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Abstract: In this work, aprepitant (APR) was loaded in a high-molecular-weight poly(ethylene oxide)
(PEO) and PEO/clay nanocomposites via the melt-mixing process in order to investigate the combined
effect of the PEO and PEO/clay phases on the dissolution profile of APR. Various drug (5, 10, 20 wt %)
and Cloisite-Na+ microgranuled nanoclay (5 and 10 wt %) loadings were used for the preparation
of the solid dispersions using a twin screw melt mixer at temperatures below the drug’s melting
point. X-ray diffraction (XRD) and infrared (FTIR) data of the prepared formulations confirmed that
the semicrystalline structure of the PEO and the structure of APR have remained intact. The PEO
chain intercalation in the intragallery space between the clay nanolayers was also confirmed by XRD,
especially in the APR/PEO formulations containing 5 wt % microgranuled nanoclay. The in vitro
release study demonstrated that in all formulations, the dissolution rate of APR was substantially
enhanced compared to neat drug. Immediate release formulations have been prepared, and the
combination of PEO/5 wt % clay nanocomposite phase with 5 or 10 wt % drug loading gives
much higher maximum dissolution (reaching 98 and 85%, respectively) compared to the neat drug
(40%). This improved performance was attributed to the highly intercalated/exfoliated state of clay
nanolayers in the APR/PEO/5 wt % clay formulations. A model was also investigated to explain the
physical mechanism of drug release in all formulations.

Keywords: aprepitant (APR); poly(ethylene oxide) (PEO); sodium montmorillonite clay (Cloisite-Na+);
melt mixing; enhanced dissolution profile

1. Introduction

The production of polymer nanocomposites containing layered silicates (clays) has been a
case of great interest for many industries through the last decades, for example, automotive,
aerospace, sports, pharmaceutics, and others [1,2]. The increased research activity on polymer/clay
nanocomposites may be attributed to the great improvement in properties achieved when using clay
nanoadditives [3,4], combined with the fact that clays are natural products in high abundance and
with rich intercalation chemistry [5,6]. Nylon was the first type of polymer used to produce clay
nanocomposites commercially [7], and since then, numerous types of polymers have also been used
as matrices, such as epoxies [8], polyesters [9], polyglycols [10], and other. Homogeneous dispersion
of silicate nanolayers is the key point for attaining the maximum benefit of polymer/clay interaction
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and many physical and chemical methods have been implemented for this purpose. Most of these
composites are prepared by melt-mixing processes (e.g., extrusion, injection, or mixing).

These processes are considered as some of the most rapidly growing technologies and are already
used widely, except for those of polymer and food processing, also in drug delivery research [11]
and pharmaceutical product development [12–19]. Melt mixing is a process that involves the mixing
of a polymer, one or more active pharmaceutical ingredients (APIs), and perhaps other additives
such as clays or other excipients, at elevated temperatures just above their melting point to provide
a molten material of uniform shape by using processing machines equipped with one or more
rotating screws. This process offers many advantages as it is a solvent-free technique, which is
an important environmental consideration, and provides the ability of continuous operation while
being economically viable at the same time, since a lot of processing steps can be eliminated [20]. Thus,
less time is needed for the preparation of the final formulation. Furthermore, melt mixing enhances
the solubility of poorly water-soluble drugs and hence it improves the APIs’ bioavailability [21–25].

Various types of polymers have been used for the development of drug-loaded systems via hot
melt processes, and poly(ethylene oxide) (PEO) is one of them. PEO is a semicrystalline, hydrophilic,
nonionic, water-soluble polymer, with a relatively low melting point (below 80 ◦C for PEO used in this
study (Mv ~2,000,000 g/mol). PEO has been used as the matrix of several release systems [26] and as a
carrier of drugs such as ibuprofen [27], ketoprofen [28], and flurbiprofen [29]. PEO creates a matrix
inside which the drug is trapped and generally homogeneously distributed. When the carrier/drug
system is administered, the already-existing water penetrates the system, which leads to the swelling
of the polymer and the drug’s dissolution. Once the carrier system is dissolved, the drug starts to
diffuse, going through the polymeric matrix, while the PEO chains start to disentangle and result in
system erosion [30,31].

Except in a polymer matrix, the addition of nanoadditives such as clays, SiO2, TiO2, carbon-based
nanomaterials, and so forth also plays an important role in drug dissolution. Polymeric nanocomposite
materials are used in drug delivery system applications with the nanofiller playing a crucial double
functionality. Concerning the drug, nanofillers can act as transport vehicles/carriers for the efficient
delivery of therapeutic molecules by modifying the rate and/or time of release, increasing the
stability of the drug, or improving the dissolution profile of a drug concerning self-healing [32,33].
The high surface area of nanoadditives (200–1500 m2/g) is an advantage that cannot be found in
polymeric matrices because drug can be dispersed in a huge surface area, increasing in most cases its
dissolution rate. Concerning the polymer nanofillers, they improve its mechanical properties, swelling
capacity, film-forming capability, rheological properties, and bioadhesion, without losing the inherent
processability of the matrix [34,35].

