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Abstract

Background

Candesartan cilexetil (CC) is a selective angiotensin Il receptor antagonist widely used to
treat hypertension. CC is a substrate of P-glycoprotein (P-gp), causing its efflux to the intes-
tinal lumen. It is also practically insoluble in water and has low oral bioavailability (14%).
Thus, the current study aims to improve the in vitro dissolution of CC by developing solid dis-
persion systems (SDSs) and corroborating the in vitro results using a simulated pharmacoki-
netics study.

Methods

The SDSs were prepared using polyvinyl pyrrolidone (PVP) as a water-soluble polymer,
Eudragit E100 (EE100) as a pH-dependent soluble carrier, and a combination of these two
polymers. The saturation solubility and the dissolution rate studies of the prepared systems
in three dissolution media were performed. The optimized system SE-EEs was selected for
further investigations, including DSC, XRD, FTIR, FESEM, DLS, TSEM, IVIVC convolution
study, and stability studies.

Results

The solubility of CC significantly increased by a factor of 27,037.344 when formulated as a
solid dispersion matrix using EE100 at a ratio of 1:5 (w/w) drug to polymer (SE-EE5 SD),
compared to the solubility of the pure drug. The mechanism of solubility and dissolution rate
enhancement of CC by the optimized SDS was found to be via the conversion of the crystal-
line CC into the amorphous form as well as nanoparticles formation upon dissolution at a pH
below 5. The instrumental analysis tests showed good compatibility between CC and
EE100 and there was no chemical interaction between the drug and the polymer. Moreover,
the stability tests confirmed that the optimized system was stable after three months of stor-
age at 25°C.
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Conclusion

The utilization of the solid dispersion technique employing EE 100 polymer as a matrix dem-
onstrates significant success in enhancing the solubility, dissolution, and subsequently, the
bioavailability of water-insoluble drugs like CC.

1. Introduction

Oral administration is the preferred and most frequently used route of drug delivery, it is non-
invasive, self-administered, does not require special management skills or frequent clinic visits,
and is more acceptable to patients. In addition, oral dosage forms are easier to handle and
store than the parenteral route and relatively safer because the drug does not pass directly into
the blood [1]. The main issue with oral administration is the active pharmaceutical ingredient’s
(API) bioavailability which depends on many physiological, pathophysiological, and pharma-
ceutical factors. For an orally administered drug to be absorbed, it should present in its soluble
form at the absorption site [2]. Poorly soluble drugs such as APIs listed in classes IT and IV
according to the Biopharmaceutics Classification System (BCS) may pass their absorption site
before complete dissolution, and will typically exhibit a dissolution rate-limited absorption
causing low bioavailability [3].

About 70% of current candidate new drugs have poor water solubility; therefore, several
solubility improvement strategies have been investigated over the past few decades to enhance
drug solubility and bioavailability. Some of these techniques are size reduction by microparti-
culate system [4], dendrimers [5], chemical modification, pro-drug, and salt formation, co-
crystals, co-solvency, complexation with cyclodextrin, pH modification, self-emulsifying drug
delivery system, and solid dispersion systems (SDSs) [6]. Each of these methods has its advan-
tages and limitations. However, solid dispersion technique is one of the most interesting
approaches among all these methods. [7] defined the SDSs as "a dispersion of one or more
active ingredients in an inert carrier or matrix (hydrophilic) at solid-state prepared by fusion,
solvent or melting solvent method". It converts the particles to an amorphous state and reduces
particle size, resulting in improved drug particles’ wettability, porosity, and solubility [8]. The
solid dispersion techniques also improve drug stability by reducing the aggregation of particles
[9] and can be employed to control and prolong drug release [10]. In addition, the method
applied demonstrated the ease of preparation and optimization, as well as the reproducibility
of the fabrication method [11].

Various types of natural and synthetic polymers were used to fabricate the SDSs such as
PVP, chitosan, sodium alginate, cellulose derivatives, and Eudragits. In our study, PVP K30
and Eudragit® E 100 were selected to prepare the CC-SDSs at different weight ratios. PVP
K30 is a nonionic amorphous polymer with a molecular weight of 66,800 g/Mol. It is soluble in
water, ethanol, and isopropyl alcohol. Also, it is an ideal candidate for spray-dried solid disper-
sions through the spray drying method, which is an easily scaled-up technique for commercial
production [12]. While Eudragit™ E 100 is a cationic copolymer that has an average molar
mass of approximately 47,000 g/Mol. It is colorless to yellow-tinged granules with a character-
istic amine-like odor. EE100 has been widely used in SDSs as a carrier polymer to enhance the
solubility and/or bioavailability of drugs, especially in gastric media owing to its good solubility
at pH < 5.0 [13].

