negative symptoms of schizophrenia,
with an increased safety effect towards extrapyramidal symptoms.
According to its structure, paliperidone acts as a weak base whose
solubility drops down with pH increase. For that reason, paliperi-
done is administrated in two forms; in oral form, present on the
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market as a 24-h extended-release tablet [33,34] and in injectable
form (Invega Sustenna), marketed by Janssen, where paliperidone
is in the form of paliperidone palmitate. The last formulation
(Xeplion), which was approved by FDA few years ago, is injectable
once-monthly and is used for acute and/or maintenance treatment
of schizophrenia. Paliperidone palmitate is present in the form of
nano-/micro-suspension and, after intramuscular injection,
releases the active moiety, paliperidone, by hydrolysis, which is
absorbed into the systemic circulation. The obstacle of the proper
formulation is related to cellular uptake, observed in all nano-
microcrystal formulations, that apart from safety reasons, also
affects drug release and/or prodrug stability. More precisely, Dar-
ville et al. [35] investigated the local disposition and PK of Xeplion
in rats and found that the elicited injection site reaction consisted
of an acute inflammation that was followed by a chronic inflamma-
tory reaction. Also, large amounts of crystalline PP-LAI particles
were found within the infiltrating macrophages, enhancing the
scenario that the sudden drop in dissolution rate of the drug and
its potential absorption ought to cause accumulation of the drug
in macrophages. The same group investigated the co-
administration of liposomal clodronate and sunitinib in order to
inhibit the depot infiltration and nano-/microparticle phagocytosis
by macrophages, and the neovascularization of the depot, respec-
tively [36]. It was found that liposomal clodronate significantly
decreased the rate and extent of the granulomatous inflammatory
reaction, while sunitinib treatment completely suppressed the
granulomatous reaction. A solution to retain the therapeutic con-
centration of paliperidone in plasma can be a depot-like system
which will allow the drug to be released in a controlled manner.
Polymeric microparticles are a promising tool to this direction
for a variety of drugs.

Polymeric microparticles are nowadays one of the most promis-
ing area in pharmaceutical field due to their advantages; ability to
encapsulate either hydrophilic either hydrophobic drugs, adminis-
tration through different pathways to patients (oral, nasal, inhala-
tion, parenteral), maintenance of the therapeutic concentration of
drugs (shorter half-life) in plasma for longer period of time by con-
trolling their release. Moreover microparticles have larger surface
to volume ratios and can be developed for the improvement of dis-
solution rate of practically insoluble drugs. To our knowledge, no
injectable formulation of paliperidone alone has been studied,
due to its low solubility.

In this study, in order to increase drug solubility, paliperidone
was adsorbed in MCF. This formulation was further used for
preparation of microspheres, using poly(L-lactic acid) (PLA) and
poly(D,L-lactide-co-glycolide) 75/25 w/w (PLGA75/25) as poly-
meric matrices. PLA [37,38] and PLGA [39] are two approved by
Food and Drug Administration (FDA) polymers, which are used
particularly in injectable drug delivery systems due to their
hydrolysis into lactic and/or glycolic acid inside human body.
However, these polymers, due to their different chemical structure
and physical properties, have completely different release proper-
ties. So, the aim was to establish which of these could act as long
time release carrier in order to increase the therapeutic treatment
of paliperidone.

2. Materials and methods

2.1. Materials and reagents

Pluronic P-123 (Poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) triblock copolymer with
average Mn � 5800 was acquired by Sigma-Aldrich and was used
as the MCF mesostructure-directing agent, together with 1,2,3-
trimethylbenzene (TMB, Fluka) which was utilized as co-surfactant
and swelling agent, as well as ammonium fluoride (NH4F, Merck)
serving as mineralizing agent [40]. Tetraethyl orthosilicate (TEOS)
was acquired by Merck and was used as the silica source of MCF.
Poly(lactic acid) (PLA) and Poly(lactide-co-glycolide) (PLGA) 75/25
w/w copolymer were kindly donated by Corbion (Spain, Montmelo).
Paliperidone was kindly donated by Pharmathen S.A (Athens
Greece). All other reagents were of analytical grade.

2.2. Synthesis of MCF silica

The mesostructured cellular foam (MCF) silica was synthesized
via a self-assembly method using non-ionic surfactant Pluronic P-
123 as the structure directing agent, 1,2,3-trimethylbenzene (TMB)
as swelling agent, ammonium fluoride (NH4F) as mineralizing
agent, and tetraethyl orthosilicate (TEOS) as the silica source, in
acidic pH conditions [41]. In a typical procedure, P-123 was diluted
in aqueous HCl 1.6 M followed by the addition of NH4F and TMB.
The mixture was stirred for 1 h at 40 �C. TEOS was then added
and the stirring continued for another 20 h at 40 �C. The mixture
was then transferred in an autoclave and heated at 100 �C for
24 h. The solid products were recovered by filtration and were
washed with deionized water, followed by calcination in air at
500 �C, for 8 h, with a heating rate of 1 �C/min, in order to combust
the organic templates.

2.3. Paliperidone loading procedure on MCF

Paliperidone, 100 mg in weight, was initially dissolved into a
mixture of organic solvents isopropanol: DCM 75:25, 100 mL in
volume. Mesoporous silica MCF, 100 mg, was inserted into the
organic solution and the resulting dispersion was left under mag-
netic stirring for 24 h, under nitrogen atmosphere. Centrifugation
at 4000 rpm for 10 min was followed and the sediment was
allowed at room temperature till total evaporation of the solvent.
The dried material was further washed with acetone in order to
remove the quantity of paliperidone that was loosely deposited
on the surface of MCF. The amount of adsorbed drug was deter-
mined by TGA.

2.4. Preparation of microspheres

Polymeric microspheres containing MCF with adsorbed
paliperidone were prepared by solid-oil-water (s/o/w) modified
double emulsification method. According to this procedure,
100 mg of polymer, PLA and PLGA 75/25 respectively, were dis-
solved in 5 mL of dichloromethane. 10 mg of MCF containing
adsorbed paliperidone was inserted in the polymeric solution
and dispersed using probe sonicator for 1 min. The dispersion
was inserted dropwise in 100 mL of PVA solution, 1% w/v in con-
centration, and homogenized using homogenizer for 2 min. After
that, it was added in 100 mL water and left under magnetic stirring
till total evaporation of dichloromethane. After centrifugation at
8000 rpm for 10 min the microparticles were collected and washed
three times with distilled water in order to remove traces of the
residual solvent and PVA. The resulting microparticles were finally
freeze-dried and then stored at 4 �C for further evaluation.

Microspheres of paliperidone, without the presence of MCF,
were also prepared as described above for comparison reasons.

2.5. Characterization of MCF and MCF-paliperidone adsorbed

2.5.1. Thermogravimetric analysis (TGA)
Thermogravimetric analysis was carried out with a SETARAM

SETSYS TG-DTA 16/18. Samples (6.0 ± 0.2 mg) were placed in alu-
mina crucibles. An empty alumina crucible was used as reference.
Paliperidone, MCF and MCF-Paliperidone were heated from ambi-
ent temperature to 600 �C in a 50 mL/min flow of N2 at heating rate
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of 20 �C/min. Continuous recordings of sample temperature, sam-
ple weight, its first derivative and heat flow were performed.