The use of PEO/clay nanocomposites as drug carriers, prepared via hot melt processes, has
been studied previously. Yang et al. used two types of nanoclay, Cloisite® 15A and 30B, to adjust
acetaminophen’s dissolution rate when mixed with PEO. As it was found, the drug recrystallization
rate was increased, and the drug releasing rate was decreased with the addition of both types of clay.
It was proposed that the drop of the release rate was due to decrease of wettability, while the drug’s
release mechanism changed from being erosion-dominant to diffusion-dominant [36]. The effect of clay
addition on the drug release rate was reported in another study as well, where the ibuprofen release
from a PEO matrix was retarded after the inclusion of montmorillonite, although PEO crystallinity
was significantly reduced [27].

Aprepitant (APR) is an antiemetic drug used for the treatment of chemotherapy-induced
nausea and vomiting, as well as postoperative nausea and vomiting [37]. APR is characterized
as a hydrophobic compound [38] and is categorized as “low soluble” and “low permeable” [39].
It is a white crystalline solid powder that is practically insoluble in water, with water solubility of
3–7 µg/mL, pH 2–10 [40]. This low aqueous solubility of APR is the rate-limiting step for APR’s poor
gastrointestinal absorption. However, it is well known that the preparation of drug solid dispersions
in a polymer matrix can drastically enhance the dissolution rate of poorly water-soluble drugs [41–44].
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Chandrasekhara Rao et al. studied the effect of solid dispersion systems, prepared using hot melt
extrusion, in the dissolution profile of aprepitant using carrier/plastisizer and additive mixtures
such as Hydroxypropyl cellulose (HPC), Vitamin E-TPGS and PEG-4000. As it was found, the solid
dispersions prepared by the hot melt extrusion process increased the dissolution rate of poorly soluble
aprepitant, by reducing the drug’s crystallinity to an amorphous phase [45]. The application of the hot
melt extrusion process to deliver APR as a hot-melt-extruded drug product with PVP polymers has
been previously reported [46]. Penumetcha et al. found that solid dispersions prepared by hot melt
extrusion of APR and Soluplus did in fact improve dissolution kinetics and resulted in a significant
improvement in the drug release that was attributed to the amorphization of APR as well as the crystal
growth inhibition effect of the Soluplus [47]. Similar results were obtained by Liu et al., who reported
that the dissolution rate of solid dispersions of APR with Soluplus were significantly increased and
nearly five-fold faster than that of pure APR [48].

The aim of this study was to develop APR-loaded PEO/clay carriers with improved drug
dissolution rates via melt mixing and investigate the effect of drug and clay loading on the drug
release profile.

2. Materials and Methods

2.1. Materials

Poly(ethylene oxide) (PEO) with a molar mass of Mv ~2,000,000 g/mol and viscosity 2000–4000 cP,
2% in H2O (25 ◦C, Brookfield, New York, USA) was supplied from Aldrich (Saint Louis, MO, USA) and
Aprepitant (APR) was kindly donated by Pharmathen S.A (Athens, Greece). The sodium montmorillonite
clay used was the Cloisite-Na+ (Southern Clay Products Inc., Gonzales, TX, USA—BYK Additives &
Instruments) with an average particle size of 2–13 µm in length.

2.2. Methods

2.2.1. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was carried out with a SETARAM SETSYS TG-DTA 16/18 (Setaram
Instrumentation, Caluire, France). Samples (6.0 ± 0.2 mg) were placed in alumina crucibles. An empty
alumina crucible was used as reference. Aprepitant, PEO, and Cloisite-Na+ were heated from ambient
temperature to 700 ◦C in a 50 mL/min flow of N2 at heating rate.

2.2.2. Preparation of Drug-Loaded Polymer and Nanocomposites by Melt Mixing

Drug loaded polymer and nanocomposites containing 5, 10, and 20 wt % APR with 0, 5, and
10 wt % Cloisite-Na+ (PEO/APR/Cloisite-Na+ 100/0/0, 95/5/0, 90/10/0, 80/20/0, 95/0/5, 90/5/5,
85/10/5, 75/20/5, 85/5/10, 80/10/10, 70/20/10) were prepared by melt mixing on a twin-screw
corotating melt mixer. Predetermined amounts of the powdered PEO, APR, and Cloisite-Na+ were
preweighed and physically mixed before being fed into the throat of the extruder in order to achieve
a fine dispersion of the drug and clay particles in the polymer melt. Melt mixing was performed at
130 ◦C, while the mixing time was 10 min and the screw speed was 30 rpm. Prior to melt mixing, drug
and Cloisite-Na+ were dried by heating in an oven overnight at 100 ◦C.

2.2.3. Fourier-Transform Infrared Spectroscopy (FTIR)

Prior to the FTIR analysis, the formulations were pressed into transparent thin films using a
hydraulic press heated at 130 ◦C and pressing with 100 kN. For the pure APR and Cloisite-Na+

samples, approximately 10 mg of APR and Cloisite-Na+ were mixed with 180 mg of KBr in an agate
mortal. The mixture was pressed under 8 tons for 30 s to form a pellet. All pellets and films were
placed in the optical compartment of a Perkin-Elmer FTIR spectrometer (PerkinElmer Corporation,
Waltham, MA, USA), and infrared (IR) absorbance spectra were obtained between 450 and 4000 cm−1
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at a resolution of 4 cm−1 using 10 coadded scans. All spectra presented are baseline corrected
and normalized.