On the other hand, CC is practically insoluble in water (less than 5 x 10~ > mg/mL) and
sparingly soluble in methanol [14]. Fig 1 displays the chemical structure of CC. In fact, CCis a
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Fig 1. Chemical structure of CC (Cyclohexyl carbonate ester of (+)-1-hydroxyethyl 2-ethoxy-1-[p-(o-1H-tetrazol-
5-ylphenyl)benzyl]-7-benzimidazolecarboxylate).

https://doi.org/10.1371/journal.pone.0303900.g001

prodrug; it is rapidly bioactivated to the active candesartan by ester hydrolysis during absorp-
tion from the gastrointestinal tract. It is indicated for the treatment of hypertension and heart
failure by blocking the vasoconstrictor-secreting effects of angiotensin II in many tissues such
as vascular smooth muscle and the adrenal gland. Following oral administration of CC tablets,
the absolute bioavailability of CC is estimated to be approximately 15%, the peak serum con-
centration (C,,,) is reached after 3-4 hours, and the plasma half-life of candesartan is 9 hrs.
The bioavailability of CC isnot affected by food [14]. This study aims to improve the solubility
of CC by employing the solid dispersion technique and to investigate the underlying mecha-
nisms responsible for the enhancement of dissolution.

2. Materials and methods
2.1. Materials

CC powder was purchased from Zhejiang Kinglyuan Pharmaceuticals (China). EE100 polymer
from Shanghai Reuzheng Chemical Tech Co., Ltd (China). PVP polymer was from Baoji Guo-
kang Bio-Telchnology Co., Ltd (China). All the used solvents were of analytical grade.

2.2. HPLC quantification of CC

CC was quantified in the prepared SDSs using a reverse-phase autosampler Shimadzu HPLC
system (Japan) equipped with a UV detector and LabSolutions software. The separation was
achieved on a C8 column, with a diameter of 150 mm x 4.6 mm. The column temperature was
30°C. The elution was under isocratic pressure, with a mobile phase of acetonitrile and water
(55: 45 v/v) and 0.1% trifluoroacetic acid (TFA). The running time was 1.8 times the retention
time of CC with a flow rate of 1.5 mL/min. The UV detection was at 254 nm and the injection
volume was 50 uL [15]. The concentration of CC in the samples was determined using a calibra-
tion curve constructed earlier in acetonitrile. Microsoft® Excel sheet 2019 was used to perform
a linear regression analysis to determine the linear equation and the correlation coefficient, R?
(y = 23.602 x-1.747; R* = 0.9999). A high R? value indicates that the calibration curve was con-
structed following Beer’s law and the concentrations used were convenient. The procedure of
the CC calibration curve’s preparation along with the plotted curve is given in S1 File.
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2.3. Preparation of CC-SDs and physical mixtures

2.3.1. Kneading method. The kneading method was used in the preparation of PVP-
based SDSs. The polymer and the drug were mixed for 10 minutes in a mortar at a specified
weight ratio. After kneading with a few drops of ethanol for one hour, the resulting slurry was
placed in the hot air oven for 24 hours at 40°C to ensure complete drying. After drying, the
samples were ground, sieved in a NO# 70 mesh sieve, placed in screw-cup containers, and
stored in a desiccator at 25°C for further studies [16]. The codes of prepared SDSs were sym-
bolized as (KN, KN3, and KN5), as shown in Table 1.

2.3.2. Solvent evaporation method. In the solvent evaporation method, the polymers
were dissolved in 100 mL ethanol and sonicated for 15 min. Then CC was added to the poly-
mer solutions and sonicated for 5 minutes, the resulting solutions were poured into a mortar
and kept in a hot air oven at 40°C. After 24 h.,, the resulting mass was ground and sieved in
NO# 70 sieve and kept in a screw cap container in a desiccator at 25°C for further studies
(Table 1) [17].

2.3.3. Preparation of CC-polymers physical mixtures. An accurately weighed amount of
CC and polymers in various drug to carriers’ weight ratios, as specified in Table 1, were thor-
oughly blended in glass mortar for 15 min. The products were placed in screw-cap containers
and stored in a desiccator at 25°C to be used for further investigations [10].

2.4. Characterizations of CC-SDSs

2.4.1. Drug content. The accurate weight of the SD powder equivalent to 16 mg of CC
was weighed, mixed with a small volume of HPLC grade methanol, and transferred to a 10 mL
volumetric flask. Methanol was added up to 10 mL and the resulting solution was sonicated,
left to rest, and filtered. Then 0.1 mL was withdrawn and diluted with methanol up to 10 mL,
then the concentrations were measured by an autosampler HPLC system (Shimadzu, Japan).

Table 1. Formulation compositions of CC-SDSs.

