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Amorphous solid dispersion is the most efficient method for improving the solubility and release of poorly
water-soluble crystalline drug molecules. Efonidipine hydrochloride ethanolate (EFE) shows solubility-
limited oral bioavailability (BCS class Il). The present investigation aimed to improve the solubility, bio-
availability, and therapeutic efficacy of EFE using Parteck® SLC mesoporous silica based amorphous solid
dispersion (EFESD). EFESD was prepared by employing a solvent evaporation method. An optimized com-
position (1:1 ratio) of solid dispersion was subjected to in vitro, ex vivo, and in vivo characterization. The
solubility of EFE in the EFESD form was found to be 5- and 4-fold improved in distilled water and phos-
phate buffer (pH 6.8), respectively. An ex vivo permeability study performed using different parts of the
Wistar rat small intestine (the duodenum, jejunum, and ileum) using a non-everted sac method showed
2-fold improvements in the permeability of EFE in EFESD. Moreover, in vivo pharmacokinetic and pharma-
codynamic studies performed using male Wistar rats showed 1.41- and 2.10-fold increase in the area
under the curve and Cnax respectively, along with the improved anti-hypertensive activity of EFE in
EFESD. Thus, amorphous solid dispersion with a novel applied Parteck® SLC 500 mesoporous silica for-
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1. Introduction

Approximately 70% of new chemical entities have water solubi-
lity issues.”” The bioavailability of poorly soluble drugs in the
oral dose form is controlled by the low solubility and GIT dis-
solution rate.® The amorphization with molecular dispersion
of the drug increases the surface area and wettability and
hence increases the solubility, dissolution rate, and bio-
availability of poorly soluble (BCS classes II and IV) drugs.*™®

Efonidipine hydrochloride ethanolate (EFE) is a calcium
channel antagonist used to treat hypertension and angina
pectoris.” *° EFE is lipophilic with a log P value of 5.35 and a
pK, (basic) of 2.33.™ It is insoluble in water (<10 ug mL™") but
soluble in organic solvents such as DMSO, methanol, ethanol,
and acetonitrile.">'® As an API, this molecule has a very poor
water solubility; hence, to boost its bioavailability, its solubility
and oral absorption must be improved.
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mulation is an effective strategy to improve the biopharmaceutical properties of EFE.

In solid dispersion, a poorly water-soluble drug is dispersed
in a highly soluble hydrophilic matrix in the solid state to
enhance its solubility, stability, and oral bioavailability."*>*
This involves several mechanisms, including particle size
reduction, molecular dispersion, enhanced stability and poro-
sity, and transformation from a crystalline to an amorphous
state.’”'® With urea as a third ingredient and hydroxypropyl
methylcellulose acetate succinate as a polymeric -carrier,
Otsuka et al. prepared microwave-assisted EFE solid dis-
persion. Its bioavailability was eight times better in beagle
dogs. According to Cheng et al., flow through the cell system
of an open-loop system can be used to forecast how well an
EFE solid dispersion with hydroxypropyl methylcellulose
acetate succinate performs in vivo. Wet-milling technology was
used by Song et al. to create EFE nanosuspension, which
increased bioavailability by 2.2 times. Rajput et al. used the
hot melt extrusion process to create an amorphous solid dis-
persion of EFE using Eudragit EPO with enhanced dissolution.
However, each method has its limitations.

Recent decades have seen the development of mesoporous
silica (MS) as a novel, promising substitute for the convention-
al techniques used to create amorphous formulations. The
ability of MS materials to efficiently entrap drug molecules in
mesopores and prevent recrystallization due to finite-size
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effects is attributed to their distinctive properties of nanoscale
mesopores with high pore volumes and high surface areas.”?
Consequently, amorphous drugs trapped in mesopores can
speed up the pace of drug dissolution and create drug supersa-
turation in aqueous environments, providing a higher level of
bioavailability than crystalline drugs. Therefore, MS materials
have garnered significant attention as effective delivery
systems for therapeutic compounds that are poorly soluble in
water.