2.2.4. X-Ray Diffraction (XRD)

XRD measurements of the PEO, APR, Cloisite-Na+, and all solid dispersions were performed by
scanning over the 2θ range of 2–10◦ and 5–70◦, at steps of 0.02◦ and 0.05◦ and counting time of 3 s
and 1.2 s per step, respectively, using a MiniFlex II diffractometer (Rigaku Co., Tokyo, Japan) with
Bragg–Brentano geometry (θ, 2θ) and a Ni-filtered Cu Kα radiation (λ = 0.154 nm).

2.2.5. Differential Scanning Calorimetry (DSC)

A Perkin-Elmer Pyris Diamond (PerkinElmer Corporation, Waltham, MA, USA) differential
scanning calorimeter (DSC), equipped with a Perkin-Elmer Intracooler II and calibrated with
high-purity indium and zinc standards, was used for DSC measurements. About 5 mg of sample
was placed in a sealed aluminum sample pan and was heated from 20 ◦C to 280 ◦C at a heating
rate of 20 ◦C/min. During the analysis, an inert environment was maintained using nitrogen gas
(50 mL/min).

2.2.6. SEM

The morphology of the prepared samples was examined using a scanning electron microscope
(SEM), type Jeol (JMS-840, Peabody, MA, USA). The samples were covered with a carbon coating in
order to provide good conductivity of the electron beam and avoid charging.

2.2.7. Dissolution Study/In Vitro Release Profile

In vitro release rates of APR from the prepared drug-loaded nanocomposites were measured
in USP dissolution apparatus II (paddles). DISKTEK 2100 C (Markham, ON, Canada) with an
auto sampler DISTEK EVOLUTION 4300 was used. Dissolution study was performed in 900 mL
phosphate buffered saline (pH = 6.8, for oral administration) under sink conditions, containing 2.2%
SLS (Food and Drug Administration, FDA-suggested comparative for aprepitant), the temperature
was set at 37 ± 1 ◦C, and the rotation speed was 100 rpm. Each dissolution vessel (n = 10) was
loaded with a quantity of drug-loaded polymer/nanocomposite corresponding to 80 mg of APR.
All formulations were in the form of flakes with a 2 mm diameter, while pure APR was in powder
form for the dissolution test. At predetermined time intervals (10, 19, 30, 45, 60, 90, and 120 min), 2 mL
of each sample was collected, filtered through a 0.45 µm nylon filter, and quantified according to the
HPLC method described below. Dissolution study was performed as indicated by the FDA guidelines
on aprepitant dissolution [49].

2.2.8. HPLC

Quantitative analysis was performed using a Shimadzu (Kyoto, Japan) 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). In details, an Athena C18 reversed-phase column (250 × 4.6 mm, 5 µm particle size)
was used, and the mobile phase consisted of ACN/phosphate buffer (1.36 g KH2PO4 dissolved in
1000 mL distilled water, adjusted to pH 7 with 1 M NaOH) 70/30 in ratio. The flow rate was 1 mL/min
and UV detection was performed at 215 nm. The injection volume was 20 µL.

3. Results and Discussion

3.1. Characterization and Properties of PEO/Clay Nanocomposites

TGA was initially used to study thermal stability of aprepitant, PEO, and Cloisite-Na+ before the
melt-mixing process in order to ensure that no decomposition occurs during the proper study. As can
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be seen in Figure 1, aprepitant showed thermal stability from ambient temperature until 262 ◦C, from
which point onward, decomposition occurred. Aprepitant showed a two-stage thermal decomposition:
a first stage from 262 till 355 ◦C and a second one from 355 till 428 ◦C, after which temperature no
significant change in its mass loss was observed. PEO appeared to be more stable, with only one
thermal decomposition stage, starting from 333 ◦C and ending at 455 ◦C, with a mass loss of 96%.
Finally, clay showed an initial loss in its mass until 100 ◦C, corresponding to humidity loss—which was
found to be present even after its heating in an oven overnight at 100 ◦C—while no significant change
in its mass was observed till 700 ◦C. TGA study showed that no thermal decomposition happens at
130 ◦C, the temperature at which the melt-mixing process took place.

The dispersion of sodium montmorillonite clay (Cloisite-Na+) microsized particles within PEO
was quite effective as can be seen from the photographs in Figure 2, where the transparency of the
5 wt % clay/PEO composite was similar to that of the neat polymer. At the relatively high loading of
10 wt % clay, the composite films became less transparent. However, no aggregates of clay particles
were observed for both loadings, proving the high efficiency of the melt mixing (by the twin-screw
melt mixer) of PEO with the sodium clay.