SDSs PVP EE100 Drug: Polymer ratio (w/w) Preparation Technique
codes (g) (g)

KN, 2 . 1:1 KN
KN; 6 ... 1:3 KN
KN 10 " 1:5 KN
SE, 2 .. 1:1 SE
SE; 6 S 1:3 SE
SEs 10 e 1:5 SE
SE-EE, e 2 1:1 SE
SE-EE; e 6 1:3 SE
SE-EE, .. 10 1:5 SE
SE-CO, 2 4 1:1:2 SE
SE-CO, 3 3 1:1.5:1.5 SE
SE-CO, 4 3 1:2:1.5 SE
SE-CO, 4 2 1:2:1 SE

KN: Kneading technique; SE: Solvent evaporation technique; PVP: Polyvinylpyrrolidone; EE 100: Eudragit E100; w/w: percentage weigh-in-weight. Each system
contains 2 g of CC.

https://doi.org/10.1371/journal.pone.0303900.t001
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The drug content was measured with Eq 1 [18]. The results were given as a mean + SD (n = 3).

Drug content (%) = (Drug weight)/(Weight of prepared SD) x 100 Eql

2.4.2. Characterization of CC-SDSs powder flowability. The flow properties of the pow-
der samples were assessed based on determining the angle of repose, bulk density, tapped den-
sity, Carr’s compressibility index, and Hausner ratio (HR). The results were given as a
mean + SD (n = 3).

Angle of repose. The angle of repose of the powder blend was determined by the fixed funnel
method using the Copley Scientific funnel. A specified weight (2 g) of each powder sample was
poured into the funnel. Then the powder was allowed to flow freely on the plain surface. The
height and the diameter of the formed cone were measured after all of the powder in the funnel
was evacuated. The angle of repose was calculated using Eq 2 [19]:

Tan 0 = h/r Eq2

Where; h and r are the height and radius of the powder’s cone, respectively. The results
were given as a mean = SD (n = 3).

Bulk density and tapped density. Both bulk density (BD) and tapped density (TD) were
determined. A quantity of 2 g of powder blend from each SDS was introduced into a 10 mL
measuring cylinder attached to the Copley™ apparatus. After that, the initial volume was
recorded and the bulk density was measured by Eq 3. The apparatus was operated at 100 taps
per min. for 5 min. and the tapped density was calculated using Eq 4 [19]:

BD = (Weight of the powder)/(Untapped volume of the powder) Eq3

TD = (Weight of the powder)/(Tapped volume of the powder) Eq4

Determination of Carr’s compressibility index and Hauser ratio. The bulk and tapped densi-
ties were used to calculate Carr’s compressibility index and Hausner’s ratio to assess the flow
properties and compressibility of the prepared CC-SDSs. The obtained measurements were
compared to a standard reference to judge the flow properties of powder. As shown in Eqs 5
and 6 [19]:

Carr's Index = ((TD — BD)/TD x 100 Eq5

Hausner ratio = (TD)/(BD) Eq6

Where; TD and BD are the tapped and bulk density, respectively.

2.5. Saturation solubility

The saturation solubility was measured in 0.1 N HCI pH 1.2, acetate buffer pH 4.5, and phos-
phate buffer pH 6.5, separately. In 100 mL volumetric flasks, an excess amount of CC powder,
CC-polymers physical mixture, and CC-SDSs were added to 10 mL of each dissolution media.
All the samples were shaken at 100 rpm in a shaking water bath (Nuve ST 402, UK) at 25°C.
After 72 h., the samples were centrifuged for 30 minutes in a cooling centrifuge at 25°C and
6000 rpm. From the filtrate, 0.1 mL was withdrawn by syringes equipped with a 0.45 pm pore
size filter syringe and diluted to 10 ml by the dissolving media. The drug concentration was
measured by the HPLC system (Shimadzu, Japan). The saturated solubility study was per-
formed in triplicate and calculated as a mean+ SD. Eq 7 was used to compute the solubility
enhancement ratio of CC in the form of SDS compared to the saturated solubility of CC in the
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acidic and alkaline media [20]:

CC — Solubility (SDS)
CC — Solubility (pure drug)

Solubility Enhancement Ratio (ER) = Eq7

2.6. In vitro dissolution studies

The in vitro dissolution studies of the prepared SDSs and the pure CC were carried out at 37+
0.5°C and 50 rpm using 900 mL of: 0.1 N HCI pH 1.2, phosphate buffer pH 6.5, and acetate
buffer pH 4.5 in the paddle type II USP dissolution apparatus under sink condition. Accurately
weighed samples equivalent to 16 mg of CC were added to each dissolution media. Samples (5
ml) were withdrawn by a syringe equipped with a filter syringe of 0.45 pm pore size and
replaced with an equal volume of fresh dissolution medium at time intervals of 15, 30, 45, 60,
90, 120, and 180 minutes. The withdrawn samples were analyzed using an autosampler HPLC
system (Shimadzu, Japan), and the injection volume was 50 uL [21]. The tests were performed
in triplicate (n = 3) and the results were given as a mean * SD.