2.5.2. N2 porosimetry
Nitrogen adsorption/desorption experiments at �196 �C were

performed for the determination of surface area (multi-point BET
method), total pore volume (at P/Po = 0.99), and pore size distribu-
tion (BJH method using adsorption data) of the SBA-15 silica sam-
ples which were previously outgassed at 150 �C for 16 h under
6.6 � 10-9 mbar vacuum using an Automatic Volumetric Sorption
Analyzer (Autosorb-1MP, Quantachrome).

2.5.3. Fourier transform-infrared spectroscopy (FT-IR)
FT-IR spectra were obtained on a Perkin-Elmer FT-IR spectrom-

eter (Spectrum 1) using pellets of MCF and MCF-Paliperidone
diluted in KBr. Infrared (IR) absorbance spectra were obtained
between 450 and 4000 cm�1 at a resolution of 4 cm�1 using 20
co-added scans. All spectra presented are baseline corrected and
normalized.

2.5.4. X-ray diffraction (XRD)
XRD analysis was performed on MCF silica and MCF-

Paliperidone over the 5–45� 2h range, using a MiniFlex II diffrac-
tometer (Rigaku Co.) with Bragg-Brentano geometry (h, 2h) and a
Ni-filtered Cu Ka radiation (k = 0.154 nm).

2.5.5. Scanning electron microscopy (SEM)
The morphology of the MCF particles was examined using a

scanning electron microscope (SEM), type Jeol (JMS-840). All the
studied samples were coated with carbon black to avoid charging
under the electron beam.

The morphology of the prepared microspheres was examined
using a scanning electron microscope (SEM), type Jeol (JMS-840).
All the studied surfaces were coated with carbon black to avoid
charging under the electron beam. SEM photos were also received
after dissolution study.

2.5.6. Transmission electron microscopy (TEM)
TEM experiments were carried out on a JEOL 2011 TEM with a

LaB6 filament and an accelerating voltage of 200 kV. The speci-
mens were prepared by evaporating drops of MCF silica–ethanol
suspension after sonication onto a carbon-coated lacy film sup-
ported on a 3 mm diameter, 300 mesh copper grid.

2.6. Characterization of prepared microspheres

FTIR, SEM and XRD measurements in prepared microspheres
have been conducted as described previously.

2.6.1. Differential scanning calorimetry (DSC)
A Perkin-Elmer, Pyris 1 differential scanning calorimeter (DSC),

calibrated with Indium and Zinc standards, was employed. A sam-
ple of about 10 mg was used for each test, placed in scaled alu-
minum pan and heated to 300 �C at a heating rate of 20 �C/min.
The sample was held at that temperature for 5 min in order to
erase any thermal history. After that it was quenched to 30 �C with
liquid nitrogen and scanned immediately to 300 �C at a heating
rate of 20 �C/min.

2.6.2. Transmittance electron microscopy (TEM)
TEM imagingwas conductedusing a JEOL JEM-1400PLUS (40 kV–

120 kV) equipped with a GATAN US1000 CCD camera. An aliquot of
3.5 µL of each sample was deposited on a carbon film, 400 Mesh
Copper (50/pk) grid and left to evaporate at room temperature.
2.7. HPLC quantitative analysis and drug loading

Quantitative analysis and drug loading was performed using a
Shimadzu high pressure liquid chromatography (HPLC)
prominence system consisting of a degasser (DGU-20A5), a liquid
chromatograph (LC-20 AD), an auto sampler (SIL-20AC), a UV/Vis
detector (SPD-20A) and a column oven (CTO-20AC). For the analy-
sis a C18 reversed-phase column (250 mm � 4.6 mm i.d., 5-lm
particle) was used, the mobile phase was water (pH = 3.5):
methanol 70:30 (v/v) and the flow rate was 1 mL min�1. UV
detection was performed at 275 nm. In brief, proper amount of
microparticles were dissolved in dichloromethane and left under
magnetic stirring overnight. The samples were filtered through
0.45 lm membrane and quantified by HPLC.

Microparticles yield (%), drug loading (%) and entrapment
efficiency (%) were calculated by the following equations:

Microparticles yield ð%Þ ¼ weight of microparticles
weight of polymer and drug fed initially

� 100
ð1Þ

Drug loading content ð%Þ¼weight of drug in microparticles
weight of microparticles

�100 ð2Þ

Entrapment efficiency ð%Þ ¼ weight of drug in microparticles
weight of drug fed initially

� 100
ð3Þ
2.8. In vitro release profile

In vitro release rates of paliperidone from the prepared formu-
lations were measured in USP dissolution apparatus I (basket appa-
ratus). The dissolution apparatus used, was a DISKTEK 2100 C with
an auto sampler DISTEK EVOLUTION 4300 and a DISKTEK syringe
pump. Dissolution tests were performed in 900 mL simulated body
fluid used as dissolution medium having pH 7.2 and temperature
37 ± 1 �C. The rotation speed was set at 50 rpm. All dissolution
studies were performed in triplicate.

3. Results and discussion

3.1. Characterization of MCF silica and MCF-paliperidone samples

3.1.1. Porosity characteristics
The porous characteristics of the parent MCF silica and the

paliperidone –loaded MCF were studied by N2 porosimetry at
�196 �C and the respective data are presented in Fig. 1 and Table 1.
The adsorption isotherm of the parent MCF silica is of type IV
according to the IUPAC classification [42], typical for such type of
ordered mesoporous materials. The specific surface area (BET
method) of MCF is 445 m2/g and is relatively high compared to
classical sol-gel silicas or fumed silica nanoparticles. MCF exhibits
very high total pore volume, i.e. 1.216 cc/g, being mainly attributed
to meso/macropore volume, as the contribution of micropores is
relatively low. Its average mesopore size (diameter) is about
15 nm and could be ideal for paliperidone adsorption. It is well
known that MCF exhibits cellular pore morphology of relatively
large size pores giving a foam-like texture [43]. The TEM image
shown in Fig. 1c, verifies this cellular pore morphology resulting
in a silica-foam structure. The SEM image of MCF (Fig. 1d) reveals
the presence of relatively small primary particles (�0.2–0.5 lm)
which are however densely aggregated, forming larger particles
of ca. 5–20 lm.

The mesoporous structure of the paliperidone-loaded MCF
has not changed significantly, as the shape of the N2
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Fig. 1. (a) N2 adsorption-desorption isotherms and (b) pore size distribution (BJH analysis of adsorption data) of the parent MCF silica and the paliperidone-loaded MCF; (c)
TEM and (d) SEM images of the parent MCF silica.

Table 1
Porosity data of MCF silica and paliperidone-loaded MCF.