The structural characteristics of the PEO, the Cloisite-Na+ clay, and the respective composites
were investigated by means of FTIR and XRD measurements. Figure 3 displays the FTIR spectra of
the respective samples. The characteristic peaks of pure semicrystalline PEO appear at 2868 cm−1

(C–H stretching); 1465 cm−1 (CH2 scissoring); 1358 cm−1 and 1343 cm−1 (CH2 wagging); 1280 cm−1

and 1240 cm−1 (CH2 twisting); the triplet peak of C–O–C stretching at 1146 cm−1, 1100 cm−1, and
1061 cm−1, with maximum intensity presenting at 1100 cm−1 [50–52]; and the peaks at 960 cm−1

(CH2 rocking and C–O–C deformation); 842 cm−1 (CH2 rocking); and 528 cm−1 (C–O–C bending) [53,54].
The characteristics bands of Cloisite-Na+ clay appear at 3630 cm−1 (–OH stretching of Al–OH and Si–OH),
3443 cm−1 (–OH stretching of interlayer H–O–H), 1695 cm−1 (–OH bending), 1639 cm−1 (interlayer
H–O–H deformation), 1043 cm−1 (Si–OH and Si–O–Si stretching), 916 cm−1 and 798 cm−1 (Al–Al–O–H
and Al–O–Si bending, respectively), 622 cm−1 (Al–O bending), 522 cm−1 and 466 cm−1 (Al–O–Si and
Si–O–Si bending, respectively) [55]. The comparison of the FTIR spectra of the polymer, the clay, and the
PEO/clay composite indicates that the structural features of PEO have not been deteriorated or changed,
while the presence of the clay is verified by the increase of the intensity of the peak at about 1100 cm−1

(from PEO) due to the superimposition of the peak at 1343 cm−1 (from the clay).
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The XRD patterns of PEO, Cloisite-Na+ clay, and the respective nanocomposites are shown in
Figure 4, both at low (Figure 4a) and wide-angle (Figure 4b) range. The basal spacing (d001) of the
Cloisite-Na+ powder, calculated from the diffraction peak at 2θ = 7.55◦, was = 11.7 Å (Figure 4a).
In the XRD pattern of PEO/5 wt % Cloisite-Na+ nanocomposite, the diffraction peak related to
the basal spacing d001 was shifted and was observed at 2θ = 5.70◦ (d001 = 15.5 Å). This increase
of the basal spacing is a clear indication that fractions of the PEO chains have been intercalated in
the intragallery space between the clay nanolayers [56]. The wide-angle XRD pattern of the pure
Cloisite-Na+ (Figure 4b) exhibits the characteristic peaks of its crystalline structure at ~19.8◦, 28.2◦,
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and 35.1◦ 2θ. Similarly, the peaks at 15.98◦, 19.9◦, 24.14◦, 27.02◦, 27.80◦, and 28.73◦ in the pattern of the
pure PEO indicate its semicrystalline state. After the melt mixing with the clay, the PEO retained its
structure, while the highest intensity peak of the clay at ~19.9◦ is superimposed by that of the PEO.Appl. Sci. 2018, 8, x 8 of 24 
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The thermal characteristics of the PEO/clay nanocomposites have been extensively discussed
in previous studies [57–60]. DSC analysis is one of the most used methods for analyzing first-order
transitions such as melting and crystallization. From the DSC curves presented in Figure 5, the melting
point (Tm) and heat enthalpy of fusion (∆H) of the pure PEO and the PEO/5 wt % clay were determined.

The intense peak due to PEO melting appears at 75.89 ◦C, indicating the semicrystalline nature
of the polymer, while the corresponding peak of the PEO/5 wt % Cloisite-Na+ nanocomposite has
been shifted to a lower temperature (Tm = 72.83 ◦C) along with a decreased endotherm peak area,
∆H (∆HPEO = 158.161 J/g, ∆HPEO/5Cloisite-Na+ = 132.647 J/g). This shift to lower Tm by ca. 3 ◦C indicates
a slight decrease in the crystallinity of PEO in the nanocomposite, while the decrease of ∆H confirms
the intercalation of the PEO between clay nanolayers, as indicated above by the XRD results [61].
The decreased heat of fusion (∆H) also indicates that the clay nanolayers may inhibit the crystallization
of the PEO matrix. The presence of the nanolayers or even of the finely dispersed clay microparticles
in the polymeric matrix disturbs the crystal growth, as the polymer’s mobility is decreased due to the
presence of these nano-/microparticles [57,58,60].
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3.2. Characterization of Drug Loaded PEO

Representative SEM images of the drug-loaded PEO are shown in Figure 6. It can be suggested
that aprepitant is highly dispersed, almost “fused” in the polymer matrix, as only some very small
particles in the form of spheres (indicated by white arrows) lower than 0.25 µm in size could be
identified in the SEM images.
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FTIR spectroscopy is a very useful and widely used method to examine any possible interactions
between polymers and “dissolved” drugs or possible structural changes in either of the blend
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components. The most probable type of bonding that is expected to happen between PEO and
APR is hydrogen bonding between the amine group of APR and the oxygen or hydroxyl end groups
(–OH groups) of PEO. However, as can be seen from the FTIR spectrum of the pure APR compound
(Figure 7a), the respective peak at 1605 cm−1 (N–H bending) is of very low intensity due to the
relative low abundance of these groups in the APR molecule. Thus, it is difficult to identify and
discuss the presence of absence of this peak in the PEO/APR formulations (spectra also included
in Figure 7a). Other characteristic peaks of APR can be identified at 3167 cm−1 (secondary N–H
stretching), 1704 cm−1 (amide C=O stretch) [62], and 1509 cm−1 (C=C stretch). Peaks at 1289 cm−1,
1169 cm−1, and 1069 cm−1 are due to C–O stretching [63], while peaks at 1129 cm−1, 1140 cm−1, and
1117 cm−1 correspond to C–F stretching. The presence of the band at 1140 cm−1 indicates that the
APR was a form II polymorph, as reported in literature [64]. The FTIR spectra of the APR-loaded PEO
exhibited all the characteristic peaks of pristine PEO (Figure 7a), thus indicating the retention of its
structure. Furthermore, the peak at 1704 cm−1 verifies the presence and structural integrity of APR
in the PEO/APR solid dispersions. Since this peak remains at the same position as in neat drug, any
interactions with PEO should be excluded.
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Figure 7. FTIR spectra (a) and XRD patterns (b) of pure aprepitant (APR), pure PEO, and PEO loaded
with 5, 10, and 20 wt % APR (PEO_5Aprep, PEO_10Aprep, and PEO_20Aprep, respectively).

