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owing to its simple preparation method.19 However, the
adsorption of L-SNEDDS on porous carriers suffered from
high drug dosing and drug trapping within solid adsorb-
ents.20,21 This aligns with our previous study, in which an S-
SNEDDS loaded with a triple combination therapy for
metabolic syndrome was prepared in a single dosage using
Syloid as an adsorbent. Results showed that the candesartan
cilexetil (CC) drug was trapped within the formulation, and
less than 20% of the drug was released at the end of the in vitro
dissolution study.22 Therefore, an innovative strategy is
required to overcome the aforementioned limitation of the
traditional solid SNEDDS formulation.

Herein, an innovative polymeric formulation was developed
to prepare the next generation of solid SNEDDS. This was
achieved by incorporating polymers, such as Pluronic, into the
L-SNEDDS formulation. This new generation of SNEDDS
exists in the solid state at room temperature and converts into
L-SNEDDS upon exposure to body temperature. Conse-
quently, CC was used as a model drug based on our previous
findings to address this issue.

CC is a potent antihypertensive agent and exerts its
therapeutic activity by blocking the angiotensin II receptor.23

This reduces blood pressure following the termination of the
vasoconstriction effect produced by angiotensin II.24 Along
with its antihypertensive activity, CC exhibits cardioprotective
effects produced by angiotensin II.25 However, CC belongs to
BCS class II drugs (low solubility and high permeability) with
reported low bioavailability following oral administration
(15%). This is attributed to its inherent lipophilic characteristic
and low solubility, which significantly hinder drug dissolu-
tion.26 Therefore, SNEDDS formulation provides a promising
solution to overcome the reported low bioavailability of
CC.27,28

This study’s innovation lies in the development of a next-
generation SNEDDS formulation that overcomes the two
major limitations reported for the traditional solidification
method. The invented polymeric approach maintains the
formulation in a solid state at room temperature while allowing
complete liquefaction at body temperature. This avoids drug
trapping within the porous adsorbent and reduces dosage
volume by eliminating the usage of low-density porous
materials. To achieve this goal, we systematically evaluated
the CC solubility in various oils and SNEDDS formulations to
identify optimal SNEDDS components. The traditional
SNEDDS formulations (liquid and solid) were prepared as a
comparative reference against the in situ liquefying formulation
(IL-SNEDDS). The prepared formulations were characterized
using FTIR, PXRD, and dissolution study.

2. MATERIALS AND METHODS
2.1. Materials. Candesartan cilexetil (analytical purity

>98%) was provided through a generous donation from
Riyadh Pharma (Riyadh, Saudi Arabia). Various surfactant
components were sourced as follows: Tween-80, Tween-85,
Tween-20, Kolliphor EL, and Labrasol (LB) were acquired
from Techno Pharma Chem Haryana (Bahadurgarh, India),
Merck-Schuchardt OHG (Germany), BDH (England), BASF
(Ludwigshafen, Germany), and Gattefosse ́ (Saint-Priest,
France), respectively. Cosurfactant components Kollisolv
PEG 400 and propylene glycol were procured from BASF
(Ludwigshafen, Germany) and Winlab Laboratory (Leicester-
shire, UK), respectively. The free fatty acid (oleic acid) was
sourced from Avonchem (Cheshire, UK). Captex-355, Peceol,

soybean oil, and Imwitor-308 were obtained from Abitec
Corporation (Janesville, USA), Gattefosse ́ (Saint-Priest,
France), John L. Seaton & Co., Ltd., and Croda International
Plc. (East Yorkshire, UK), and Sasol Germany GmbH
(Germany), respectively. The adsorbent material Syloid was
procured from Grace Gmbh and Co. KG (Worms, Germany).

2.2. UPLC Method for Drug Quantification. Cande-
sartan cilexetil concentration within solubility and in vitro
dissolution samples was quantified using the ultraperformance
liquid chromatography (UPLC) Dionex system (MA, USA).
The chromatographic mobile phase consisted of acetonitrile,
10 mM ammonium formate buffer, and 0.1% formic acid in a
volumetric ratio of 60:36:4% v/v. It was eluted through an
Acquity HSS T3 1.8 �m (2.1 × 50 mm) column at a 0.4 mL/
min flow rate using a connected Quaternary Dionex Pump
System. Column temperature was maintained at 25 °C during
the drug analysis. Finally, drug detection and quantification
were accomplished using a Dionex Photodiode Array detector
operated at a 254 nm wavelength.

2.3. Preparation of SNEDDS Formulations. 2.3.1. Pre-
liminary SNEDDS Formulations. Different types of SNEDDS
components were prepared as listed in Table 1. Briefly,

SNEDDS ingredients were placed in a glass vial and incubated
at 40 °C for about 15 min to ensure the formation of
homogeneous samples. After that, they were mixed manually
and stored for further assessment.