The current study aims to explore the advantages of
Parteck® SLC 500 mesoporous silica-based amorphous formu-
lation for EFE to improve its biopharmaceutical properties.
Solid dispersion of EFE (EFESD) with mesoporous silica could
prove useful in enhancing the solubilization of EFE in the GIT
and hence enhancing its concentration at the site of absorp-
tion.”® In the present investigation, EFESD was prepared with
mesoporous silica in different ratios using a solvent evapor-
ation method. The EFESD was further optimized based on its
saturation solubility in distilled water and phosphate buffer
(pH 6.8) and subsequently characterized by DSC, XRD, FTIR,
and FESEM techniques. Moreover, both EFE and EFESD were
evaluated for intrinsic dissolution rate, ex vivo permeability in
different parts of the Wistar rat intestine, and in vivo pharma-
cokinetics and pharmacodynamics for the assessment of bio-
availability and antihypertensive activity in Wistar rat,
respectively.

2. Materials and methods

2.1. Materials

EFE was a kind gift from Ajanta Pharma Ltd (Mumbai, India).
Parteck® SLC 500 mesoporous silica was a gift sample from
Merck Life Sciences Pvt. Ltd (Mumbai, India). Methanol was
purchased from Merck Life Sciences (Pvt. Ltd) (Mumbai,
India). The additional excipients utilised were all of the
pharmaceutical grade standards. The chemical solvents and
reagents utilised were of analytical grade.

2.2. Preparation of EFE solid dispersion (EFESD)

EFESDs were prepared using a solvent evaporation method.
Briefly, EFE was mixed with mesoporous silica in different
ratios (1:1, 1:2, and 1:3 w/w) and dissolved in 5 mL of
methanol to yield dispersion. The methanolic dispersion was
turned into a dry mass by evaporating it at 50 °C in a rotary
evaporator (Heidolph, Germany). This dry mass was crushed
with a mortar and pestle before being sieved through an
18 mm mesh size to create a powder of a uniform size. Before
further research, the prepared EFESDs were kept in tightly
closed containers at 25 °C and shielded from light.>*

2.3. Characterization of EFESD

2.3.1. Saturation solubility. In distilled water and phos-
phate buffer (pH 6.8), the saturation solubility of EFE in pure
form and EFESD was measured. To facilitate solubilization, an
excess amount of sample was added to 5 mL of the appropriate
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solvent and mixed in firmly closed vials using a vortex mixture
(Spinix, India) at the highest frequency for 10 min. The
samples were kept at room temperature in a shaking water
bath for 48 hours (New Brunswick Scientific, Germany). The
resultant samples were centrifuged at 10 000 rpm for 10 min.
The supernatant was collected, filtered through a 0.22 um
membrane filter, suitability diluted with the respective solvent,
and analysed spectrophotometrically (Jasco V730, UV-visible
spectrophotometer, Japan) at 252 nm to estimate the amount
of EFE. The results of the triplicate measurements were
reported as means + standard deviation (SD).

2.3.2. Residual solvent content determination. The
amount of total residual solvent in solid dispersions was deter-
mined using a thermal gravimetric analyser (TGA-60WSO0;
Shimadzu Corporation, Japan). Thermal gravimetric analysis
was performed by heating a weighed amount of the sample in
a nitrogen atmosphere from 25 °C to 80 °C at a rate of 2 °C
min~", and the loss of weight as a function of temperature was
recorded.

2.3.3. FTIR. FTIR spectra of EFE, mesoporous silica, and
EFESD samples were recorded using an FTIR spectrometer
(Jasco, Japan) to study the molecular interactions. The samples
were pulverized and mixed with potassium bromide (KBr) in a
1:1 ratio and subsequently scanned from 3600 to 600 cm™*
wave numbers at a resolution of 4 cm™' to obtain the FTIR
spectra.

2.3.4. DSC. A calorimeter with an intracooler was used to
record the DSC thermograms of EFE, mesoporous silica and
EFESD (DSC 821e, Mettler-Toledo, Greifensee, Switzerland).
Approximately 5 mg of sample was heated on an aluminium
pan at a rate of 10 °C min~" from 25 to 300 °C and nitrogen
gas under a constant flow rate of 20 Ib per in”.