2.7. Simulated pharmacokinetics study

Prediction of in vivo data. The simulated drug plasma concentration vs. time profile of
CC was predicted from the in vitro release data of the optimized formula (SE-EEs) by utilizing
the convolution method [22]. The cumulative drug release (%) values obtained from the drug
in vitro dissolution data were converted into distinct amounts (mg) at each sampling time
point. For each segment of drug amount, the quantity of drug eliminated was calculated using
the first-order elimination rate constant which was obtained from Eq 8:

Ke = 0.693/¢1/2 Eq8

Where Ke: is the first-order elimination rate and t;, is the half-life of the drug.

In the following step, drug amounts at different time intervals were added to determine the
total amount present in the blood. Finally, the plasma concentration of CC (ug/mL) was com-
puted by multiplying the blood amount of each time interval by the drug bioavailability and
then dividing it by the drug volume of distribution (Eq 9):

Conc. = AmtxFx1000/Vd Eq9

Where; Conc. is the drug concentration in the blood (ug/mL) at t time, F: is the bioavailabil-
ity factor, Vd: is the volume of distribution, and 1000: is the conversion factor to report con-
centration in ng/mL.

Pharmacokinetics parameters of CC. The pharmacokinetic parameters of CC were
obtained from published papers with a high level of authenticity [23] where the bioavailability
of CC is 15%, the half-life is 9 hrs., and the Vd is 0.13 L/kg. However, other parameters, Cyax
Tnax and AUC were calculated depending on the predicted in vivo data.

In vitro-in vivo correlation (IVIVC) study. The level-A in vitro-in vivo correction was
constructed by plotting in vitro drug release data (%) versus the simulated plasma drug concen-
tration (ng/mL). The plasma concentration-time intervals were started at 0 h and ended at 24
h. The linear regression coefficient (R*) was obtained and compared between the optimized
formula SE-EE5 and the commercial CC tablet for efficient in vivo performance.
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2.8. Differential scanning calorimetric (DSC)

The DSC studies were performed to evaluate the thermal profile for the pure drug, polymer
(EE100), CC-polymer physical mixture, and selected CC-SD system. The powders were trans-
ferred into an aluminum pan and tested. In this work, Shimadzu DSC-60A Plus (Japan) with
LabSolution software was used. The heating range was from 30 to 300°C at an increasing heat-
ing rate of 10°C/min.

2.9. X-ray diffraction measurements (XRD)

The powder X-ray diffractograms of pure drug, polymer (EE100), CC-polymer physical mix-
ture, and the selected CC-SD system were characterized by Xpert-pro PANanalytical (Holand).
The tested powders were pressed into disks. The instrument was operated at 20 mA, 40 kV
using a Copper anode as an X-ray source. Diffraction patterns were recorded over the 2-theta
range of 8-80°C [24].

2.10. Fourier Transform Infrared (FT-IR) spectroscopy

KBr disks of pure drug, polymer (EE100), CC-polymer physical, and the selected CC-SD sys-
tem were prepared for FTIR analysis to study the interactions between the API and the excipi-
ents. The KBr powder was mixed with the powders to be analyzed in a mortar and compressed
into 1-2 mm thickness discs. Shimadzu FTIR 4200 (Japan) was used. The scanning wavelength
ranged from 400 cm™ to 4000 cm™.

2.11. Field emission scanning electron microscopic (FE-SEM) study

To study the surface and morphology of the pure drug, polymer (EE100), CC-polymer physical
mixture, and the selected CC-SD system, samples were loaded on a specimen stub using dou-
ble-side carbon tape. They stuck down the mask layer on it, then tight all stubs on the speci-
men’s holder after blowing to remove any non-adherent particles. The prepared samples were
loaded on FE-SEM from Zeiss/Supra 55 VP (Germany) [25].

2.12. Dynamic light scattering (DLS) analysis

To detect the presence of nanoparticles, two milliliters of 2 mg/mL SE-EE; solution in 0.1 HCI
were poured into a disposable cuvette and tested by a zeta sizer (NanoZS, Malvern, UK). The
average size, size distribution, and polydispersibility index (PDI) were measured.

2.13. Transition scanning electron microscopy (TSEM) analysis

A TSEM test was done to confirm the nanoparticles’ spherical shape. The solution of 2 mg/mL
of SE-EE; was spread on a copper grid previously covered with a carbon layer then the grid
was transferred to the STEM (Nova NanoSEM, Holand) and tested.

2.14. Stability study

The optimized system SE-EEs was stored at an ambient temperature in a desiccator for 12
months. At the end of the storage duration, the powder was examined for organoleptic proper-
ties, FTIR spectroscopy analysis, XRD analysis, drug content, and in vitro drug dissolution
study to evaluate the stability of the drug upon storage and aging.
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2.15. Statistical analysis

The statistical analysis was conducted using IBM SPSS™ Statistics software, version 28.0.1.0,
employing One-way ANOVA to ascertain statistically significant differences at a p-level of
0.05. Results were presented as mean values + SD (n = 3).