Material SSAa Total pore volumeb Micropore volumec Meso/macropore volumed Average pore diametere

(m2/g) (cc/g) (cc/g) (cc/g) (nm)

MCF 445 1.216 0.033 1.183 15.1
MCF-Pal 232 0.873 – 0.873 16–30

a Multi-point BET-method using N2 adsorption data at �196 �C.
b At P/Po = 0.99.
c t-plot method.
d Estimated difference between total and micropore volume.
e Average mesopore diameter by BJH analysis using N2 adsorption data.
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adsorption-desorption isotherms and the BJH pore size distribution
curves are of similar shape to that of the curves of the parent MCF
(Fig. 1a and b). However, the total surface area and pore volume
have been decreased by ca. 50% and 30% respectively (Table 1)
due to the insertion of paliperidone within the pores of MCF
and/or the coverage of the pores entrance by the drug which
may reside, as well, on the external surface of the particles. The
particle morphology and the pore structure of the paliperidone-
loaded MCF have not changed compared to those of the parent
MCF silica, as evidenced by the respective SEM and TEM images
(not shown for brevity).

3.1.2. Drug loading on MCF silica (TGA analysis)
The mesoporous silica MCF was used in this study in order to

enhance the solubility of paliperidone, an antipsychotic drug. Ther-
mogravimetric analysis (TGA) was used in order to determine the
content of paliperidone adsorbed into MCF. Fig. 2 shows the TG
curves for paliperidone and MCF before and after drug adsorption.
As can be seen there are three stages concerning mass loss for par-
ent MCF. The first one, from 20 to 150 �C, corresponds to loss of
adsorbed humidity [44]. The weight loss recorded at this stage
was about 6.2%, and is attributed to the water molecules that inter-
act with the surface silanol groups [45]. At the temperature range
of 150 �C to ca. 250 �C, a third less pronounced step can be
observed of ca. 1% weight loss. The third step is even less pro-
nounced, from 250 upwards, and corresponds to another ca. 2%
weight loss up to 600 �C. The latter two steps can be attributed
to the dehydroxylation of the surface Si-OH groups. Overall, about
9–10% weight loss has been recorded for the parent MCF silica.

Paliperidone decomposes at four different stages, as can be seen
in the respective DTG curve (Fig. 2b). Its decomposition stars at
154 �C with a low mass loss, up to ca. 250 �C. The main decompo-
sition step of paliperidone takes place between 280 and 500 �C and
reaches 56.4% mass loss (remaining mass 43.6%) till 600 �C. The
loaded paliperidone content onto the MCF silica, was calculated
taking into account the TGA curves of the neat components and
this of paliparidone-loaded MCF curve. As can be seen from
Fig. 2a there is a first stage of humidity loss (ca. 3.6% weight loss)
till 140 �C, but to lower extend compared with the neat MCF. After
that temperature and till 600 �C a more pronounced weight loss
takes place, attributed to the decomposition of paliperidone. The
weight loss of paliperidone in this step is about 13.4%; considering
that the weight loss of the neat MCF in this region is about 2.35%,
then the drug loading can be estimated to about 23.78 wt%.



100 200 300 400 500 600
40

50

60

70

80

90

100

M
as

s 
lo

ss
 (%

)

Temperature (°C)

 MCF
 Pal-MCF
 Pali

a

50 100 150 200 250 300 350 400 450 500 550 600

-0,6

-0,5

-0,4

-0,3

-0,2

-0,1

0,0

dT
G

 (m
g/

m
in

)

Temperature (°C)

 MCF
 Pal-MCF
 Pali

b

Fig. 2. TGA curves of paliperidone and MCF before and after drug adsorption.

4000 3500 3000 2500 2000 1500 1000 500
0,0

0,2

0,4

0,6

0,8

1,0

A
bs

or
ba

nc
e

wavenumbers (cm-1)

 Paliperidone
 MCF
 MCF ads Paliperidone

3298 2936

1628

1535

1134

1090

9533453

a

1633 802

2000 1500 1000 500
0,0

0,2

0,4

0,6

0,8

1,0

A
bs

or
ba

nc
e

wavenumbers (cm-1)

 Paliperidone
 MCF
 MCF ads Paliperidone

1633

1628

1644

1535

1538

b

Fig. 3. FT-IR spectra of paliperidone, MCF and MCF with paliperidone adsorbed (a)
at the range 4000–450 cm�1, (b) at the range 2000–450 cm�1.

S. Nanaki et al. / European Journal of Pharmaceutics and Biopharmaceutics 117 (2017) 77–90 81
3.1.3. Characterization of paliperidone after its adsorption to MCF
FT-IR was used in order to reveal any bond formation between

the drug and the silica matrix. Fig. 3a shows FT-IR spectra of
paliperidone, MCF and MCF with adsorbed paliperidone. As can
be seen, paliperidone showed its characteristic peaks; OH stretch
at 3298 cm�1, CH stretch at 2936 cm�1, C@C stretch at
1628 cm�1, C@N stretch at 1535 cm�1 and CAF stretch at
1134 cm�1 [46]. MCF showed a wide peak at 3453 cm�1 attributed
to OAH bond stretching vibration of adsorbed water molecules
while the corresponding bending vibration mode can be also
clearly identified at 1633 cm�1, a peak at 1090 cm�1 attributed to
SiAO groups, and another one at 802 cm�1 attributed to SiAOASi,
which are all characteristic peaks of MCF [47,48].

A closer look at the range 2000–450 cm�1 (Fig. 3b) showed that
interactions were observed between the drug and the inorganic
matrix. In brief, a shift was observed from 1633 cm�1 for MCF
and 1628 cm�1 for paliperidone to 1644 cm�1, showing that inter-
actions took place between the C@C bonds of paliperidone and that
of AOH of MCF. Another shift from 1535 cm�1 for paliperidone to
1538 cm�1 showed possible hydrogen bond formation between
the nitrogen of the drug and hydroxyl groups of MCF.

XRD was used to evaluate the crystallinity of paliperidone
before and after its adsorption on MCF. Fig. 4 shows the corre-
sponding XRD patterns. As can be seen, paliperidone showed
intense peaks due to the native crystalline form of the drug. The
disappearance of peaks after its adsorption to MCF clearly indicates
the transformation of paliperidone to its amorphous form.
DSC was also used to study the interactions between paliperi-
done and MCF. DSC thermograms are shown in Fig. 5. Paliperidone
showed a characteristic endothermic peak at 180.16 �C and imme-
diately after that temperature its decomposition starts. After its
adsorption on MCF, paliperidone showed a substantial reduction
at the intensity and at the melting point itself, i.e. an endothermic
peak at 165.81 �C, indicating strong interactions between the drug
and the inorganic matrix [46]. The peak recorded at 128.72 �C is
probably attributed to humidity adsorbed to MCF.
3.2. Microparticles of PLA and PLGA 75/25

3.2.1. Characterization of prepared microparticles
SEM was used in order to verify microparticles’ formation. As

can be seen in Fig. 6 microparticles containing MCF with adsorbed
paliperidone and paliperidone alone were successfully prepared.

Microparticles of PLA containing MCF with the drug adsorbed
(Fig. 6a1) were spherical in shape with their size varied between
2 and 8 lm. EDX spectra (Fig. 6a2) confirmed that MCF was suc-
cessfully incorporated into PLA. Similar spherical microparticles
were also formed using PLGA 75/25 (Fig. 6b1), showing lower poly-
dispersity index in size, varying between 2 and 6 lm with the big-
ger ones being in abundance. EDX spectra (Fig. 6b2) also confirmed
the successful incorporation of inorganic phase into PLGA
microparticles. Microparticles of PLA (Fig. 7c) and PLGA 75/25
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(Fig. 7d) containing only paliperidone were smaller in size, proba-
bly due to absence of MCF, and their size varied between 3–5 and
2–4 lm respectively. All the prepared microparticles exhibited
smooth surfaces.