2.3.2. L- and S-SNEDDS Formulation. SNEDDS2 for-
mulation was mixed with candesartan cilexetil to prepare L-
SNEDDS with 16 mg/g drug loading. To prepare S-SNEDDS
using the adsorption method, an equal amount of L-SNEDDS
and Syloid (1:1) were mixed manually until complete
adsorption by the adsorbent.

2.3.3. IL-SNEDDS Formulation. Pluronic F-68 was incorpo-
rated into SNEDDS2 formulation to prepare IL-SNEDDS1, IL-
SNEDDS2, IL-SNEDDS3, IL-SNEDDS4, and IL-SNEDDS5
with concentrations of 1%, 2.5%, 5%, 7.5%, and 10% w/w,
respectively. The mixture was placed in an incubator set at 40
°C for 1−2 h until complete solubilization of Pluronic F-68
was achieved.

2.4. Solubility of CC. The solubility of the CC raw drug
was screened in various types of commercially available oils
(oleic acid, Imwitor-308, Captex-355, soybean, and Peceol)
and prepared SNEDDS formulations. In the present study, the
oils and prepared SNEDDS formulations were used in their
anhydrous state. At a controlled room temperature of 23 ± 2
°C, an excess quantity of the CC raw material was mixed with
the tested agents (oil or SNEDDS) by using a magnetic stirrer
at 1000 rpm for 24 h. For the accurate assessment of the
solubilized drug in the tested agents, the mixture was
transferred into an Eppendorf tube and centrifuged for 10
min at 14 000 rpm to precipitate any undissolved drug
particles. The drug concentration was measured in the

Table 1. Composition of the Prepared Drug-Free SNEDDS
Formulation

Formulation code Surfactant Cosurfactant Oil

SNEDDS1 Tween 20 Polyethylene glycol Imwitor-308
SNEDDS2 Tween 80
SNEDDS3 Tween 85
SNEDDS4 Labrasol
SNEDDS5 Kolliphor EL
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supernatant after it was transferred using a micropipette to an
Eppendorf tube placed on an auto-zero weighing balance. The
extraction procedure was performed using 1.8 mL of
acetonitrile assisted by sonication for at least 5 min. A further
dilution process was performed, if required, to ensure that the
sample fit within the constructed calibration range.

2.5. Solubility of Pluronic F-68 in Surfactant and
Cosurfactant. The solubility of in situ liquefied agents
(Pluronic F-68) in different types of surfactants (Tween-20,
Tween-80, Tween-85, Labrasol, and Kolliphor-EL) and
cosurfactants (polyethylene glycol 400 and propylene glycol)
was studied to select optimum SNEDDS ingredients. In a 5
mL glass beaker, the aforementioned agents (surfactants and
cosurfactants) were separately placed and mixed with Pluronic
F-68 at a 10% w/w concentration. After that, they were stirred
for at least 12 h at controlled room temperature. Finally, the
solubility of Pluronic F-68 was visually checked to select the
optimum SNEDDS components.

2.6. Transmittance Measurement. The present study
focused on determining the emulsification efficiency of
different types of surfactants during the selection of the
optimum SNEDDS formulation. Test SNEDDS were diluted
with water (1:1000) and subjected to stirring for 5 min to
enhance the formulation of nanoemulsion droplets. The
transmittance of dispersed formulations was measured using
a UV−vis spectrophotometer, Ultrospec 2100 Pro, Amersham
Biosciences (NJ, USA), set at 638 nm. A high transmittance
value indicated high emulsification efficiency for the tested
surfactant with the cosurfactant and co-solvent components.

2.7. FTIR. Fourier-transform infrared spectroscopic analysis
of CC, adsorbent material, and S-SNEDDS formulations was
conducted utilizing an FTIR Nicolet 380 spectrophotometer
from Thermo Fisher Scientific (WI, USA). The tested agents
were scanned across the spectral range of 600−4000 cm− 1.
The resulting spectrum was used to identify changes or the
disappearance of functional groups of CC within the prepared
formulations. Moreover, the FTIR spectrum of the tested
carrier agents (Syloid and Pluronic) was analyzed to confirm
any changes in their structure within the prepared
formulations.