3. Results and discussion
3.1. HPLC quantification of CC

After setting the autosampler HPLC system to inject 50 pL of 0.35 mg/mL of CC solution in
acetonitrile, a sharp peak was obtained for CC with a retention time of 4.659 minutes (Fig 2).
The analysis was repeated six times (n = 6).

3.2. Preparation of CC-SDSs

CC-SDSs were prepared using solvent evaporation and kneading techniques. Although both
methods are well-established and widely documented in prior literature, our findings however
showed the greater reliability and reproducibility of the solvent evaporation compared to
kneading. In addition, the SDSs were formulated by incorporating the drug into the polymer
matrix in three drug-to-polymer weight ratios including 1:1, 1:3, and 1:5. The ratios’ selection
reflected a deliberate approach aimed at optimizing the formulation’s performance by encom-
passing a diverse range of ratios to explore their influence on the properties of the systems.
Our prior experience with similar formulations indeed provided valuable insights into the
ratios’ selection as well as their potential impact on the drug solubility and the system’s charac-
teristics [10].

3.3. Characterization of CC-SDSs

3.3.1. Drug content. The systems prepared via the kneading method exhibited the lowest
drug content, attributed to the method’s inability to consistently disperse the drug within the
polymer matrix (Table 2). Notably, systems prepared using EE100 polymer alone demon-
strated higher drug content than other systems.

uV
200000 5
100000
0 |
0 1 2 3 4 5 6 7

Fig 2. HPLC chromatogram of CC in acetonitrile.
https://doi.org/10.1371/journal.pone.0303900.g002
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Table 2. Characteristics of the prepared SDSs.

CC-SDSs Drug content Hausner’s ratio Carr’s index Angle of repose Flowability
(%) (%) ©)
KN, 95.09 + 0.36 1.02 +0.2 8.85 +0.09 26.03 +0.12 Excellent
KN; 95.93 +0.13 1.10 +0.01 595+ 0.44 27.98 £ 0.03 Excellent
KNs 96.21 + 1.54 1.07 +0.02 7.96 + 0.43 27.39+£0.23 Excellent
SE, 98.49 + 0.62 1.04 +0.02 7.96 +0.33 28.66 + 0.34 Excellent
SE; 99.01 £+ 0.25 1.06 +0.03 7.94 £ 1.03 26.04 + 1.02 Excellent
SEs 98.30 £+ 1.05 1.07 £ 0.03 5.54 +£0.03 27.63 £ 0.46 Excellent
SE-EE, 99.45 +0.93 1.03 £ 0.01 7.5+ 0.04 29.00 + 0.54 Excellent
SE-EE; 99.12 £ 0.08 1.05 = 0.04 8.22+£0.77 28.32 £ 0.39 Excellent
SE-EEs 99.09 + 0.90 1.05 +0.03 6.04 +£0.23 27.65 +0.45 Excellent
SE-CO, 98.20 +1.23 1.08 +0.01 6.65 +0.26 25.89 £ 0.35 Excellent
SE-CO, 97.99 +0.33 1.07 +0.02 7.12+0.19 26.77 £ 0.52 Excellent
SE-CO; 98.20 + 0.24 1.04 +0.03 7.91+0.26 28.29 +0.62 Excellent
SE-CO,4 96.04 + 1.90 1.04 +0.02 6.66 + 0.55 27.61 +0.44 Excellent

https://doi.org/10.1371/journal.pone.0303900.t002

3.3.2. Characterization of CC-SDSs powder flowability. The flowability study results are

depicted in Table 2. The solid dispersion formulations demonstrated excellent flowability,

indicating their suitability for incorporation into various dosage forms.

3.4. Saturation solubility studies

The solubility of pure CC, the physical mixture of polymers and CC, and CC-SDSs in the sim-
ulated gastric (pH 1.2), small intestine (pH 4.5), and large intestine (pH 6.8) media are pre-
sented in Tables 3-5, respectively. These results indicated an increase in the solubility of CC
when prepared as solid dispersion compared with the pure drug and the physical mixture of
the drug and the polymers. While CC is practically insoluble in aqueous media, all the pre-
pared systems showed an improvement in solubility to a specific extent.

Table 3. Saturation solubility and solubility enhancement ratio of CC, CC-polymers physical mixtures, and CC-SDSs in HCI (pH 1.2).