2.3.5. XRD. Using a Philips PW 1729 X-ray generator
(United States) equipped with a copper target, a voltage of 40
kv, and a current of 30 mA, the XRD patterns of EFE, meso-
porous silica, and EFESD were measured. Over an angle range
of 5°-40°, the scanning rate was maintained at 10° min~". To
record the XRD patterns, the materials were ground up and
put into an aluminium sample container.?®

2.3.6. FESEM analysis. The surface morphology of EFE,
mesoporous silica, and EFESD was investigated using FESEM
analysis (Ultra-Plus, Zeiss, Germany). Before the sample was
coated with gold using a Zeiss Ion Sputter (E-1030) in a
vacuum (6 Pa) at a rate of 6 nm per minute to conduct electri-
city, the sample was fastened to a brass holder with double-
sided adhesive tape.

2.3.7. HPLC analytical method. The HPLC system (Jasco,
Japan) equipped with a PU-1580 Intelligent HPLC pump,
UV-Visible detector, and a Chromatopak peerless basic C-18
column (250 mm x 4.6 mm, 5 pm) coupled with a guard
column (RP-18, 33 mm Kromasil, 5 pum) was used for the chro-
matographic separation at ambient temperature. The mobile
phase (methanol:water, 90:10 v/v) was filtered through a
0.45 pm membrane filter and injected at a flow rate of 1.0 mL
min~" for isocratic elution. A primary stock solution of EFE
was prepared by dissolving 5 mg of EFE in 5 mL of methanol

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4pm00113c

Open Access Article. Published on 05 June 2024. Downloaded on 12/22/2025 10:41:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

(1000 ug mL™"). For calibration, different concentrations of 0,
50, 100, 250, 500, 1000, 2500, and 5000 ng mL~' of EFE were
prepared using the stock solution. The injection volume of the
sample was 20 pL. The eluent was analyzed at 252 nm using a
UV-visible detector. The retention time of EFE was found to be
5.18 min. The data obtained were processed using the Jasco
Borwin version 1.5, LC-Net II/ADC system. The regression
equation and R* value of EFE for the calibration curve were
observed to be y = 32.334x + 3319.2 and 0.9959, which were
used for drug content, in vitro intrinsic dissolution study, and
ex vivo permeability studies.

2.3.8. Drug content. A precisely weighed sample of EFESD
was dissolved in 10 mL of methanol and stirred to produce a
transparent solution. A 0.22 mm syringe filter was used to
filter the resulting solution after it had been properly diluted
with phosphate buffer (pH 6.8), and the concentration of EFE
was determined using HPLC at 252 nm. Triplicates of the drug
content study were completed.>®

2.3.9. Invitro intrinsic dissolution study. The intrinsic dis-
solution study helps to understand the effect of the pure drug
surface area on its rate of dissolution. The pellets for the dis-
solution study were prepared by compressing EFE (150 mg)
and EFESD (equivalent to 150 mg EFE) separately at 6 MPa for
60 seconds using a 13 mm punch and die set. The pellet was
placed in a molten beeswax mold, allowing only one face to be
exposed to the dissolution media (exposed surface area:
1.32 cm?). The dissolution study was performed using a USP
type II dissolution test apparatus (Electrolab, India) in 900 mL
of distilled water, 0.1 N HCI (pH 1.2), and phosphate buffer
(pH 6.8) containing 0.05% w/v SLS maintained at 37 + 0.2 °C
under constant stirring (50 rpm). At predetermined intervals,
the aliquots were removed and replaced with appropriate fresh
dissolution media. To estimate the amount of EFE, after being
filtered through a 0.22 um syringe filter, the collected samples
were tested using HPLC at 252 nm. The dissolution rate study
was performed in triplicate. The intrinsic dissolution rate was
calculated by plotting the cumulative amount of drug that was
dissolved per unit surface area of the pellet against time.””