2.8. PXRD. Powder X-ray diffraction (PXRD) analysis was
utilized to obtain the PXRD pattern and determine the
crystalline peaks of candesartan cilexetil, the adsorbent, and S-
SNEDDS using an Ultima IV diffractometer (Rigaku Inc.,
Tokyo, Japan). The scanning process was carried out at a rate
of 1°/min to ensure accurate peak resolution and the detection
of minor diffraction signals. Data acquisition was performed
using monochromatic radiation with a wavelength of 1.54 Å,
corresponding to Cu K�’1 radiation. The diffractometer
system was operated under a stable current of 40 mA and a
voltage of 40 kV. This analytical approach allowed for a
comparative evaluation of the crystalline and amorphous
characteristics of the drug, excipients, and final S-SNEDDS
formulation.

2.9. Determination of In Situ Liquefying Parameters.
In situ liquefying parameters of the prepared IL-SNEDDS
formulations were determined as follows. The water bath
temperature was initially maintained at 25.0 ± 0.1 °C at the
beginning of the experiment. An Eppendorf tube containing
0.5 g of formulation was fixed on a floating soy film and placed
in the water bath for 2 min to allow time for equilibration.
Afterward, the soy film was removed, and the in situ liquefying
temperature was recorded when visible surface movement of

the formulation occurred. The water bath temperature was
increased by 1° to assess its impact on the performance of IL-
SNEDDS, and the procedure was repeated to determine the in
situ liquefying temperature for each formulation. Regarding the
liquefying time, the water bath temperature was set at 37.0 ±
0.1 °C. Subsequently, all formulations were placed in the water
bath using a floating soy film, and the time was determined
visually to confirm when the formulation was completely
liquefied.

2.10. In Vitro Dissolution Study. The current test was
designed to explore the influence of SNEDDS on the
dissolution profile of the CC. A dissolution apparatus type II
(LOGAN Inc., Franklin, NJ, USA) was employed in the
current test. The dissolution process was performed using 900
mL of media consisting of phosphate buffer (pH 6.8)
preheated before the experiment to 37.0 ± 0.5 °C. Hard
gelatin capsules were filled with 8 mg of CC or SNEDDS
containing an equivalent amount of the drug. The experiment
was conducted with the paddle speed set at 50 rpm, and
samples were collected at predetermined intervals (5, 15, 30,
45, and 60 min).

3. RESULTS
3.1. Solubility of CC in Oils. The measured candesartan

cilexetil solubility in various types of oil, namely oleic acid,
Imwitor-308, Peceol, Captex-335, and soybean, is presented in
Figure 1. It is clear from the results that candesartan cilexetil

exhibits minimal solubility in oils composed of triglycerides,
with a value of less than 1 mg/g. However, free fatty acid (oleic
acid) showed no remarkable improvement in candesartan
cilexetil solubility. Finally, maximum drug solubility was
attained in monoglycerides, particularly in Imwitor-308, with
a value of 5.87 ± 0.19 mg/g.

Figure 2 shows the chromatograms obtained from solubility
studies. For oleic acid, peceol, and soybeans, the figure shows
that the parent drug peak eluted with various additional peaks.
These additional peaks could be related to the hydrolysis of the
prodrug or its degradation products. On the other hand,
Imwitor-308 and Captex 355 did not show any additional
peaks.

3.2. Solubility of Pluronic F-68 in Surfactant and
Cosurfactant. Herein, a visual investigation was conducted
for the mixed triblock copolymer (Pluronic F-68) and various

Figure 1. Candesartan cilexetil solubility in oils.
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types of chosen surfactants (Tween-20, Labrasol, Tween-80,
Tween-85, and Kolliphor-EL) and cosurfactants (polyethylene
glycol 400 and propylene glycol). The results showed that the
propylene glycol cosurfactant is the only component capable of
solubilizing Pluronic F-68 at a 10% w/w concentration. The
clear appearance of the mixed components indicated the
outstanding solubilization power of propylene glycol.

3.3. Selection of Surfactant. The surfactant component
used for SNEDDS preparation was chosen based on the
transmittance appearance, transmittance measurement, and
drug solubility. Different SNEDDS formulations were prepared
using Imwitor-308 as the oil phase, propylene glycol as the
cosurfactant, and a variety of surfactants (Tween-20, Labrasol,
Tween-80, Tween-85, and Kolliphor-EL) in a fixed ratio of
1:1:2. The dispersed five SNEDDS pharmaceutical formula-
tions are presented in Figure 3, which shows their visual

characteristics and overall physical appearance after dispersion.
It is clear from the images that the SNEDDS1, SNEDDS2, and
SNEDDS5 formulations have clearly dispersed systems,
whereas SNEDDS3 and SNEDDS4 have a pale white and
whitish appearance, respectively. Table 2 displays the

estimated transmittance percentages of the five dispersed
SNEDDS pharmaceutical formulations. The present results
indicate that SNEDDS1, SNEDDS2, and SNEDDS5 formula-
tions composed of Tween-20, Tween-80, and Kolliphor-EL
surfactants, respectively, were able to form nanoemulsion
droplets with high transmittance percentages.