Fig. 7 shows TEM images of the prepared microparticles. MCF
appeared as black shadows into polymeric microparticles. As can
be observed, MCF was successfully incorporated into microparti-
cles and was dispered to the whole interior phase without any
specific distribution. An amount of MCF was observed to be
semi-incorporated, as part of the particle was present inside the
microparticles, the rest being outside. This observation is impor-
tant in order to explain dissolution profiles of paliperidone from
the microparticles.

FT-IR was used in order to confirm any bond formation between
MCF with adsorbed paliperidone and/or paliperidone alone with
PLA and PLGA. As can be seen in Fig. 8a all the characteristic peaks
of PLA were present; a double peak at 2998 and 2946 cm�1 owning
to the stretching vibration ofACAH and a peak at 1760 cm�1 ought
to stretching vibration of AC@O bonds. A closer look at the region
2000–500 cm�1 (Fig. 8b) shows chemical shifts; a chemical shift
from 1760 of PLA to 1758 cm�1 and from 1644 cm�1 of MCF with
paliperidone adsorbed to 1626 cm�1 suggested possible hydrogen
bond formation between the inorganic matrix and PLA.
Fig. 8c shows FT-IR spectra of PLGA 75/25 and the proper
microparticles prepared containing MCF with paliperidone
adsorbed. PLGA 75/25 showed its characteristic peaks [49]; a dou-
ble peak at 2997 and 2952 cm�1 owning to the stretching vibration
of ACAH, a peak at 1757 cm�1 ought to stretching vibrations of
AC@O bonds and the aliphatic ether CAOAC stretch at
1088 cm�1. No significant shifts were observed. The only shift
was observed from 1644 cm�1 of MCF to 1626 cm�1 in microparti-
cles probably ought to hydrogen bond formation.

Fig. 9 shows FT-IR spectra of microparticles prepared with
paliperidone alone. Fig. 9a shows FT-IR spectra of PLA where no
significant shifts were observed. Analogous are the results for
microparticles prepared using PLGA 75/25 as matrix (Fig. 9b).
The absence of chemical shifts, in both situations, could be associ-
ated with the low drug content into the microparticles (as can be
seen in Table 1).

XRD was used in order to examine the crystallinity of the pre-
pared microparticles. As can be seen in Fig. 10, all the prepared
microparticles were amorphous, showing only one broad halo. This
is an indication that either MCF with paliperidone adsorbed, or
paliperidone encapsulated into microparticles is in its amorphous
state.

In order to confirm the crystallinity of microparticles pre-
pared and study any possible interactions, DSC was also used.
As can be seen in Fig. 11(a and c), PLA exhibits glass transition,
cold crystallization and melting temperature at 63.86 �C,
128.13 �C and 152.36 �C, respectively [50]. DSC of prepared
microparticles of PLA containing MCF with adsorbed paliperi-
done, showed slight changes at these temperatures (Fig. 11a).
In microparticles, Tg of PLA appears at 66.63 �C, while its
cold crystallization and melting temperature at 123.88 and
150.87 �C. Cold crystallization temperature was slightly reduced
compared to that on neat PLA. This observation indicates that
the incorporation of MCF with the drug adsorbed into PLA
matrix facilitates cold crystallization, probably due to the
formation of less intensified and more loose chain of PLA entan-
glements. Furthermore, these changes at neat PLA characteristic
temperatures, showed that the addition of inorganic phase with
the adsorbed drug changed the crystallization profile of PLA. In
addition, no further peak owned to MCF and/or paliperidone
was present in DSC thermogram indicating that MCF with
paliperidone adsorbed is probably in amorphous state into
microparticles. This observation is also in accordance with the
results found by XRD analysis.

Fig. 11c shows DSC thermogram of microparticles prepared
with PLA and paliperidone. As can be seen, there are changes
onserved in all the three characteristics peaks of neat PLA; i.e. glass
transition, cold crystallization and melting temperature for
microparticles are 66.66 �C, 122.51 �C and 148.85 �C respectively.
It can be concluded that paliperidone itself causes bigger changes
in PLA matrix than when it is adsorbed into MCF. The decrease in
cold crystallization temperature is greater, indicating that looser
chains of PLA entanglements were formed. Another observation
is associated with melting temperature of paliperidone itself. As
can be seen in Fig. 5, melting temperature of paliperidone is
180.16 �C while after its adsorption in MCF its melting temperature
decreases to 165.81 �C. Analogous observation was made for
paliperidone’s microparticles with PLA. Its melting temperature
decreases to 162.92 �C, a temperature slightly lower compared to
paliperidone into MCF which probably is ought to hydrogen bond
formation. Melting temperature also showed that paliperidone
retained a degree of crystallinity in microparticles, something that
wasn’t obvious from XRD spectra, probably due to low concentra-
tion of paliperidone into microparticles.

Fig. 11b shows DSC thermogram of PLGA 75/25. As it was
expected, PLGA showed glass transition temperature at 54.12 �C



Fig. 6. SEM pictures of (a1) PLA-MCF-Pal microparticles, (a2) EDX analysis of PLA-MCF microparticles, (b1) PLGA-MCF microparticles, (b2) EDX analysis of PLGA-MCF
microparticles, (c) PLA microparticles and (d) PLGA microparticles.
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due to the fact that PLGA is amorphous [51]. It is known that glass
transition temperature (Tg) of a polymer can be used as a measure
of the mobility of the macromolecules having important conse-
quences in the mobility of drug molecules during its release in dis-
solution study. A slight increase in Tg value indicates a slight
decrease in the mobility of PLGA 75/25 chains, probably ought to
dispersion of polymer into MCF matric during microparticles
preparation.

Fig. 11d shows Tg of microparticles prepared with PLGA 75/25
and paliperidone. There was observed a higher increase in Tg value;
from 54.12 �C to 57.43 �C, indicating that paliperidone decreased
the mobility of PLGA chains. Another observation is that no peak
owning to crystalline paliperidone was observed in the last two
cases indicating that the drug is in amorphous state into PLGA
microparticles.
3.2.2. Dissolution study of prepared microparticles
Experiments were conducted in triplicate. The resulting values

are shown in Table 2.
PLA microparticles showed higher yield during their prepara-

tion without any notable difference between those prepared with
MCF_paliperidone or paliperidone alone. Drug loading of PLA
microparticles containingMCF with paliperidone adsorbed showed
the highest value; i.e. 14.37 compared to other three formulations.