The XRD patterns of pure APR and PEO and the APR-loaded PEO are also shown in Figure 7b.
Pure APR exists in two crystal polymorphs: form I and II. Each form exhibits different characteristic
reflections. In accordance with the data reported in the literature, it can be seen that both forms
can be identified in the drug used in this study, that is, peaks at about 12.7◦, 16.7◦, 20.0◦, and 23.0◦

corresponding to form I and peaks at about 18.2◦ and 21.0◦ attributed to form II [64,65]. Some of these
peaks can also be seen in the pattern of the 10 and 20 wt % APR-loaded PEO sample, indicating that
the drug is dispersed in crystalline, or better still, in semicrystalline form inside the polymer matrix.
This was expected since melt mixing was taking place at a lower temperature than the melting point
of the drug, in order to avoid drug decomposition. Also, this is very common when semicrystalline
polymers are used for the preparation of drug solid dispersions [66–68]. This is ought to improve
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polymer microstructure and especially that of existing polymer crystal which acts as a nucleating agent
for drug crystallization. However, as can be seen, the intensity of drug peaks is very small, which is a
clear indication that their crystallinity was reduced in solid dispersions. The absence of the APR peaks
in the patterns of the composites with the lower drug loading can be justified based on the relatively
lower absolute crystallinity of the drug compared to that of the PEO and the lower loading degree
(5 wt %). The drug in this formulation may be dispersed in amorphous form.

The DSC curves of PEO, APR, and the drug-loaded polymer are shown in Figure 8. PEO exhibits
an endothermic peak at 75.89 ◦C, while the APR exhibits a sharp endothermic peak at 253.91 ◦C.
The sharp peak attributed to the APR is not present in either of the curves of the drug-loaded PEOs.
Since a pronounced decrease in the crystallinity of APR was justified on the basis of XRD data of
the APR/PEO blends, it can be suggested that the absence of this peak is due to APR amorphisation.
However, in formulations with 10 and 20 wt % APR, some crystalline peaks have been identified in
XRD patterns. Thus, the absence of any APR peak can be attributed to dissolution of APR into the
molten state of PEO during the increase of the temperature in the DSC experiment.
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Figure 8. DSC curves of pure aprepitant (APR), pure PEO, and PEO loaded with 5, 10, and 20 wt % of
APR (PEO_5Aprep, PEO_10Aprep and PEO_20Aprep, respectively).

3.3. Characterization of Drug-Loaded PEO with 5 and 10 wt % Clay

The SEM images along with the EDX (Energy Dispersive X-ray) spectra of the APR/PEO/clay
formulations are shown in Figures 9 and 10. EDX analysis showed the copresence of both drug
(element F) and clay (Al, Si, Na) in the point (microarea) analyzed, thus suggesting the good dispersion
and interaction of both components within the PEO matrix.
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Figure 10. SEM image and EDX analysis of drug-loaded PEO nanocomposite with 10 wt % APR and
10 wt % clay (PEO_10Aprep_10CloisiteNa+).

The FTIR spectra of the APR-loaded PEO/clay nanocomposites are shown in Figure 11 and
exhibit similar features to those of the APR/neat PEO spectra shown in Figure 7. More specifically,
the peak at 1704 cm−1 verifies the presence and retention of the structure of APR in the PEO/clay
nanocomposites, while the increase of the intensity of the peak at about 1100 cm−1 is attributed to
the presence of Cloisite-Na+ clay, as also discussed above (Figure 3). Characteristic peaks of APR
remained at the same positions, as in the case of neat drug, indicating that no interactions are taking
place between the drug and the polymer matrix or clay.