2.3.10. Animal studies/biological studies. The selection of
male Wistar rats weighing 200-250 g was procured from
Global Animal Supplier Pvt. Ltd, Pune, India. All animal
experiments were carried out with the prior approval of the
Institutional Animal Ethics Committee of Poona College of
Pharmacy, Bharati Vidyapeeth Deemed University (PCP/IAEC/
2021-22/2-40), registered under the Committee for the Purpose
of Control and Supervision of Experiments on Animals,
Government of India. All experiments were performed as per
the U. K. Animals Act (1986) and its accompanying recommen-
dations, as detailed in the ARRIVE guidelines.

2.3.11. Ex vivo permeability studies. An ex vivo permeation
study was performed using the non-everted intestinal sac
model. After the animal was sacrificed, the small intestine was
dissected and washed with a large quantity of regular oxyge-
nated Krebs-Ringer solution (KRS) (pH 7.4) using a blunt end
syringe. The ileum, jejunum, and duodenum were each seg-
mented into 8 + 0.5 cm long with a diameter of 0.5 cm. Each

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sac was tied at one end. Then, the other end was filled with
1 mL of EFE or EFESD dispersed in KRS (pH 7.4) and isopropyl
alcohol (70:30 v/v) containing EFE equivalent to 1 mg mL ™"
through a needle in the mucosal compartment and sealed.
The dose reported for rats (10 mg kg™") served as the basis for
the permeability dose calculation.?®

Each non-everted rat intestine was placed in a 250 mL glass
beaker containing 100 mL of KRS (pH 7.4) and isopropyl
alcohol (70:30 v/v), maintained at 37 °C under continuous
stirring at 100 rpm. The aliquots were collected at predefined
intervals from outside of the sac for up to 8 h, and the same
was replaced with fresh medium. The collected aliquots were
filtered using a 0.22 pm syringe filter before being subjected to
an HPLC analysis at 252 nm to determine the amount of EFE
that had permeated at the specific time point. The cumulative
amount of EFE that permeated the non-everted rat intestine
(ng) over time (hours) was plotted to determine the per-
meability of EFE. The slope of the curve [ permeating flux, (F)]
was determined by linear regression analysis and was further
used for the estimation of the apparent permeability
coefficient.

2.3.12. HPLC bioanalytical method. The HPLC system
used for the bioanalysis of EFE was similar to that used in
Section 2.3.6. For calibration, different concentrations of 0, 50,
100, 250, 500, 1000, 2500, and 5000 ng mL~" of EFE in rat
plasma were prepared using a stock solution. The injection
volume of the sample was 20 pL. The eluent was analyzed at
252 nm using a UV-visible detector. The plasma (200 pL) is
diluted with an equal volume of methanol as the extracting
solvent. The mixture was vortexed and centrifuged at 4 °C for
20 minutes at 10 000 rpm. The supernatant was collected, fil-
tered, and analyzed using HPLC. The retention time of EFE
was found to be 5.29 min. The regression equation and R’
value of EFE for the calibration curve were observed to be y =
42.151x + 1747 and 0.9986. The data obtained were processed
using the Jasco Borwin version 1.5, LC-Net II/ADC system.

2.3.13. In vivo pharmacokinetic studies. For an in vivo
pharmacokinetic study, the animals were divided into two
groups (EFE and EFESD), each group comprising six
animals. Both groups received a 10 mg kg~ " dose of EFE. The
male Wistar rats were anesthetized with ether, and blood
samples of 1 mL were collected in 4 mL EDTA tubes at 0.25,
0.5, 1,2, 3,4, 6, 8, and 12 hours through the retro-orbital punc-
ture. The blood sample was transferred to 2 mL of Eppendorf
tube and centrifuged at 3000 rpm for 15 minutes at 4 °C.
Plasma was collected in another Eppendorf tube and stored at
—20 °C for further analysis. The EFE concentration in plasma
was determined using a validated HPLC bioanalytical
method.