Fig. 12 shows dissolution profiles of paliperidone and its
microparticles with and without MCF. As can be observed, pure
paliperidone reached its maximum dissolution in the first hour
showing only 10% dissolution in phosphate buffer (pH = 7.2). After
that time no further release of the drug was observed. However,
adsorption of paliperidone to MCF, showed to enhance drug’s dis-
solution (Fig. 12a), reaching the value of about 90% in the first



Fig. 7. ΤΕΜ images of microparticles prepared (a, b) PLA-MCF-PAL and (c) PLGA75/25-MCF-PAL.
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10 days. This behavior is associated with the amorphous state of
the drug after adsorption procedure, as was confirmed by XRD
and DSC results. As it is obvious, the amount of drug released didn’t
reach its maximum; i.e. 100%, probably due to structure obstacles
of MCF and inability of the drug to overcome them.

Dissolution profiles of drug released from microparticles
prepared are shown in Fig. 12b and c. As can be observed,
microparticles of PLA showed lower drug release concerning that
of PLGA 75/25 mainly due to GA content that enhanced
hydrophilicity of the polymer, with a difference of about 12% of
drug released. Dissolution of paliperidone reached its maximum
in 10 days for PLA and 8 days for PLGA.

Addition of MCF showed to enhance drug release in both cases.
It was observed that in the first stage, 0–1 day, the initial burst
effect was higher for microparticles containing MCF than for the
neat ones, which probably ought to the quantity of MCF that was
not incorporated successfully into microparticles, but remained
partially outside of them. The drug release from this area occured
in the first day and was immediate. From 1 to 15 days, dissolution
profile showed a controlled release which reached the value of 80
and 96% for PLA and PLGA respectively.

4. Modeling and data analysis of the in vitro drug release

An attempt will be made here to understand/explain the release
kinetic data considering the governing physical mechanisms and
using phenomenological mathematical models. It appears that
the release mechanism is different for each one of the materials
examined leading to a broad range of characteristic release times.
At first, the case of direct release of paliperidone in the fluid was
examined. However, from the used models it was not possible to
fit the data with theoretical curve shape (please see supplementary
data). An attempt to improve the situation is to take into
account the reduction of the driving force for desorption during
the process due to the increase of concentration in the liquid.
The mathematical model corresponds to diffusion from a sphere
to a well-stirred solution of limited volume and it has the following
solution [52]:
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Fig. 8. FT-IR spectra of the prepared microparticles containing MCF with adsorbed
paliperidone.
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where kis are the non-zero roots of the following transcendental
equation:
tanðkiÞ ¼ 3ki=ð3þ ak2Þ ð2Þ

The parameter a is related to the partition of paliperidone
between particles and liquid at equilibrium as (paliperidone in par-
ticles)/(paliperidone in liquid) = 1/(1 + a). For the present experi-
mental data 12/88 = 1/(1 + a) so a = 6.33.

The theoretical curve is corrected taking into account the
liquid concentration evolution of paliperidone (i.e. using Eq. (1)).
The corrected curve exhibits a small delay but there is no any
qualitative change to the shape of the curve so the fit to the
experimental data is still impossible. The next step to explain
the experimental profile is to set up the following inverse
problem: which is the spatial distribution of adsorbed paliperi-
done and of its effective diffusion coefficient that leads to the
particular release profile? Inverse problems of this type are
typically ill-posed and their direct mathematical treatment is
problematic leading to physically unreasonable results [53]. A bet-
ter solution usually can be found by inspection of the data and
superposition of fundamental solutions of the diffusion equation.
In the present case the following function was found to describe
the release data:
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where U(x) is the step function defined as U = 0 for x � 0 and U = x
for x > 0. It can be shown that the second and third term of the
above function corresponds to approximate solutions of the diffu-
sion equation employing the so called linear driving force formula
(LDF) [54]. According to this theory the factors Ki are related to dif-
fusion coefficients Di as Ki = 15Di+1/R2. The physical meaning of the
above relation is that a fraction u1 of the total released paliperidone
is distributed uniformly in the particle having diffusion coefficient
D1, a fraction u2 is distributed in the interior of the particle
(implied by the delay time s1) with diffusion coefficient D2 and a
fraction u3 is distributed even deeper in the particle with
diffusion coefficient D3. The values of the parameters found
to represent the data are u1 = 0.36, u2 = 0.19, u3 = 0.45,
D1 = 1.23�10�19 m2/s, D2 = 3.4�10�20 m2/s, D3 = 1.08�10�20 m2/s,
s1 = 0.75 days, s2 = 3.7 days and the corresponding curve is shown
in Fig. 13. It is noted that in practice the radius R follows a distribu-
tion so a characteristic representative value is used here.

The next step is the examination of release profiles from the
polymer microparticles. There are several mechanisms for drug
release from polymer matrices [55]. The present data are
compatible to the Fickian diffusion mechanism which mathemat-
ically is described by the same equation for surface diffusion
controlled desorption, used above. The final paliperidone
released percentage is much smaller than 100% and this can be
due to a partition between polymer and liquid or to the entrap-
ment of the drug in the polymer matrix (i.e. a percentage of
drug with zero diffusion coefficient). In this case the entrapment
scenario is possible (unlike in the case of MCF) due to the way of
loading microparticles with drug. Since there is no way of
discrimination between the two scenarios, the entrapment one
is chosen for its simpler mathematical formulation. The Eq. (3)
was used to fit the data where R is now the polymer micropar-
ticle radius. The resulting parameters are D = 1.53�10�18 m2/s
for PLA and D = 2.64�10�18 m2/s for PLGA. The comparison
between experimental and model release curves is shown in
Fig. 14.

The final task is to model the release from the composite
polymer-MCF particles. It is a two step process: At first the drug
is released from MCF particles into the polymer matrix (or directly
to the fluid if the MCF particles are on the surface of the polymer
particle). The second step is the diffusion of the drug in the poly-
mer upon reaching the fluid. The experimental release curve for
PLA-MCF composite particles is modeled as
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Fig. 11. DSC thermograms of microparticles of (a) PLA_MCF_Paliperidone, (b) PLGA75/25_MCF_Paliperidone, (c) PLA-Paliperidone and (d) PLGA 75/25_Paliperidone.

Table 2
Microparticles yield (%), drug loading (%) and entrapment efficiency (%).

Sample Microparticles
yield (%)

Drug
loading (%)

Entrapment
efficiency (%)

PLA_Paliperidone 80.62 ± 4.94 3.58 ± 1.90 26.74 ± 3.03
PLGA 7525_Paliperidone 75.39 ± 1.99 6.02 ± 2.79 50.31 ± 5.98
PLA_MCF_Paliperidone 81.79 ± 6.17 14.37 ± 4.45 21.78 ± 2.43
PLGA 7525_MCF_Paliperidone 76.72 ± 3.12 14.56 ± 1.35 39.15 ± 5.06
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C
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¼ URMCFðtÞ þ ð1�UÞð1� expðK3Uðt� s3ÞÞ ð4Þ

where RMCF is the release rate from the MCF particles shown in Eq.
(3). The physical meaning of the above equation is that a fraction U
of MCF particles has direct access to the fluid (first term) and the
rest are in the interior of the polymer particles (second term).
The values of the parameters used to fit the data are U = 0.7,
K3 = 0.17/day, s3 = 1.5 days (comparison between model and
experiments is shown in Fig. 15).

The parameter K3 is related to the diffusion kinetics of drug
from interior MCF particles to the fluid through the polymer.
The significance of the MCF particles on the surface of the polymer
particle is evident from the small time pattern of the release curve
for the composite particles (being similar to the one of MCF parti-
cles). The same observation is true for the case of PLGA-MCF parti-
cles. The fit in this case led in the following function.