The solubility of candesartan cilexetil in the prepared
SNEDDS formulation was measured and is presented in Figure
4 to select the optimal formulation. The SNEDDS2
formulation, consisting of Tween-80 as a surfactant, showed
high drug solubility, with a value of 20.89 ± 1.4 mg/g.
Moreover, Figure 5 shows UPLC chromatograms obtained
from a solubility sample of CC in the SNEDDS formulations.

Figure 2. UPLC chromatograms obtained from samples at the end of the solubility study of candesartan cilexetil in (A) oleic acid, (B) Imwitor-
308, (C) Peceol, (D) Captex-355, and (E) soybean oil.

Figure 3. Physical appearance of five dispersed SNEDDS
formulations.

Table 2. Calculated Transmittance Values for Prepared
SNEDDS Formulations

Formulation code Transmittance (%)

SNEDDS1 94.0 ± 0.2
SNEDDS2 96.9 ± 0.3
SNEDDS3 86.8 ± 0.1
SNEDDS4 61.7 ± 0.1
SNEDDS5 97.6 ± 0.3
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It is clear from the figure that none of the formulations affected
the integrity of CC.

3.4. Characterization S-SNEDDS. The prepared S-
SNEDDS was subjected to characterization studies using
FTIR, and PXRD.

3.4.1. FTIR. Figure 6 displays the FTIR spectra of
candesartan cilexetil, Syloid, and S-SNEDDS. The spectrum
reveals that CC possesses distinctive peaks at 2942 cm−1

(stretching of aromatic C−H), 1712 and 1752 cm−1

(stretching vibration of the carbonyl group), and 1274 and
131 cm−1 (C−O stretching of the carbonyl group in aromatic
esters). However, the Syloid spectrum showed unique peaks at
1076 and 799 cm−1, corresponding to Si−O silanol bending.
Additionally, the spectral pattern of S-SNEDDS revealed that

distinctive peaks of CC were completely absent. Finally, it
exhibits unique peaks for Si−O silanol bending at 10768 and
799 cm−1, accompanied by two additional peaks at 1731 and
3401 cm−1.

3.4.2. PXRD. This investigation evaluated the solid state of
raw materials and CC in S-SNEDDS. The PXRD patterns of
CC, Syloid, and S-SNEDDS are presented in Figure 7. The CC
pattern exhibited distinctive crystalline peaks at 10.0°, 17.3°,
and 23.4°. In contrast, the Syloid pattern showed that the
adsorbent material was amorphous, as indicated by the absence
of characteristic crystalline peaks. Finally, the PXRD pattern of
S-SNEDDS showed the nonexistence of characteristic

Figure 4. Candesartan cilexetil solubility in SNEDDS formulations.

Figure 5. UPLC chromatograms obtained from samples at the end of the solubility study of candesartan cilexetil in (A) SNEDDS1, (B) SNEDDS2,
(C) SNEDDS3, (D) SNEDDS4, and (E) SNEDDS5.

Figure 6. FTIR spectra of candesartan cilexetil, Syloid, and S-
SNEDDS.
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crystalline peaks of candesartan cilexetil in the solidified
formulation.

3.5. Characterization of In Situ Liquefying SNEDDS.
The in situ liquefaction parameters, in terms of liquefaction
temperature and liquefaction time, for the prepared for-
mulations were measured.

3.5.1. In Situ Liquefying Temperature. The observed
liquefying temperatures of the prepared formulations (IL-
SNEDDS1, IL-SNEDDS2, IL-SNEDDS3, IL-SNEDDS4, and
IL-SNEDDS5) are shown in Figure 8. The in situ liquefying
temperature was defined as the point at which the solid
SNEDDS lost its hard appearance and its flat surface converted

to a curved surface. It is clear from the results that IL-
SNEDDS1 containing 1% w/w Pluronic was present in a liquid
state at room temperature. However, increasing Pluronic
concentration (2.5, 5.0, 7.5, and 10% w/w) increases the
liquefying temperature to 29, 31, 34, and 36 °C, respectively.
Furthermore, Figure 9A demonstrates a clear linear relation-
ship between the concentration of Pluronic F-68 and the
liquefying temperature, indicated by a strong correlation (� 2 =
0.9931).

3.5.2. In Situ Liquefying Time. The liquefying time at 37 °C
of prepared IL-SNEDDS formulations was determined. The
results showed a good linear correlation (� 2 = 0.9357)
between the Pluronic concentration and liquefying time
(Figure 9B). It was found that increasing Pluronic concen-
tration (2.5, 5.0, 7.5, and 10% w/w) increases the liquefying
time to 45, 57, 75, and 112 s, respectively. Based on the
following results, the IL-SNEDDS formulation containing 7.5%
w/w was selected as the optimized formulation and subjected
to further assessment using FTIR and PXRD.