Formulae codes CC-SDSs CC-polymers physical mixture (mg/mL) Enhancement ratio

(mg/mL) CC-SDSs Physical mixtures
KN, 0.010 + 0.005 0.003+0.003 41.493 12.448
KN; 0.014 £ 0.009 0.004+0.001 58.091 16.597
KNs 0.017 + 0.003 0.005+0.002 70.539 20.746
SE, 0.050 + 0.008 - 207.468 -
SE; 0.140 £ 0.102 - 580.912 -
SE5 0.152 + 0.042 - 630.705 -
SE-EE, 1.277 +0.577 0.007 £ 0.010 5298.755 29.045
SE-EE; 5.311 £ 0.345 0.028 +0.033 22037.344 116.182
SE-EEs 6.516 = 0.508 0.033 + 0.052 27037.344 136.929
SE-CO;, 1.813+1 0.005 + 0.002 7522.821 20.746
SE-CO, 5.264 +1.523 0.014 + 0.020 21842.323 58.091
SE-CO; 5.564 + 1.619 0.007 +0.001 23087.136 29.045
SE-CO,4 4.009 + 1.527 0.004 + 0.009 16634.854 16.597
CC 0.00024 + 0.0002
https://doi.org/10.1371/journal.pone.0303900.t003
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Table 4. Saturation solubility and solubility enhancement ratio of CC, CC-polymers physical mixtures, and CC-SDSs in acetate buffer (pH 4.5).

Formulae codes CC-SDSs CC-polymers physical mixture (mg/mL) Enhancement ratio

(mg/mL) CC-SDSs Physical mixtures
KN, 0.001 + 0.003 0.003 + 0.004 4.149 12.448
KN, 0.003 £ 0.051 0.003 + 0.001 12.448 12.448
KN;5 0.007 + 0.055 0.006 + 0.009 29.045 24.896
SE, 0.012 £ 0.011 - 49.792 -
SE; 0.013 +£0.031 - 53.941 -
SEs 0.015 + 0.083 - 62.240 -
SE-EE,; 0.903 + 0.700 0.008 + 0.002 3746.887 33.195
SE-EE; 5.201 + 1.050 0.035 +0.003 22037.344 116.182
SE-EEs 6.550 + 1.639 0.062 + 0.050 27037.344 136.929
SE-CO, 1.943 +0.299 0.003 + 0.002 8062.240 12.448
SE-CO, 2.339 + 1.009 0.016 + 0.020 9705.323 66.390
SE-CO; 3.954 + 1.001 0.007 + 0.003 16406.639 29.045
SE-COy4 0.010 + 0.002 0.003 + 0.007 41.493 12.448
CC 0.00024 + 0.0002

https://doi.org/10.1371/journal.pone.0303900.t004

However, in the acidic media (pH = 1.2) (Table 3) and acetate buffer solution (pH = 4.5)
(Table 4) the systems that were prepared by kneading methods using PVP showed the least
improvement in CC saturation solubility (enhancement ratio is 41.493, 58.091, 70.539 fold in
acidic medium and 207.468, 630.705, 580.912 fold in acetate medium for KN;, KN3, and KN,
respectively) compared with other systems indicating the insufficiency of the kneading method
to improve CC solubility compared with the solvent evaporation method. This could be attrib-
uted to the incomplete dispersion of CC within the polymer matrix in the kneading method as
it solely relies on manual pressure at variable rates, proving inefficient for achieving the amor-
phization of the drug particles [16]. However, the systems that were prepared by the solvent
evaporation method using PVP alone as a polymer showed better improvement in saturation
solubility than the SDSs that were prepared by the kneading method. This may be attributed to
the controlled evaporation of the solvent leading to the formation of uniformly distributed

Table 5. Saturation solubility and solubility enhancement ratio of CC, CC-polymers physical mixtures, and CC-SDSs in phosphate buffer (pH 6.8).

Formulae codes CC-SDSs CC-polymers physical mixture (mg/mL) Enhancement ratio
(mg/mL) CC-SDSs Physical mixtures

KN, 0.125 + 0.091 0.005 + 0.004 471.698 18.867
KN; 0.597 £ 0.172 0.006 + 0.002 2252.830 22.641
KNs 0.648 +0.213 0.010 +0.032 2445.283 40.754
SE, 0.552 +0.242 - 2083.018 -
SE; 2.353 £ 1.009 - 8879.245 -
SEs 2.756 + 0.942 - 10400.210 -
SE-EE,; 0.004 + 0.003 0.0002 + 0.0001 15.094 0.826
SE-EE; 0.095 + 0.004 0.0002 + 0.003 358.490 0.852
SE-EEs 0.097 +£0.033 0.0004 + 0.0008 366.037 1.630
SE-CO, 0.173 +0.009 0.001 + 0.007 652.830 3.773
SE-CO, 0.156 +0.123 0.002 + 0.009 588.679 7.547
SE-CO; 0.150 + 0.005 0.001 +0.027 566.037 3.773
SE-CO,4 0.003 +0.019 0.003 + 0.041 11.320 11.320
CC 0.00026 + 0.0005 - - -

https://doi.org/10.1371/journal.pone.0303900.t005
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small particles, in which the drug is coated by the polymer resulting in a decrease of crystallin-
ity or an increase in amorphization of the drug [26]. For these systems, the solubility increased
as the polymer-to-drug ratio increased, thus SEs exhibited a higher solubility enhancement
value than SE;, and the least results were seen for SE; (the enhancement ratio is 207.468,
580.912, and 630.705 in the acidic medium and 49.792, 53.941, and 62,240 in the acetate
medium for SE;, SE3, and SEs, respectively.