C
C1

¼ URMCFðtÞ � ð�0:043t2 þ 0:0774t� 0:2089ÞðUðt� 4Þ

� Uðt� 14ÞÞ � 0:2Uðt� 14Þ ð5Þ
It is stressed that the above equation is just a fit and not a phe-

nomenological model like Eq. (4). The unphysical value found forU
(=1.2) confirms this statement. The problem is that it appears that
the initial release curve follows the pattern of pure MCF particles
release but it is faster which cannot be explained in a physical
basis. Nevertheless, apart for some inconsistencies the above step
by step release analysis appears capable to built up a model for
the composite particles compatible (i) to the models for release
from constituent particles and (ii) to the techniques of particle
development and loading with drug.
5. Conclusions

In this study MCF mesoporous silica was used in order to
enhance release formulations of paliperidone, an antipsychotic
drug. It was observed that paliperidone was successfully incorpo-
rated into MCF matrix, leading to amorphisation of the drug, as
showed by XRD results, by hydrogen bond formation between
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Fig. 12. Dissolution profile of neat paliperidone and (a) loaded into MCF, (b) PLA
microparticles and (c) PLGA microparticles.
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silica and the drug, as showed by FT-IR. It was further observed
that MCF enhanced paliperidone’s dissolution release reaching
from 10% itself to about 85% after its adsorption to MCF. Micropar-
ticles of paliperidone, by the absence or presence of MCF, using PLA
and PLGA 75/25 as polymeric matrices were also successfully
prepared. XRD and DSC showed that paliperidone was present in
its amorphous state into microparticles due to hydrogen bond
formation, as showed by FT-IR. In addition, microparticles
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formulated in the presence of MCF showed enhanced dissolution
release compared to those formulated with paliperidone alone.
Furthermore, kinetic modelling of dissolution release profile
showed a two stage process concerning microparticles with MCF:
a first stage where drug is released from MCF particles into the
polymer matrix (or directly to the fluid if the MCF particles are
on the surface of the polymer particle) followed by a second stage
were the drug is diffused in the polymer till its reaching to disso-
lution medium.

Acknowledgments

The support for this study was received in the framework of the
Hellenic Republic – Siemens Settlement Agreement from State
Scholarships Foundation through Operational Program ‘‘IKY FEL-
LOWSHIPS OF EXCELLENCE FOR POSTGRADUATE STUDIES IN
GREECE - SIEMENS PROGRAM”, which is gratefully appreciated.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ejpb.2017.03.016.

References

[1] B. Murugan, L. Narashimhan Ramana, S. Gandhi, S. Sethuraman, U.M. Krishnan,
Engineered chemoswitchable mesoporous silica for tumor-specific
cytotoxicity, J. Mater. Chem. B 1 (2013) 3494–3505.

[2] L. Pasqua, F. Testa, R. Aiello, S. Cundari, J.B. Nagy, Preparation of bifunctional
hybrid mesoporous silica potentially useful for drug targeting, Microporous
Mesoporous Mater. 103 (2007) 166–173.

[3] J. Gu, W. Fan, A. Shimojima, T. Okubo, Organic-inorganic mesoporous
nanocarriers integrated with biogenic ligands, Small 3 (2007) 1740–1744.

[4] D.R. Radu, C.Y. Lai, K. Jeinija, E.W. Rowe, S. Jeinija, V.S.Y. Lin, A polyamidoamine
dendrimer-capped mesoporous silica nanosphere-based gene transfection
reagent, J. Am. Chem. Soc. 126 (41) (2004) 13216–13217.

[5] S.R. Blumen, K. Cheng, M.E. Ramos-Nino, D.J. Taatjes, D.J. Weiss, C.C. Landry, B.
T. Mossman, A.J. Respir, Unique uptake of acid-prepared mesoporous spheres
by lung epithelial and mesothelioma cells, Cell Mol. Biol. 36 (3) (2007) 333–
342.

[6] B.G. Trewyn, J.A. Nieweg, Y. Zhao, V.S.Y. Lin, Biocompatible mesoporous silica
nanoparticles with different morphologies for animal cell membrane
penetration, Chem. Eng. J. 137 (2008) 23–29.

[7] I. Izquierdo-Barba, L. Ruiz-Gonzalez, J.C. Doadrio, J.M. Gonzalez-Calbet, M.
Vallet-Regi, Tissue regeneration: a new property of mesoporous materials,
Solid State Sci. 7 (2005) 983–989.

[8] I. Izquierdo-Barba, A. Martinez, A.L. Doadrio, J. Perez-Pariente, M. Vallet-Regı,
Release evaluation of drugs from ordered three-dimensional silica structures,
Eur. J. Pharm. Sci. 26 (2005) 365–373.

[9] X. Li, J. Shi, Y. Zhu, W. Shen, H. Li, J. Liang, J. Gao, A template route to the
preparation of mesoporous amorphous calcium silicate with high in vitro
bone-forming bioactivity, J. Biomed. Mater. Res., Part B 83B (2007) 431–439.

[10] Y.S. Lin, C.P. Tsai, H.Y. Huang, C.T. Kuo, Y. Hung, D.M. Huang, Y.C. Chen, C.Y. Mo,
Well-ordered mesoporous silica nanoparticles as cell markers, Chem. Mater.
17 (2005) 4570–4573.

[11] S.H. Wu, Y.S. Lin, Y. Hung, Y.H. Chou, Y.H. Hsu, C. Chang, C.Y. Mou,
Multifunctional mesoporous silica nanoparticles for intracellular labeling
and animal magnetic resonance imaging studies, Chem. Bio. Chem. 9 (2008)
53–57.

[12] C.P. Tsai, Y. Hung, Y.H. Chou, D.M. Huang, J.K. Hsiao, C. Chang, Y.C. Chen, C.Y.
Mou, High-contrast paramagnetic fluorescent mesoporous silica nanorods as a
multifunctional cell-imaging probe, Small 4 (2008) 186–191.

[13] M. Manzano, V. Aina, C.O. Arean, F. Balas, V. Cauda, M. Colilla, M.R. Delgado, M.
Vallet-Regi, Studies on MCM-41 mesoporous silica for drug delivery: effect of
particle morphology and amine functionalization, Chem. Eng. J. 137 (2008)
30–37.

[14] H.A. Santos, J. Salonen, L.M. Bimbo, V.P. Lehto, L. Peltonen, J. Hirvonen,
Mesoporous materials as controlled drug delivery formulations, J. Drug Deliv.
Sci. Technol. 21 (2011) 139–155.

[15] I.I. Slowing, B.G. Trewyn, V.S. Lin, Mesoporous silica nanoparticles for
intracellular delivery of membrane-impermeable proteins, J. Am. Chem. Soc.
129 (2007) 8845–8849.

[16] R. Mellaerts, R. Mols, J.A.G. Jammaer, C.A. Aerts, P. Annaert, J. Van Humbeeck,
G. Van den Mooter, P. Augustijns, J.A. Martens, Increasing the oral
bioavailability of the poorly water soluble drug itraconazole with ordered
mesoporous silica, Eur. J. Pharm. Biopharm. 69 (2008) 223–230.