The wide-angle XRD patterns of pure aprepitant and PEO, as well as of the PEO/clay
nanocomposites and the drug-loaded nanocomposites, are shown in Figure 12. As in the case of
the APR/neat PEO blends (Figure 7), the only clearly identifiable peak in the patterns of drug-loaded
nanocomposites attributed to APR is the one at about 21.01◦, being clearly shown only in the 10 and
mainly in the 20 wt % loaded APR. This is an indication that the drug was dispersed in a crystalline
state also in both formulations containing clays. However, these peaks, as in the case of PEO/APR solid
dispersions, present with lower intensity, indicating a small reduction of its crystallinity. Comparing
the formulations between 5 and 10 wt % clay, it can be seen that in the second case, the characteristic
peak of APR may exhibit higher intensity, attributed to higher crystallinity of APR. This could be due
to the different dispersion of clay inside the polymer matrix, which induces different degree of drug
crystallinity. To confirm this, all XRD patterns have been recorded also in lower angles (2–10◦) and are
shown in Figure 13.
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The patterns of the APR-loaded PEO/5 wt % clay nanocomposites do not exhibit the d001 reflection
of the clay that is present in the PEO/clay nanocomposite without the drug at about 5.7◦ due to the
intercalation of the PEO chains, as discussed above (Figure 4). The absence of this reflection implies a
highly intercalated or exfoliated clay nanolayer structure within the PEO being induced by the presence
of APR. On the other hand, in the patterns of the PEO/10 wt % clay nanocomposites loaded with
APR, the d001 reflection of the clay that appears at about 5.36◦ (d001 = 16.5 Å) is partially intercalated
compared to the parent Cloisite-Na+ clay (d001= 11.7 Å), but not as highly intercalated/exfoliated as
in the case of PEO/5 wt % clay nanocomposites loaded with APR. This could justify the different
crystallinity of the APR drug in PEO/clay/APR formulations containing different clay contents
(5 and 10 wt %).
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Figure 13. XRD patterns (low angle) of APR-loaded PEO/clay nanocomposites with: (a) 5 wt %
(PEO_5Aprep_5CloisiteNa+, PEO_10Aprep_5CloisiteNa+ and PEO_20Aprep_5CloisiteNa+)
and (b) 10 wt % clay (PEO_5Aprep_10CloisiteNa+, PEO_10Aprep_10CloisiteNa+ and
PEO_20Aprep_10CloisiteNa+).

The DSC curves (Figure 14) of the APR-loaded PEO/clay nanocomposites exhibit similar
characteristics (Tm and ∆H) with those of the PEO/clay nanocomposites without the drug (Figure 5)
in terms of the properties of PEO, that is, slightly decreased Tm and ∆H of fusion. In addition, the peak
due to the melting of the drug is not present in the case of the APR/neat PEO blends (Figure 8), due to
its lower degree of crystallinity or due to its dissolution inside the melt of PEO during heating.
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Figure 14. DSC curves of pure aprepitant and different drug-loaded nanocomposites containing
(a) 5 wt % (PEO_5Aprep_5CloisiteNa+, PEO_10Aprep_5CloisiteNa+ and PEO_20Aprep_5CloisiteNa+)
and (b) 10 wt % clay (PEO_5Aprep_10CloisiteNa+, PEO_10Aprep_10CloisiteNa+ and
PEO_20Aprep_10CloisiteNa+).

3.4. Drug (APR) Dissolution Study

The dissolution study of aprepitant (APR) was performed in all the above prepared and
characterized APR/PEO and APR/PEO/clay nanocomposite samples. The dissolution profiles of
pure APR and APR/PEO melt-mixed formulations without the addition of the clay are shown in
Figure 15. APR reached a dissolution percentage of about 15% in the first 10 min, while after that time,
the dissolution degree continued to increase with reduced rate and reached a value of approximately
40% at 60 min, without any other change thereafter. This was due to the crystalline structure of the
drug, which reduced its solubility. All the APR/PEO formulations showed increased values in the first
10 min compared to that of the neat APR, with percentages reaching approximately 55–65%. After
that time, the drug dissolution continued to increase, while the dissolution reached its maximum on
the 30 min time mark, with values ranged between 75 and 90%. As can be seen, the drug release is
directly dependent on the drug amount. The PEO/APR formulation with 5 wt % drug had the highest
rate, that in fact decreased by increasing its amount in solid dispersion. Thus, the formulation with
20 wt % APR exhibits the lowest release from all formulations, which is ca. 75% after 60 min. It seems
that PEO has succeeded to increase the initial release of the drug, leading to an immediate release
profile followed by a sustained release till t = 60 min. The release rate decreased by increasing the
drug amount, due to the different degree of crystallinity of the drug in the solid dispersions. In the
formulation containing 5 wt % APR, the whole amount, as was found from XRD, was almost in an
amorphous state. Thus, the release rate was the highest, since it is well known that amorphous drugs
have up to 1000 times higher solubility than crystalline forms [41,42]. As the drug amount increased in
the formulations, a higher drug amount existed in a crystalline form, and thus the maximum release
rate decreased gradually from 10 to 20 wt % APR.
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The drug dissolution profiles of the APR/PEO formulations also containing 5 and 10 wt % clay
are shown in Figure 15b,c, respectively. The incorporation of 5 wt % clay in the formulations seems to
increase the drug release of net APR at values slightly higher compared to the formulations without
clay; that is, 55–70% in the first 10 min. The main difference is that the presence of clay induces further
dissolution enhancement of APR, which reached a release of approximately 98% after 60–120 min.
This also happens in the other formulations containing 10 and 20 wt % APR, with maximum drug
release of about 85 and 76%, respectively. Hence, the combination of 5 wt % clay and 5 wt % APR
showed higher release rates compared to the neat drug as well as to the formulation without the clay.
Based on the above results, it seems that the highly intercalated/exfoliated clay nanolayers present
in the APR/PEO/5 wt % clay formulation (Figure XRD data in Figure 13) provide a high external
surface for interaction with the drug and thus higher amorphisation. However, these effects depend
also on the drug loading, even though in all formulations, the drug release is enhanced compared to
the PEO/APR formulations, while 5–10 wt % APR loading appears to be the most appropriate range.
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Figure 15. Dissolution profile of (a) aprepitant (APR)/PEO formulations prepared by melt
mixing with 5, 10, and 20 wt % drug and (APR)/PEO/clay formulations with (b) 5 wt %
(PEO_5Aprep_5CloisiteNa+, PEO_10Aprep_5CloisiteNa+ and PEO_20Aprep_5CloisiteNa+) and (c) 10 wt %
clay (PEO_5Aprep_10CloisiteNa+, PEO_10Aprep_10CloisiteNa+ and PEO_20Aprep_10CloisiteNa+).