Furthermore, the systems that were prepared by the solvent evaporation method using
EE100 polymer only showed the best improvement in the saturation solubility and CC solubil-
ity increased with an increase in the polymer-to-drug ratio with higher results obtained from
the SE-EE; (the enhancement ratio is 5298.755, 22037.344, and 27037.344 in acidic medium
and 3746.887, 21580.912, 27178.423 in acetate medium for SE-EE;, SE-EE;, SE-EEs, respec-
tively) indicating that the amphiphilic polymer EE100 is better than PVP in improving CC sol-
ubility at pH = 1.2 and pH = 4.5. The reason for this could be the ionizable nature of the EE100
polymer in the acidic media and this feature could be exploited to enhance the solubility of the
weak acidic drug in the upper part of the GIT either to obtain a fast-release system or to pre-
pare gastroretentive drug delivery systems [27].

For the ternary systems prepared by a combination of PVP and EE100, the improvement in
CC solubility was lower than that noticed in SE-EEs (the enhancement ratio is 7522.821,
21842.323,23087.136, and 16634.854 in acidic and 8062.240, 9705.394, 16406.639, and 41.493
in acetate for SE-CO;, SE-CO,, SE-CO3, and SE-CO, respectively). Although PVP acts as a
precipitation inhibitor at low polymer concentrations, however at higher concentrations, it
may cause drug precipitation due to its influence on drug diffusion from the particle surface to
the bulk dissolution medium. This can have a detrimental effect on drug dissolution, as
observed in the case of the systems SE-CO;, SE-CO,, SE-CO3, and SE-CO, [28].

Regarding the basic medium (pH = 6.5) (Table 5) the systems prepared by the kneading
method with PVP polymer showed an enhancement in solubility of CC (enhancement ratio is
471.698, 2252.830, 2445.283 for KNy, KN3, KN, respectively) but still less than that of the sys-
tems that prepared by the solvent evaporation method due to inadequacy of the kneading
method in the preparation of CC SD systems as mentioned by Khan et al. [11].

The systems SE;, SE3, and SEs demonstrated significant (p< 0.05) improvement in solubil-
ity in the basic medium (pH = 6.5) with enhancement ratios of 2083.018, 8879.245, and 10400,
respectively. This enhancement was not observed in acidic or acetate media, possibly due to
the ionization of the weak acidic drug following treatment with the appropriate polymer con-
centration. The increased CC solubility observed in the basic medium suggests that formulat-
ing the SDSs for a weakly acidic drug could offer advantages in targeting the distal part of the
GIT and facilitating colonic delivery. For the systems SE-EE;, SE-EE3, and SE-EE; the solubil-
ity of CC enhanced by 15.094, 358.490, and 366.037, respectively, but was less than the solubil-
ity of the PVP-only based systems because the EE100 polymer is not soluble but still permeable
in the basic media [29].

For the systems, SE-CO;, SE-CO,, SE-CO3, and SE-CO, the enhanced solubility (enhance-
ment ratio is 652.830, 588.679, 566.037, and 11.320, respectively) is less than that for the sys-
tems prepared by PVP polymer alone. The decrease in solubility became notably more
significant (p< 0.001) with elevated concentrations of PVP, as evidenced by the SE-CO, for-
mula. This phenomenon could arise from the precipitating effect induced by higher PVP con-
centrations, as discussed earlier in this section, or it could be attributed to the insolubility of
EE100 in a basic medium. Also, the presence of two polymers with CC in the alcoholic
medium during preparation may result in a hydrogen bond formation between the two hydro-
philic polymers leaving CC unbounded. In the binary systems, the characteristic peaks of CC
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for both the physical mixture and the system SE-COj; indicated that not all the CC is converted
into an amorphous form (Figs 19 and 20).

The solubility enhancement of the physical mixtures for all the systems in the three media
was much less than that for the corresponding prepared SD systems which could be explained
by the fact that the amorphous state of the drug offers a lower thermodynamic barrier to solu-
bility and the formation of a glassy solution where the drug is molecularly dispersed in the
polymer i.e., solubility enhancement is the result of the disordered structure of the amorphous
solid. So, because of the short-range intermolecular interactions in an amorphous system, no
lattice energy has to be overcome, whereas, in the crystalline material, the lattice has to be dis-
rupted for the material to dissolve [30].