3.5.3. FTIR. Figure 10 shows the FTIR spectra of the
candesartan cilexetil, Pluronic F-68, and the IL-SNEDDS
formulation. Characteristic peaks of CC were previously
mentioned in Section 3.4.1. The spectrum of Pluronic F-68
displayed distinctive peaks at 2875 cm−1 and 1099 cm−1,
corresponding to C−H symmetric stretching and C−O−C
stretching, respectively. Furthermore, the characteristic peaks
at 1344 cm−1 and 1280 cm−1, corresponding to CH2 wagging
and twisting vibrations, respectively. In addition, characteristic
vibrations were observed at 1241 cm−1, representing the C−O
stretching of the polymer backbone. The spectrum of IL-
SNEDDS shows a broad peak between 3300 and 3400 cm−1

(O−H stretching vibrations), 2918−2850 cm−1 (C−H
stretching), 1731 cm−1 (C�O stretching vibrations), and
1066−1042 cm−1 (C−O−C stretching). However, the
characteristic peaks of CC were completely absent in the
prepared IL-SNEDDS formulation.

3.5.4. PXRD. The PXRD patterns of candesartan cilexetil,
Pluronic F-68, and IL-SNEDDS are presented in Figure 11. A
clear description of CC is provided in Section 3.4.2. PXRD
spectrum of the Pluronic F-68 polymer shows two character-
istic peaks at 19.2° and 23.4°. Moreover, the IL-SNEDDS
pattern showed a complete absence of CC crystalline peaks.
Moreover, the PXRD analysis showed the presence of two
peaks with low intensities at 19.4° and 23.6° in the IL-
SNEDDS formulation.

3.6. Particle Size and Zeta Potential Measurement.
The prepared L-SNEDDS, S-SNEDDS, and IL-SNEDDS
formulations were characterized by particle size and zeta
potential, and the data are presented in Table 3. The present
results showed that dispersed L-SNEDDS were in the nanosize
range with a negative zeta potential value. Particle size analysis
revealed that the solidification of SNEDDS resulted in a
significant increment in particle size and a reduced zeta
potential value. However, dispersed IL-SNEDDS exhibited
smaller particle sizes with no remarkable impact on the zeta
potential value.

3.7. In Vitro Dissolution Study. Figure 12 shows the in
vitro dissolution profile of raw CC compared to L-SNEDDS, S-
SNEDDS, and IL-SNEDDS. The results clearly indicate that
the L-SNEDDS formulation enhances the dissolution
efficiency of candesartan cilexetil compared to the raw drug.
However, the in vitro dissolution profile of S-SNEDDS showed
that less than 10% of the drug was dissolved during the whole

Figure 7. PXRD patterns of candesartan cilexetil, Syloid, and S-
SNEDDS.

Figure 8. Physical appearance of (A) IL-SNEDDS formulations at the
beginning of the experiment and their liquefying appearance at (B) 29
°C, (C) 31 °C, (D) 34 °C, and (E) 36 °C, containing Pluronic F-68
concentrations of 2.5%, 5%, 7.5%, and 10%, respectively.
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experiment. On the other hand, IL-SNEDDS maintained a
high dissolution profile of candesartan cilexetil compared to
the raw drug. The present results revealed that IL-SNEDDS
maintains the improvement in the dissolution profile of CC

from L-SNEDDS over traditional S-SNEDDS. In contrast to S-
SNEDDS, IL-SNEDDS was filled into a single capsule, whereas
the former required multiple capsules (Figure 13).

4. DISCUSSION
The current study’s discussion was divided into four parts.
First, the optimum L-SNEDDS formulation was selected
through systematic selection criteria. Second, the character-
ization and limitations of traditional S-SNEDDS were
examined. Third, the preparation and characterization of
innovative IL-SNEDDS were analyzed. Finally, the current
findings and future perspectives were discussed.

4.1. Selection of Optimum Liquid SNEDDS. Formula-
tion ingredients (surfactant, cosurfactant, and oil) were

Figure 9. Correlation between Pluronic F-68 concentration and (A) in situ liquefying temperature and (B) in situ liquefying time.

Figure 10. FTIR spectra of candesartan cilexetil, Pluronic F-68, and IL-SNEDDS.

Figure 11. PXRD patterns of candesartan cilexetil, Pluronic F-68, and
IL-SNEDDS.