For APR/PEO/clay formulations with 10 wt % clay (Figure 15c), different observations were
made. It can be seen that even though enhanced release rates are recorded compared to the neat
drug, they are slightly slower compared not only to the APR/PEO/5 wt % clay, but also to the
APR/PEO formulations. The maximum release from the 5 wt % APR formulation was about 87% after
60–120 min, and reduced to approximately 75 and 67% for formulations with 10 and 20 wt % APR,
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respectively. Taking into consideration the relatively limited intercalation of the clay nanolayers in the
APR/PEO/10 wt % clay formulations (XRD data in Figure 13), it can be suggested that the improved
dissolution profiles of APR from PEO/clay formulations requires both increased dispersion of the clay
nanolayers in the PEO matrix and the appropriate balance between clay and drug loading. Further
studies on improving the dispersion/intercalation of the APR/PEO/10 wt % clay formulations with
more intensive melt-mixing process parameters or by using organo-modified clay are underway. Also,
it seems that such high clay content also acts as a barrier layer to drug diffusion from the polymer
matrix or increases the drug crystallinity, both of which lead to lower APR solubility.

3.5. Analysis and Discussion of Release Results

An attempt to quantify the drug release curves and to associate them with the dominant physical
mechanisms will be presented here. Let us start from the simplest case, which is the direct release of
the drug. The process in this case can be characterized as dissolution. The final concentration of the
aprepitant is simply its solubility in the liquid Ceq. The drug concentration evolution can be described
from the solution of the following simple conservation equation for the drug concentration in liquid:

V
dC
dt

= AK(C − Ceq) (1)

where V is the volume of the fluid, A the sample–fluid interfacial area, and K the overall dissolution
rate constant. In general, the dissolution is a two-step process: the first step is the removal of the
drug from the solid to the dissolved state, and the second the mass transfer from the solid–liquid
interface to the bulk liquid. In principle, the constant K is related to the partial dissolution rate
constant k and to the mass transfer coefficient h as K = 1/(1/k + 1/h). However, it is not possible to
assess experimentally the relative contributions of mass transfer and dissolution on the release rate.
Considering the experimental characteristic release time of thirty minutes and the high mixing rate
employed (100 rpm), it can be argued that the dominant step is the dissolution, so K coincides to k.
Assuming the initial condition C = 0, the above equation can be integrated to give:

C = Ceq(1 − exp(
Ak
V

t)) (2)

The fractional release curve can simply be computed by the ratio CV/m, where m is the mass of
the drug, which is the same for all experiments performed in the present work. The above equation is
fitted to the experimental data and leads to the following parameter value: AK/V = 8 × 10−4 s−1.

The next system to analyze is the PEO–drug system. In general, PEO undergoes swelling
and erosion (dissolution) in the liquid phase. The relative rate of the two processes depends on
the PEO chain length (i.e., on the molecular weight of the PEO). In particular, large chains inhibit
the erosion of the polymer matrix, so considerable swelling occurs prior to erosion. The behavior
of PEO influences the release profile of the drug. In the case of erosion domination, the drug is
released from the eroded matrix, so a zero-order release kinetic profile is expected. In the case of
swelling domination, the drug has to diffuse through the gel layer created by polymer swelling, so the
undergoing release mechanism is diffusion, which can be described (employing an approximating
technique like the linear driving force formula [69]) as a first-order process. The experimental release
data for the PEO–aprepitant system are fitted using both zero- and first-order kinetic models, and it
was found that the first-order model can perfectly characterize the data. This means that swelling
dominates erosion, which is quite compatible to the high-molecular-weight (2 × 106) of the PEO of
the present work [70,71]. The integrated first-order equation for evolution of drug concentration is
given as C = CF(1 − exp(−KDt)), where CF is the final drug concentration in the liquid and KD is
the first-order rate coefficient, which is related to the drug diffusivity in a gel slab of thickness L
as KD = 3D/L2. The comparison between the experimental and model release curves are shown in
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Figure 16. It appears that the kinetic constant does not depend on the drug content in the PEO matrix
and it takes the value KD = 2 × 10−3 s−1.