2.3.14. In vivo pharmacodynamic studies. Healthy male
Wistar rats (thirty) weighing 200-250 g were procured from
Global Animal Supplier Pvt. Ltd, Pune, India. The experi-
mental protocol was approved by the IAEC of BVDU, Poona
College of Pharmacy, Pune as per CPCSEA guidelines (approval
no.: PCP/IAEC/2022/3-02). The animals were divided into five
groups, each group comprising six animals.
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Group I (control group): this group received distilled water
for four weeks (1 mL kg™') (once a day).

Group II (diseased group): this group received distilled
water for four weeks (1 mL kg ™) (once a day).

Group III (standard group): this group received 10 mg kg™*
of captopril dispersed in 1 mL of water for four weeks (once a
day).

Group IV (EFE group): this group received 10 mg kg™ of
EFE dispersed in 1 mL of water for four weeks (once a day).

Group V (EFESD group): this group received solid dis-
persion equivalent to 10 mg kg™" of EFE in 1 mL of water for
four weeks (once a day).

Animals were anesthetized at the end of treatment by an
intraperitoneal injection of 1.25 g kg™' urethane. A small
incision was made on the left side of the animal’s abdominal
cavity to expose the left kidney. The renal artery was occluded
for 4 hours with a renal bulldog clamp. The jugular vein was
cannulated for the administration of the test drug. To measure
blood pressure, the carotid artery was cannulated and con-
nected to the blood pressure transducer of the PowerLab eight-
channel recorder (AD Instruments Pty Ltd, PowerLab 8/30,
India). The renal bulldog clip was removed once the blood
pressure stabilized. Then, 1/10th dose of the administered
doses of EFE and EFESD were given through the jugular vein,
and mean atrial blood pressure (MABP), systolic blood
pressure (SBP), and diastolic blood pressure (DSP) were
measured at different time intervals (5, 15, 30, and 60 min).
MABP was measured in the normal control groups without
clamping the renal artery. Captopril (10 mg kg™') was given
intravenously as a standard. Changes in blood pressure in the
treated groups were compared to a negative control.*®

2.3.15. Statistical analysis. The GraphPad Prism 8 program
(GraphPad Software Inc., version 8.0, USA) was used to statisti-
cally analyze the recorded data. The information is displayed
as mean + SD. Two-way ANOVA was used to analyze the statisti-
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Fig. 1 Saturation solubility of EFE and EFESD in distilled water and
phosphate buffer (pH 6.8), respectively.
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Fig. 2 FTIR spectra of (a) EFE, (b) mesoporous silica, and (c) EFESD.
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Fig. 3 DSC thermograms of (a) EFE, (b) mesoporous silica, and (c) EFESD.

(a)

Intensity

:

(c)

0 10 20 30 40
2 theta

Fig. 4 Powder X-ray diffractograms of (a) EFE, (b) mesoporous silica
and (c) EFESD.
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cal significance of the group differences, and Tukey’s test was
used to confirm the results at a significance level of p < 0.05.

3. Results and discussion

3.1. Preparation of EFESD

The EFESD was prepared by applying a solvent evaporation
method using mesoporous silica as a carrier to improve the
EFE solubility and dissolution. The use of mesoporous silica
in solid dispersion offers several characteristics, including
ordered pore network, size tunability, surface functionality,
optically transparent properties, and low toxicity, allowing
control over drug loading and release kinetics. Moreover, the
electronegative nature of mesoporous silica aids in the absorp-

View Article Online

Paper

tion of other substances with improved solubility and
dissolution.>*™*

3.2. Characterization of EFESD

3.2.1. Saturation solubility. The saturation solubility of EFE
and EFESD in different ratios was determined for 48 hours.
EFESD showed high saturation solubility at a 1:1 ratio com-
pared to the other ratios. Moreover, a 5-fold and 4-fold
increase in EFE solubility from EFESD was observed in water
and phosphate buffer (pH 6.8), respectively, compared to pure
EFE (Fig. 1) attributed to the disordered amorphous structure
of the solid dispersion.>” Considering the improvement in
solubility, the EFESD with a 1:1 ratio was optimized and sub-
jected to further evaluation. The total residual solvent in the

Fig. 5 FESEM images of (a and b) EFE, (c and d) mesoporous silica and (e and f) EFESD.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 In vitro intrinsic dissolution profiles of EFE and EFESD in (a) dis-
tilled water, (b) 0.1 N HCL (pH 1.2) and (c) phosphate buffer (pH 6.8)
(0.05% w/v SLS).