Table 3. Particle Size and Zeta Potential Values for
SNEDDS Formulations

Formulation
code

Particle size
(nm) PDI

Zeta potential
(mV)

L-SNEDDS 51.4 ± 3.4 0.499 ± 0.056 −5.8 ± 0.5
S-SNEDDS 148.8 ± 5.2 0.587 ± 0.136 −16.2 ± 1.7
IL-SNEDDS 43.8 ± 0.3 0.472 ± 0.011 −5.6 ± 0.3
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selected scientifically to prepare the optimum L-SNEDDS, and
each one was discussed separately.

4.1.1. Selection of Oil. The oil ingredient was chosen based
on two criteria: drug solubility and chemical stability. The
former ensures the integration of drugs within the core of
dispersed nanoemulsion droplets and prevents the precip-
itation of the drugs within the lumen of the gastrointestinal
tract.29 The solubilization of the administered drug maintains
an outstanding concentration gradient between the gastro-
intestinal lumen and blood, ensuring drug absorption and
bioavailability.30 The latter ensures the drug’s stability during
storage. Therefore, Imwitor-308 was used as the oil phase
owing to the detected higher CC solubility (5.87 ± 0.19 mg/g)
and outstanding chemical stability (a single characteristic peak
in the chromatogram).

4.1.2. Selection of Cosurfactant. A cosurfactant (propylene
glycol) was chosen to prepare SNEDDS formulations due to
its ability to solubilize Pluronic F-68 (an in situ liquefying
agent). The integrated Pluronic F-68 within the SNEDDS
formulation retains the formulation in a solid state at room
temperature and converts it to a liquid state upon exposure to
body temperature.

The assumed hypothesis for this observation is attributed to
the chemical structure of Pluronic F-68. It comprises a triblock
polymer consisting of a central chain of propylene oxide
(hydrophobic part) attached on both sides to a chain of
ethylene oxide (hydrophilic part).31 Figure 14 shows the
anticipated mechanism by which the SNEDDS formulation is
liquefied following exposure to body temperature. At low
temperature (room temperature), Pluronic F-68 units exist

Figure 12. In vitro dissolution profile of raw candesartan cilexetil, L-SNEDDS, S-SNEDDS, and IL-SNEDDS.

Figure 13. Physical appearance of (A) liquid, (B) solid, and (C) in situ liquefying SNEDDS formulations stored at room temperature.

Figure 14. Scheme shows the expected monomeric dispersion of
Pluronic F-68 within solidified SNEDDS (left) and liquefied
SNEDDS (right).
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separately, where the hydrophobic portion (propylene oxide
central block) is in contact with the hydrophilic components of
SNEDDS.32 Therefore, Pluronic F-68 is immiscible in the
SNEDDS, which triggers solidification. In contrast, at high
temperatures (body temperature), Pluronic F-68 units are
arranged in micellar structures, where the hydrophobic portion
(propylene oxide central block) is solubilized in the core of the
formed micellar structures.32 Consequently, the hydrophilic
portion (ethylene oxide) facilitates solubilization when it is in
contact with the hydrophilic components of the SNEDDS.

4.1.3. Selection of Surfactant. Five SNEDDS formulations
(Table 1) using different surfactant types were prepared and
subjected to transmittance measurement and solubility studies.
Imwitor-308 was selected as the oil based on its measured high
drug solubility, and propylene glycol was chosen as the
cosurfactant due to its ability to solubilize Pluronic F-68. The
UPLC analysis of the CC solubility samples in SNEDDS
formulations (Figure 5) indicates that none of the surfactants
used caused hydrolysis or degradation of the drug. This is
evidenced by the presence of single characteristic peaks for CC
without the appearance of any degradation peaks.

The current results showed that SNEDDS1, SNEDDS2, and
SNEDDS5 have high transmittance measurement values,
indicating efficient emulsification of the surfactants used with
Imwitor-308 and propylene glycol, as well as their capability to
form nanoemulsion droplets.33 Furthermore, a solubility study
was performed to select the optimum formulation due to the
successful emulsification efficiency of SNEDDS1, SNEDDS2,
and SNEDDS5 formulations. SNEDDS2 was selected due to its
superior solubility measurement value, where a therapeutic
dose of candesartan cilexetil could be loaded in 500 mg of
SNEDDS. At the end of the first phase, the optimum L-
SNEDDS consisted of Tween-80:propylene glycol:Imwitor-
308 (2:1:1).