[17] P. Yang, S. Gai, J. Lin, Functionalized mesoporous silica materials for controlled
drug delivery, J. Chem. Soc. Rev. 41 (2012) 3679–3698.
[18] C.H. Lee, L.W. Lo, C.Y. Mou, C.S. Yang, Synthesis and characterization of
positive-charge functionalized mesoporous silica nanoparticles for oral drug
delivery of an anti-inflammatory drug, Adv. Funct. Mater. 18 (2008) 3283–
3292.

[19] I.I. Slowing, J.L. Vivero-Escoto, C.W. Wu, V.S.Y. Lin, Mesoporous silica
nanoparticles as controlled release drug delivery and gene transfection
carriers, Adv. Drug Deliv. Rev. 60 (2008) 1278–1288.

[20] Y. Zhang, Z. Zhi, T. Jiang, J. Zhang, Z. Wang, S. Wang, Spherical mesoporous
silica nanoparticles for loading and release of the poorly water-soluble drug
telmisartan, J. Control. Release 145 (2010) 257–263.

[21] J. Lu, M. Liong, J.I. Zink, F. Tamanoi, Mesoporous silica nanoparticles as a
delivery system for hydrophobic anticancer drugs, Small 3 (2007) 1341–1346.

[22] J.M. Rosenholm, C. Sahlgren, M. Linden, Towards multifunctional, targeted
drug delivery systems using mesoporous silica nanoparticles – opportunities &
challenges, Nanoscale 2 (2010) 1870–1883.

[23] I.I. Slowing, J.L. Vivero-Escoto, C.W. Wu, V.S. Lin, Mesoporous silica
nanoparticles as controlled release drug delivery and gene transfection
carriers, Adv. Drug Deliv. Rev. 60 (2008) 1278–1288.

[24] M.A. Malvindi, V. Brunetti, G. Vecchio, A. Galeone, R. Cingolani, P.P. Pompa,
SiO2 nanoparticles biocompatibility and their potential for gene delivery and
silencing, Nanoscale 4 (2012) 486–495.

[25] M. Cho, W.S. Cho, M. Choi, S.J. Kim, B.S. Han, S.H. Kim, H.O. Kim, Y.Y. Sheen, J.
Jeon, The impact of size on tissue distribution and elimination by single
intravenous injection of silica nanoparticles, Toxicol. Lett. 189 (2009) 177–
183.

[26] K. Isoda, T. Hasezaki, M. Kondoh, Y. Tsutsumi, K. Yagi, Effect of surface
charge on nano-sized silica particle-induced liver injury, Pharmazie 66 (2011)
278–281.

[27] S. Ivanov, S. Zhuravsky, G. Yukina, V. Tomson, D. Korolev, M. Galagudza, In vivo
toxicity of intravenously administered silica and silicon nanoparticles,
Materials 5 (2012) 1873–1889.

[28] M. Vallet-Regí, F. Balas, M. Colilla, M. Manzano, Drug confinement and delivery
in ceramic implants, Drug Metab. Lett. 1 (2007) 37–40.

[29] T. Heikkilä, J. Salonen, J. Tuura, M.S. Hamdy, G. Mul, N. Kumar, T. Salmi, D.Yu.
Murzin, L. Laitinen, A.M. Kaukonen, J. Hirvonen, V.-P. Lehto, Mesoporous silica
material TUD-1 as a drug delivery system, Int. J. Pharm. 331 (2007) 133–138.

[30] M. Vallet-Regí, J.C. Doadrio, A.L. Doadrio, I. Izquierdo-Barba, J. Pérez-Pariente,
Hexagonal ordered mesoporous material as a matrix for the controlled release
of amoxicillin, Solid State Ionics 172 (2004) 435–439.

[31] Y. Zhang, J. Zhang, T. Jiang, S. Wang, Inclusion of the poorly water-soluble drug
simvastatin in mesocellular foam nanoparticles: drug loading and release
properties, Int. J. Pharm. 410 (2011) 118–124.

[32] Y. Zhang, T. Jiang, Q. Zhang, S. Wang, Inclusion of telmisartan in mesocellular
foam nanoparticles: drug loading and release property, Eur. J. Pharm.
Biopharm. 76 (2010) 17–23.

[33] EMA, 2007, http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-
_Scientific_Discussion/human/000746/WC500034928.pdf.

[34] H. Meltzer, M. Kramer, C. Gassmann-Mayer, P. Lim, W. Bobo, M. Eerdekens,
Efficacy and tolerability of oral paliperidone extended-release tablets in the
treatment of acute schizophrenia: pooled data from three 6-week placebo-
controlled studies, J. Clin. Psychiatry 69 (2006) 817–829.

[35] N. Darville, M. van Heerden, A. Vynckier, M. De Meulder, P. Sterkens, P.
Annaert, et al., Intramuscular administration of paliperidone palmitate
extended-release injectable microsuspension induces a subclinical
inflammatory reaction modulating the pharmacokinetics in rats, J. Pharm.
Sci. 103 (2014) 2072–2087.

[36] N. Darville, M. Heerden, D. Mariën, M. DeMeulder, S. Rossenu, A. Vermeulen, A.
Vynckier, S. De Jonghe, P. Sterkens, P. Annaert, G. Van den Mooter, The effect of
macrophage and angiogenesis inhibition on the drug release and absorption
from an intramuscular sustained-release paliperidone palmitate suspension,
Eur. J. Pharm. Biopharm. 96 (2015) 338–348.

[37] X. Gao, W. Tao, W. Lu, Q. Zhang, Y. Zhang, X. Jiang, S. Fu, Lectin-conjugated
PEG–PLA nanoparticles: preparation and brain delivery after intranasal
administration, Biomaterials 27 (2006) 3482–3490.

[38] A. Vila, A. Sanchez, C. Evora, I. Soriano, O. McCallion, M.J. Alonso, PLA-PEG
particles as nasal protein carriers: the influence of the particle size, Int. J.
Pharm. 292 (2005) 43–52.

[39] N. Csaba, A. Sánchez, M.J. Alonso, PLGA: poloxamer and PLGA: poloxamine
blend nanostructures as carriers for nasal gene delivery, J. Control. Release 113
(2006) 164–172.

[40] P. Schmidt-Winkel, W.W. Lukens, J.D. Zhao, P. Yang, B.F. Chmelka, G.D. Stucky,
Mesocellular siliceous foams with uniformly, sized cells and windows, J. Am.
Chem. Soc. 121 (1999) 254–255.

[41] G.Z. Papageorgiou, A. Palani, D. Giliopoulos, K.S. Triantafyllidis, D.N. Bikiaris,
Mechanical properties and crystallization of high-density polyethylene
composites with mesostructured cellular silica foam, J. Therm. Anal. Calorim.
113 (2013) 1651–1665.

[42] F. Rouquerol, J. Rouquerol, K. Sing, Adsorption by Powders & Porous Solids,
Academic Press, San Diego, 1999.