Table 1 Dissolution rate of EFE and EFESD in different media?

Rate of dissolution (mg

em>h™)
Dissolution medium EFE EFESD
0.1 N HCI (pH 1.2) 4.20+0.26 6.23+0.17
Phosphate buffer (pH 6.8) (0.05% w/v SLS)  3.40 £ 0.11  11.79 + 0.24
Distilled water 3.36 +0.64 13.85 +0.59

“Values are expressed as mean + SD and n = 3.
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Fig. 7 Ex vivo permeation study using non-everted rat intestine sec-
tions, viz. (a) duodenum, (b) jejunum and (c) ileum.

EFESD was below 0.22% (w/w), justifying the use of methanol
to obtain EFESD.

3.2.2. FTIR. FTIR spectroscopy analysis helps to investigate
the intermolecular interaction and compatibility between the
drug and carrier. Fig. 2 depicts the FTIR spectra of EFE, meso-
porous silica, and EFESD. The principal peaks observed for
EFE at specific wavelengths along with functional groups are
aromatic C-H (3187.76 cm™"), alkyl C-H (2965.98 cm™ "), ester
C=0 (1704.76 cm™'), aromatic nitro (1526.38 cm™), C-N
(1348 cm™), P=0 (1101.15 cm™ ') and NH stretching at
3415.31 cm™'. The FTIR spectrum of mesoporous silica
showed silanol (Si-OH) symmetric stretching at 3396.49 cm™",
Si-O-Si bending at 1053.78 cm™', and toxiloxan bond at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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797.97 em™'. However, the FTIR spectrum of EFESD exhibited
the Si-O-Si bending at 1053.78 cm™". The presence of a single
peak of EFE and mesoporous silica in the FTIR spectrum of
EFESD indicates no distinction at the molecular level between
the internal structure and conformation of these samples.*

3.2.3. DSC. DSC is the most preferred thermal technique
that provides information on the melting point, glass tran-
sition temperature, and energy changes associated with the
phase transition, including the crystallization and fusion
process. DSC thermogram of EFE showed a double hump with
a unique melting endotherm at 140 °C and 160 °C, indicating
the volatilization of ethanol, followed by the removal of chlor-
ide ion at 140 °C and subsequent breakdown at 160 °C
(Fig. 3a). The absence of a peak in the DSC thermogram of
mesoporous silica (Fig. 3b) indicates its amorphous nature.
The thermal behavior of mesoporous silica is typical of hygro-
scopic and amorphous materials, with a significant endo-
thermal effect. The DSC thermogram of EFESD (Fig. 3c)
showed small endothermic peaks at 70 °C and 110 °C attribu-
ted to the T, of EFE with no endothermic drug peak, indicat-
ing that the EFE was molecularly dispersed into the pores of
mesoporous silica and transformed from crystalline to amor-
phous nature, which was attributed to the improvement in
solubility and dissolution.>*

3.2.4. XRD. EFE diffractogram showed several peaks from
5° to 40° (26 values), confirming its crystalline nature (Fig. 4).
The mesoporous silica was amorphous, with just two peaks
observed at 5.12° and 22.04° (260 values). The absence of
intense EFE peaks, followed by the formation of a halo pattern
in the XRD diffractogram of EFESD, indicates the transition
from the crystalline to amorphous state as well as the amor-
phous dispersion of the drug in the polymeric matrix, which
agrees with DSC.*®

3.2.5. FESEM analysis. The FESEM image of EFE showed
flat, irregular crystals with a smooth surface (Fig. 5a and b).
Small and irregularly shaped particles were observed in the
FESEM images of mesoporous silica (Fig. 5¢ and d). However,
FESEM images of the solid dispersion confirmed significant
absorption of EFE within the porous structure of mesoporous
silica, which conforms to the conversion of EFE to the amor-
phous forms (Fig. 5e and f).>*’