4.2. Characterization and Limitations of Traditional
S-SNEDDS. 4.2.1. Characterization of S-SNEDDS. A S-
SNEDDS pharmaceutical formulation was prepared using a
traditional method widely used in the literature, called
adsorption. This method is typically implemented to address
the limitations of L-SNEDDS in terms of formulation leakage.
The prepared formulation was characterized to ensure
successful solidification and to examine the molecular state
of candesartan cilexetil following its integration and adsorption
by Syloid.34−36

FTIR analysis showed that the CC spectrum has its
characteristic peaks, which agree with previously published
data in the literature.37,38 The complete absence of CC
characteristic peaks in the S-SNEDDS spectrum and the
persistence of Syloid peaks confirm that CC is molecularly
dispersed within the porous adsorbent matrix. The absence of
significant peak shifts indicates that there is no chemical
interaction between CC and Syloid, confirming that it is
physically entrapped within the adsorbent structure.39,40

However, the detected new stretching peak, referred to the
ester carbonyl group, could be attributed to esterified glycerol
in the used oil.41 The observed amorphous structure for Syloid
and S-SNEDDS indicates that the adsorption of L-SNEDDS
did not affect the integrity of the adsorbent. Moreover, the
PXRD patterns agree with FTIR and confirm the conversion of
candesartan cilexetil to an amorphous state, as indicated by the
nonexistence of characteristic peaks of candesartan cilexetil in
the pattern of S-SNEDDS.42 Therefore, the present FTIR, and

PXRD results confirm that CC is solubilized and molecularly
dispersed in the prepared S-SNEDDS.

4.2.2. Limitations of S-SNEDDS. Although L-SNEDDS
could be filled into a single capsule (Figure 13A), formulation
leakage might limit its application as a pharmaceutical dosage
form. Therefore, S-SNEDDS was prepared to address the
leakage problem. However, the total dose of CC had to be
filled into two capsules (Figure 13B) owing to the reported low
density of Syloid, which increased the total dosage volume.43

This observation indicated that the solidification of L-
SNEDDS negatively impacts the total formulation dosage.

Moreover, an in vitro dissolution study showed that CC was
trapped within S-SNEDDS, and less than 10% of the drug was
released, which aligns with previously published studies in the
literature.44,45 In contrast, L-SNEDDS enhanced the dis-
solution efficiency of CC compared with raw API (Figure 12).
Therefore, the observed reduction in CC dissolution from S-
SNEDDS could be attributed to the formation of favorable
physical bonds between the drug and the adsorbent that hinder
drug solubilization and incorporation within dispersed
SNEDDS formulations.46 Therefore, it could be concluded
that solidification using an adsorption approach could
adversely influence the in vitro dissolution of loaded drugs.

4.3. Preparation and Characterization of Innovative
IL-SNEDDS. 4.3.1. Effect Pluronic F-68 Concentration on S-
SNEDDS. The observed increment in situ liquefied temperature
while increasing Pluronic F-68 concentration could be
attributed to the strong cross-linked matrix solid SNEDDS
formation. This is attributed to the increased likelihood of
hydrogen bonds between Pluronic and propylene glycol, which
require more energy to break these bonds. Similarly, the
observed increment in liquefied time could be ascribed to the
formation of abundant bonds, which require more time to
break. Finally, IL-SNEDDS containing 7.5% Pluronic F-68 was
selected as the optimized formulation owing to the detected
liquefied temperature (34 °C). This ensures a safe margin
during storage and prevents premature formulation liquefac-
tion during transportation and storage. Moreover, it has a
lower liquefied temperature than body temperature (37 °C),
ensuring formulation liquefaction in vivo.

4.3.2. Characterization of IL-SNEDDS. The observed broad
peak between 3300 and 3400 cm−1 can be attributed to the
hydroxyl groups of Pluronic F-68 and the potential formation
of hydrogen bonding with propylene glycol, which is
responsible for the phase transition of IL-SNEDDS from the
liquid to the solid state. The preservation of Pluronic F-68’s
characteristic peaks in the IL-SNEDDS indicates successful
integration within the formulation structure without chemical
modification of the polymer structure. This suggests that the
solidification mechanism aligns with the illustration shown in
Figure 14. The absence of CC peaks in the spectrum of IL-
SNEDDS could be attributed to the dilution effect of the
formulation. However, PXRD revealed that CC is molecularly
dispersed within IL-SNEDDS in an amorphous state, which is
indicated by the absence of crystalline peaks of CC. Moreover,
the observed low-intensity characteristic peaks at 19.4° and
23.6° for Pluronic F-68 in IL-SNEDDS indicate successful
polymer incorporation while maintaining its structural
integrity.

4.3.3. Innovation of IL-SNEDDS. The prepared IL-SNEDDS
could be filled within a single capsule, as shown in Figure 13C.
This observation indicates that the present approach resolves
the limitation of total dosage associated with S-SNEDDS.
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Furthermore, it reduces the chance of formulation leakage, as
indicated by the filling of the capsule, which did not cause any
movement of the content. Interestingly, the in vitro dissolution
study revealed that IL-SNEDDS enhanced the dissolution
efficiency of CC with no signs of drug trapping.