The next step is the system modeling in the presence of clay. A first attempt is to try a first-order
kinetic model (diffusion through swollen gel layer), found to work in the absence of clay. The fitting
procedure was fairly successful (deviation smaller than 2% from the experimental data points) for
the case of 10 wt % clay. The comparison between experimental data and model curves is shown
in Figure 17. The small nonsystematic deviation between the model and data may be due to
experimental uncertainties and it clearly suggests that it is worthless to seek for a more elaborate
model. The coefficient KD found from fitting of the experimental curves appears to depend on the drug
content (unlike in the case without clay). The values found are KD = 1.83 × 10−3 s−1, 2.17 × 10−3 s−1,
and 2.5 × 10−3 s−1 for drug contents of 5 wt %, 10 wt %, and 20 wt % respectively. So, it appears that
the ratio of clay to drug content has an effect on the diffusion kinetics of drug in the gel.
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The release curves for the case of 5 wt % clay content in PEO matrix cannot be described by
the first-order kinetic model. The deviation between the data and model is systematic, suggesting
that there is a second release characteristic time which is much smaller than the primary one, which
corresponds to molecular diffusion through the gel. An amount of drug is released by diffusion and
another amount by combination of diffusion and dissolution in bulk liquid steps. So, a physically
reasonable model which can describe the data must be developed. This physical model is the following:
A fraction (1 − f) of the drug amenable to dissolution is in molecular form and a fraction f is in solid
form (i.e., nanometer size particles). Both types of drug diffuse through the gel layer and reach the
bulk liquid. Then, in the bulk liquid, the second fraction (solid particles) undergoes a slow dissolution
process (similar to that of solid drug shown in Figure 16). The mathematical model describing the
above scenario is:

dC1

dt
= −KD((1 − f)CF − C1) (3)

dX1

dt
= −KDsX1 (4)

dX2

dt
= KDsX1 − ksX2 (5)

where X1 is the weight fraction of solid (amenable to dissolution) drug in the matrix and X2 is the
fraction of solid drug located in the bulk liquid. The rate coefficient KDS corresponds to the diffusion
of the solid particles through the gel layer and the rate coefficient k to particle dissolution. The bulk
drug concentration can be found as:

C = C1 + fCF(1 − X1 − X2). The systems of the equation with initial conditions C1 = 0, X1 = 1,
X2 = 0 is solved analytically to give:

C = (1 − f)CF(1 − exp(−KDt)) + fCF(1 − exp(−KDst)− KDS

ks − KDS
(exp(−KDst)− exp(−kst))) (6)

The above equation must be fitted to the experimental data by appropriate choice of KD, KDs, ks,
and f. A very good fitting was achieved by considering a single set of parameters (assuming drug
content-independent parameter values). The comparison between the data and model curves is shown
in Figure 18. The fitting parameters are f = 0.11 (i.e., 11% of the finally dissolved drug is initially in solid
form), KD = 2.5 × 10−3 s−1 (diffusion through gel layers is somewhat faster than in the absence of clay),
KDS = 0.82 × 10−3 s−1 (i.e., diffusion of particles is much slower than the diffusion of molecular drug),
and ks = 0.8 × 10−3 s−1. The rate constants found are compatible with the physics of the problem. The
fact that the solid dissolution rate constant is the same with the one found before for the pure drug
supports the physical validity of the model.

The total fraction of released drug is computed as CFV/m. The rest of the drug is in a crystallized
insoluble form (fraction ϕ). The value of ϕ is 0.11, 0.18, and 0.214 for drug content 5%, 10%, and 20%
without clay, respectively; 0.121, 0.242, and 0.325 for drug content 5 wt %, 10 wt %, and 20 wt % with
10 wt % clay, respectively; 0.02, 0.103, and 0.156 for drug content 5 wt %, 10 wt %, and 20 wt % with
5 wt % clay, respectively. The insoluble fraction increases with drug content, but shows a nonmonotonic
behavior with clay content, indicating the complexity of drug–clay interaction.
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4. Conclusions

Aprepitant (APR)-loaded PEO and PEO/clay nanocomposite solid dispersions were successfully
prepared by melt mixing in order to investigate the effect of polymer and clay on the dissolution
enhancement of the drug. SEM images verified the good dispersion of the clay and APR into PEO. Even
though, as was found from FTIR studies, there are no interactions between PEO or clay and drug, APR
in its 5 wt % concentrations may be dispersed in an amorphous phase. In concentrations of APR 10 and
20 wt %, the drug showed a reduced crystallinity concerning the neat APR. Due to this, the APR/PEO
formulations induced a slightly higher drug release in the first 10 min compared to the neat drug,
as well as significantly higher maximum dissolution percentages after 60–120 min, reaching about 90%.
The addition of 5 wt % Cloisite-Na+ clay in the APR/PEO formulations led to substantial improvement
of the APR dissolution profile, reaching a very high maximum dissolution of about 98% for drug
content 5 wt %. Higher content of clay (ca. 10 wt %) resulted in poorer drug release profiles, owing
mostly to the limited intercalation of the clay nanolayers compared to the 5 wt % clay formulations,
where highly intercalated/exfoliated structures where achieved. A comprehensive analysis of the
release kinetic data revealed that the dominant release mechanism is the diffusion through the swollen
polymer and erosion for the case of 0 wt % and 10 wt % clay. The release mechanism in the case of
5 wt % clay is more complex. An amount of drug is released by diffusion and another amount by
combination of diffusion and dissolution in bulk liquid steps. These results prove the effectiveness of
PEO/clay nanocomposites as drug carriers for sustained release.
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