3.2.6. Drug content. The quality of pharmaceutical prep-
arations is crucial for maintaining a consistent dose of the
drug. The EFESD containing the ratios 1:1, 1:2, and 1:3
showed drug contents of 64.20 + 1.98, 74.87 + 1.25, and 62.35
+ 2.15 (values are expressed as mean + SD, (n = 3)), respectively
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(Alam et al. 2018; Munir et al. 2022).>**° The 1:2 ratio showed
a higher drug content. However, it did not show solubility
improvement compared to the 1: 1 ratio. Considering the solu-
bility, a ratio of 1:1 was optimized and used for further
analysis.

3.2.7. In vitro dissolution rate study. The dissolution pro-
files of EFE and EFESD in different dissolution media are
shown in Fig. 6. The rates of dissolution for EFE and EFESD in
distilled water, 0.1 N HCI (pH 1.2), and phosphate buffer (pH
6.8) with 0.05% w/v SLS are summarized in Table 1. The solid
dispersion showed a 3.54-fold and 3.02-fold increase in the
dissolution rate in distilled water and phosphate buffer (pH
6.8) (0.05% w/v SLS), respectively. This was attributed to the
entrapment of EFE in the porous structure of mesoporous
silica as well as the high surface area exposed to the dis-
solution media.*>*!

Table 3 Pharmacokinetic parameters of EFE and EFESD?

Parameters EFE EFESD

Crnax (ng ML) 3547.56 + 61.96 7453.73 + 83.46

Tmax (hours) 2 3
AUC (nghmL™) 11883.52 + 121.97 16 804.75 + 132.56
MRT (hours) 5.25 + 0.56 2.27 £0.74

“Values are expressed as mean + SD and 7 = 3.

—e— EFESD
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0 : : \.i“:‘—.}_“._"
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Fig. 8 Plasma concentration—time profile of EFE and EFESD.

Table 2 Permeation rate and apparent permeability coefficients of EFE and EFESD in different sections of the rat intestine®

Duodenum Jejunum Ileum
Parameters EFE EFESD EFE EFESD EFE EFESD
Rate of permeation (ug h_l) 144.44 £12.30 403.86 + 6.06 207.84 £19.57 337.60+16.08 181.97 £2.04 401.78 £12.05
Apparent permeability coefficients (cm h™")  109.52 + 12.13  321.54 + 14.32 144.14 + 18.74 274.97 +16.63 120.73 + 9.80  283.94 + 13.90

“Values are expressed as mean + SD and n = 3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Mean arterial blood pressure at different time intervals?
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Mean arterial blood pressure (MABP) in mmHg at different time intervals

Groups Treatments (mg kg™') MABP after removing the clip 5 min 15 min 30 min 60 min

Control  Distilled water (p.o.) — 85.22 +1.13 88.51+1.34 85.88 +1.21 92.89 +1.45
Disease Distilled water (p.o.) 132.85 £ 2.05%*** 122.00 £ 1.50****  126.36 = 1.22****  118.10 + 1.55****  113.35 + 1.87****
Standard 1 (iv) 122.44 + 2.68%¥*** 62.97 + 2.18**** 60.45 + 1.07**** 57.60 + 1.70**** 51.84 + 2.86****
EFE 4.11 (iv) 117.01 £ 2.24**** 83.82 + 3.13**** 76.21 + 2.16**** 69.24 + 2.08**** 72.71 + 1.89****
EFESD 4.11 (iv) 109.67 + 4.53%** 73.33 £2.22%%%  67.67 £ L.61***  60.54 + 117 71.90 + 5,84 %%

“Values are expressed as mean + SD (n = 6). Bars indicate ***P - 0.0001 and ****P < 0.000 via two-way ANOVA with Tukey’s test analysis.
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Fig. 9 (a) Systolic and (b) diastolic blood pressure of the control, diseased,