4.4. Current Findings and Future Prospectives. The
present study developed the next generation of solid SNEDDS
to address the challenges associated with traditional SNEDDS,
such as high dosage volumes and drug entrapment. Table 4
compares traditional formulations (L-SNEDDS and S-
SNEDDS) with the innovative formulation (IL-SNEDDS).

It is clear from Table 4 that IL-SNEDDS retains several
advantages of L-SNEDDS, including the exact total for-
mulation dosage with no risk of drug trapping. On the other
hand, IL-SNEDDS addresses the risk of leakage associated
with L-SNEDDS. Moreover, IL-SNEDDS overcomes the
demand for the administration of multiple-unit capsules and
drug trapping seen in S-SNEDDS. The superior performance
of IL-SNEDDS over traditional formulations could be
attributed to the in situ liquefying mechanism. This ensures
the conversion of the formulation to the solid state at room
temperature, whereas all formulation components are liquefied
in vivo following oral administration.

In the current work, the optimum L-SNEDDS formulation
consisted of Tween-80 as a surfactant, based on its remarkable
emulsification ability and high drug solubility. However,
another surfactant and oil could have been selected as
components for the L-SNEDDS formulation during the
optimization process. Therefore, future studies are still
required to investigate the impact of surfactants and oil type
on the liquefying temperature and time. Moreover, further in
vivo and preclinical studies are necessary to examine whether
IL-SNEDDS can boost the oral bioavailability of the loaded
drug compared to L-SNEDDS.

5. CONCLUSIONS
In the present study, the optimized L-SNEDDS enhanced the
dissolution of CC. Traditional S-SNEDDS was prepared using
a Syloid adsorbent to overcome liquid formulation leakage
during storage. However, S-SNEDDS suffers from high total
dosage along with drug trapping during in vitro dissolution.
Therefore, an alternative IL-SNEDDS was developed to
address these issues. The prepared formulation enhanced the
dissolution profile, converted it to a solid state during storage
at room temperature, and reverted to a liquid state at
physiological body temperature. The present study opens a
new avenue for preparing a new generation of solid SNEDDS
to overcome the limitations of traditional SNEDDS forms.

However, further preclinical studies are required to ensure the
ability of the prepared formulation to improve the oral
bioavailability of the loaded drugs in the IL-SNEDDS.
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M. The vasoactive Mas receptor in essential hypertension. '#���	# 4��
2020, 1 (1), 267.

(25) Prasad, A.; Quyyumi, A. A. Renin-angiotensin system and
angiotensin receptor blockers in the metabolic syndrome. ���������
	
2004, ��3 (11), 1507−1512.
(26) Jain, S.; Reddy, V. A.; Arora, S.; Patel, K. Development of

surface stabilized candesartan cilexetil nanocrystals with enhanced
dissolution rate, permeation rate across CaCo-2, and oral bioavail-
ability. ���� �������� 0��	��# ��� 2016, (, 498−510.
(27) Date, A. A.; Desai, N.; Dixit, R.; Nagarsenker, M. Self-

nanoemulsifying drug delivery systems: formulation insights,
applications and advances. %�	
������	� 2010, � (10), 1595−1616.
(28) Cherniakov, I.; Domb, A. J.; Hoffman, A. Self-nano-emulsifying

drug delivery systems: an update of the biopharmaceutical aspects.
+,���� -��	# ���� �������� 2015, �$ (7), 1121−1133.
(29) Pouton, C. W. Lipid formulations for oral administration of

drugs: non-emulsifying, self-emulsifying and ‘self-microemulsifying’-
drug delivery systems. +��# '#�
���# ��� 2000, ��, S93−S98.
(30) Pathak, K.; Raghuvanshi, S. Oral bioavailability: issues and

solutions via nanoformulations. ���	# �
�����
5�	�� 2015, ��, 325−
357.
(31) Marques, A. C.; Costa, P. C.; Velho, S.; Amaral, M. H.

Injectable poloxamer hydrogels for local cancer therapy. 6��� 2023, 1
(7), 593.
(32) Bajwa, M.; Tabassam, N.; Hameed, H.; Irfan, A.; Zaman, M.;

Khan, M. A.; Shazly, G. A.; Mehboob, T.; Riaz, T.; Jardan, Y. A. B.
Thermo-responsive sol-gel-based nano-carriers containing terbinafine
HCl: formulation, in vitro and ex vivo characterization, and antifungal
activity. 6��� 2023, 1 (10), 830.
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