[43] S. Chen, S. Sun, X. Zhang, Q. Han, L. Yang, M. Ding, Synthesis of large-pore
mesostructured cellular foam silica spheres for the adsorption of
biomolecules, J. Sep. Sci. 37 (2014) 2411–2417.

[44] D. Macina, Z. Piwowarska, K. Tarach, K. Góra-Marek, J. Ryczkowski, L. Chmiela,
Mesoporous silica materials modified with alumina polycations as catalysts
for the synthesis of dimethyl ether from methanol, Mater. Res. Bull. 74 (2016)
425–435.

http://dx.doi.org/10.1016/j.ejpb.2017.03.016
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0005
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0005
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0005
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0010
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0010
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0010
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0015
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0015
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0020
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0020
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0020
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0025
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0025
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0025
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0025
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0030
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0030
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0030
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0035
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0035
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0035
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0040
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0040
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0040
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0040
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0045
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0045
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0045
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0050
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0050
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0050
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0055
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0055
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0055
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0055
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0060
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0060
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0060
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0065
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0065
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0065
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0065
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0070
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0070
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0070
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0075
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0075
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0075
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0080
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0080
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0080
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0080
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0085
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0085
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0090
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0090
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0090
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0090
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0095
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0095
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0095
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0100
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0100
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0100
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0105
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0105
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0110
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0110
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0110
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0115
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0115
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0115
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0120
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0120
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0120
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0120
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0125
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0125
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0125
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0125
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0130
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0130
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0130
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0135
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0135
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0135
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0140
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0140
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0145
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0145
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0145
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0150
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0150
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0150
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0155
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0155
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0155
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0160
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0160
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0160
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Scientific_Discussion/human/000746/WC500034928.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Scientific_Discussion/human/000746/WC500034928.pdf
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0170
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0170
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0170
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0170
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0175
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0175
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0175
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0175
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0175
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0180
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0180
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0180
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0180
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0180
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0185
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0185
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0185
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0190
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0190
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0190
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0195
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0195
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0195
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0200
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0200
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0200
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0205
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0205
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0205
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0205
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0210
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0210
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0210
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0215
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0215
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0215
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0220
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0220
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0220
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0220


90 S. Nanaki et al. / European Journal of Pharmaceutics and Biopharmaceutics 117 (2017) 77–90
[45] E. Vilarrasa-Garcia, E.M. Ortigosa-Moya, C.L. Cavalcante Jr., J. Jimenez-Jimenez,
D.C.S. Azevedo, E. Rodrıguez-Castellon, CO2 adsorption on amine modified
mesoporous silicas: effect of the progressive disorder of the honeycomb
arrangement, Microporous Mesoporous Mater. 209 (2015) 172–183.

[46] A.P. Sherje, V. Londhe, Ternary inclusion complex of paliperidone with b-
cyclodextrin and hydrophilic polymer for solubility and dissolution
enhancement, J. Pharm. Innov. 10 (2015) 324–334.

[47] P.A. Russo, M.M. Antunes, P. Neves, P.V. Wiper, E. Fazio, F. Neri, F. Barreca, L.
Mafra, M. Pillinger, N. Pinna, A.A. Valente, Mesoporous carbon–silica solid acid
catalysts for producing useful bio-products within the sugar-platform of
biorefineries, Green Chem. 16 (2014) 4292–4305.

[48] P. Xue, F. Xu, L. Xu, Epoxy-functionalized mesostructured cellular foams as
effective support for covalent immobilization of penicillin G acylase, Appl.
Surf. Sci. 255 (2008) 1625–1630.

[49] H. Tai, C.E. Upton, L.J. White, R. Pini, G. Storti, M. Mazzotti, K.M. Shakesheff,
S.M. Howdle, Studies on the interactions of CO2 with biodegradable
poly(DL-lactic acid) and poly(lactic acid-co-glycolic acid) copolymers using
high pressure ATR-IR and high pressure rheology, Polymer 51 (2010) 1425–
1431.

[50] R. Valapa, G. Pugazhenthi, V. Katiyar, Hydrolytic degradation behaviour of
sucrose palmitate reinforcedpoly(lactic acid) nanocomposites, Int. J. Biol.
Macromolecules 89 (2016) 70–80.

[51] I. Carmagnola, T. Nardo, P. Gentile, C. Tonda-Turo, C. Mattu, S. Cabodi, P.
Defilippi, V. Chiono, Poly(lactic acid)-based blends with tailored
physicochemical properties for tissue engineering applications: a case study,
Int. J. Polym. Mater. Polym. Biomater. 64 (2014) 90–98.

[52] J. Crank, The Mathematics of Diffusion, Oxford University Press, Oxford, 1975.
[53] M.N. Ozisik, H.R.B. Orlande, Inverse Heat Transfer, Taylor and Francis, New

York, 2000.
[54] C. Tien, Adsorption Calculations and Modeling, Butterworth-Heinemann,

Boston, U.S.A, 1994.
[55] R.W. Korsmeyer, R. Gurny, E. Doelker, P. Buri, N.A. Peppas, Mechanisms of

solute release from porous hydrophilic polymers, Int. J. Pharm. 15 (1983) 25–35.

http://refhub.elsevier.com/S0939-6411(16)31048-7/h0225
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0225
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0225
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0225
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0225
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0225
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0230
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0230
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0230
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0235
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0235
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0235
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0235
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0240
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0240
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0240
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0245
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0245
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0245
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0245
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0245
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0245
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0250
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0250
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0250
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0255
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0255
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0255
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0255
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0260
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0260
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0265
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0265
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0265
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0270
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0270
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0270
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0275
http://refhub.elsevier.com/S0939-6411(16)31048-7/h0275

	Use of mesoporous cellular foam (MCF) in preparation of polymeric microspheres for long acting injectable release formulations of paliperidone antipsychotic drug
	1 Introduction
	2 Materials and methods
	2.1 Materials and reagents
	2.2 Synthesis of MCF silica
	2.3 Paliperidone loading procedure on MCF
	2.4 Preparation of microspheres
	2.5 Characterization of MCF and MCF-paliperidone adsorbed
	2.5.1 Thermogravimetric analysis (TGA)
	2.5.2 N2 porosimetry
	2.5.3 Fourier transform-infrared spectroscopy (FT-IR)
	2.5.4 X-ray diffraction (XRD)
	2.5.5 Scanning electron microscopy (SEM)
	2.5.6 Transmission electron microscopy (TEM)

	2.6 Characterization of prepared microspheres
	2.6.1 Differential scanning calorimetry (DSC)
	2.6.2 Transmittance electron microscopy (TEM)

	2.7 HPLC quantitative analysis and drug loading
	2.8 In vitro release profile

	3 Results and discussion
	3.1 Characterization of MCF silica and MCF-paliperidone samples
	3.1.1 Porosity characteristics
	3.1.2 Drug loading on MCF silica (TGA analysis)
	3.1.3 Characterization of paliperidone after its adsorption to MCF

	3.2 Microparticles of PLA and PLGA 75/25
	3.2.1 Characterization of prepared microparticles
	3.2.2 Dissolution study of prepared microparticles


	4 Modeling and data analysis of the in&blank;vitro drug release
	5 Conclusions
	Acknowledgments
	Appendix A Supplementary material
	References