3.2.8. Ex vivo permeation study. The permeation study of
EFE and EFESD was performed using the non-everted sac
method in three different intestinal sections (duodenum,
jejunum, and ileum) of rats to determine site-dependent absorp-
tion. Further, the data obtained were used to plot the amount of
EFE permeated against time (Fig. 7). The rates of permeation
and apparent permeation coefficients of EFE and EFESD are
summarized in Table 2. EFESD showed a 2-fold increase in the
rate of permeation and apparent permeability coefficient in a
mixture of KRS (pH 7.4) and isopropyl alcohol (70 : 30 v/v) com-
pared to EFE. The improved solubility of EFE and the advan-
tageous partitioning through the intestinal barrier were attribu-
ted to this. No discernible difference in penetration was
observed across the three intestinal regions, indicating non-
specific absorption of EFE through the small intestine.*>

3.2.9. Invivo pharmacokinetic studies. The in vivo pharma-
cokinetic parameters observed for EFE and EFESD after oral
administration are summarized in Table 3. The oral bio-
availability of EFE and EFESD was assessed from the plasma
EFE concentration-time profile (Fig. 8). The EFESD showed a
2.10, 1.5, and 1.41-fold increase in Cpax, Tmax, and AUC,
respectively, compared to pure EFE. This might be attributed
to the improved solubility, dissolution, and ultimately bio-
availability associated with an amorphous form of the drug in
EFESD.*> The EFESD showed lower MRT compared to pure
EFE attributed to improvement in solubility, dissolution and

772 | RSC Pharm., 2024,1, 765-774
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standard, EFE, and EFESD groups.

absorption, which led to the rapid removal of the drug from
systemic circulation.

3.2.10. In vivo pharmacodynamic studies. When the renal
artery is blocked for up to 4 hours, kidney ischemia occurs,
which triggers the renin-angiotensin system and increases
blood pressure. In male Wistar rats, acute renal hypertension
was created by clamping the left renal artery for four hours;
once the vessels were reopened, accumulated renin was
released into the bloodstream. The removal of the renal
bulldog clip resulted in a significant increase in MABP, SBP,
and DBP in the disease control group. The MABP, SBP, and
DBP of all groups at different time intervals are shown in
Table 4 and Fig. 9. Administration of captopril (1 mg kg™") in
the standard group of animals showed a significant reduction
in MABP, SBP, and DBP.***> After an hour, there was a rapid
reduction in MABP, which could cause reflex tachycardia and
an increase in sympathetic tone. EFESD shows enhanced anti-
hypertensive activity compared to pure EFE. The pharmacody-
namic data were analysed using two-way ANOVA, and the
results were found to be statistically significant (p < 0.05).

4. Conclusion

Solid dispersion of poorly water-soluble EFE was prepared
using mesoporous silica as a carrier by applying a solvent evap-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oration method. The significant absorption of EFE within the
porous structure of mesoporous silica together with the transition
from the crystalline to amorphous form in solid dispersion
results in improved solubility, dissolution rate, intestinal per-
meability, and, ultimately, bioavailability and antihypertensive
activity. Therefore, mesoporous silica can be used to prepare solid
dispersions of other BCS class-II drugs, potentially improving
their physicochemical properties and therapeutic efficacy.

Abbreviations

GIT Gastrointestinal tract

EFE Efonidipine hydrochloride ethanolate

BCS Biopharmaceutical classification system

DMSO  Dimethyl sulfoxide

EFESD  Efonidipine  hydrochloride ethanolate  solid
dispersion

CPCSEA Committee for the purpose of control and supervi-
sion on experimental animals

IAEC Institutional animal ethics committee

DSC Differential scanning calorimetry

XRD X-ray diffraction

FTIR Fourier transform infrared

FESEM Field emission scanning electron microscopy

EDTA Ethylene diamine tetraacetic acid

ANOVA  Analysis of variance

SD Standard deviation

MABP Mean arterial blood pressure

SBP Systolic blood pressure

DBP Diastolic blood pressure

AUC Area under curve

MRT Mean residence time

SLS Sodium lauryl sulphate

HPLC High performance liquid chromatography
KRS Krebs-Ringer solution
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