Furthermore, all the prepared systems exhibited a significant enhancement in the saturation
solubility in the acidic media (p< 0.05) with the SE-EEs SDS exhibiting a highly significant sol-
ubility enhancement (p< 0.001). Nevertheless, the overall solubility of CC in all the prepared
SDSs in phosphate buffer was lower than in the other two media. This could be attributed to
the formation of phosphate aggregates in the buffer media as elaborated by K S NS et al. who
observed the lower solubility of raloxifene HCl in phosphate media and further complexes for-
mation with quercetin which was determined by investigating the residual particles from solu-

bility studies [31].

3.5. In vitro dissolution studies
The dissolution studies for the plain CC, commercial CC tablets, and the prepared CC-SD sys-
tems were performed by using the paddle-type USP dissolution apparatus. The dissolution
study was performed to investigate the effect of formulating CC as an SDSs on the dissolution
rate of the parent drug. The dissolution studies were done in acidic media (0.1N) HCI
(pH = 1.2) to simulate the gastric medium, acetate buffer (pH = 4.5) to simulate the upper part
of the small intestine, and phosphate buffer (pH = 6.5) simulating the lower part of the small
intestine.
In the acidic medium with 0.IN HCI (pH = 1.2) and the acetate buffer (pH = 4.5) (Figs 3
and 4), the systems prepared by the kneading method with PVP as the carrier polymer (KNj,
KNj3, and KN;) showed the least improvement in dissolution profile compared with other

A 120 ¢ - & -SE-EEs
—e— SE-EE,
100 | __*__‘__‘_____+_____+ __________ + --e--SE-EB;
: SE-CO,
30 ' —e— SE-CO:
- '
?;' H I —e— SE-CO»
= H E
2 ' i i - o= SE-COu
3, 60 |, el f——a— T_i:‘-‘.f_:j —_—% ’
Z o § | e e e —e—SE,
1 Y/ A e o z
:‘: ' .d | 1 SE
o~ 15 T _________ -—— —o— SE»
40 b1} .-
iy S | —e— SE;s
; .
'] /*
7] o —a— KN
20 |/ .
W T g ’ —e— KN,
' = ® —x—KNs
0= 3 ; > Pure CC
120 140 160 180 200

0 20 40 60 80 100

Time (minutes) {({mm ercial

Fig 3. Dissolution profiles of pure CC, commercial CC tablet, and the prepared SDSs in HCI (pH 1.2).

https://doi.org/10.1371/journal.pone.0303900.g003
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systems this could be explained by the insufficiency of kneading method to disperse CC evenly
within PVP and not all the drug was converted into the amorphous form. Also, the improve-
ment of the dissolution rate was not consistent with the drug: polymer ratio in the kneading
method i.e., increasing the polymer-to-drug ratio does not necessarily increase the dissolution
rate. The order of improvement in the dissolution profile was KN; < KN5 < KNj. This could
be the result of the insufficient distribution of the CC within the polymer matrix leading to
incomplete interaction between the drug and the polymer in the kneading method, so the
drug is not dispersed at a molecular and at higher polymer content the PVP acts as a precipita-
tor and can affect the drug diffusion from the particle surface to the bulk medium [28], causes
an increase in viscosity of the dissolution medium which obstructs the release of the drug from
the powder particles to increase according to the Noyes-Whitney equation (Eq 10) [32]:

dm/dt = DA(Cs — C)/h Eq10

Where; dm / dt is the rate of dissolution of the drug particles, D: is the diffusion coefficient
of the drug in solution in the dissolution medium and is related, in part, to the viscosity of the
medium, which will decrease with increasing medium viscosity and decreasing dissolution
rate. A: is the effective surface area of the drug particles in contact with the dissolution
medium, h: is the thickness of the diffusion layer around each drug particle, Cs: is the satura-
tion solubility of the drug in solution in the diffusion layer, and C: is the concentration of the
drug in the dissolution medium.

Consequently, for the systems prepared by the kneading method when there was less inti-
mate interaction between CC and PVP, increasing the concentration of PVP in the solvent led
to an increase in its viscosity which increased the thickness of the diffusion layer around the
drug particles causing decreasing in the drug dissolution rate [33].

On the other hand, SD systems prepared by the solvent evaporation method using EE100
alone as a polymer exhibited better dissolution in the low pH media. The SE-EEs, which con-

sists of CC and EE100 polymer in a 1:5 ratio was able to dissolve 98.5+3.85% of CC in the
acidic medium and 100 + 5.4% of CC dissolved in the acetate buffer during the first 15 minutes

of the runs.
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Also, the systems SE-EE; and SE-EE; showed an improvement in the dissolution of CC.
Still, they were less than that for SE-EEs (SE-EEs > SE-EE; >SE-EE,) so by increasing in poly-
mer to drug ratio the dissolution rate increased because the amount of polymer relative to the
drug has a significant impact on the dissolution behavior of amorphous SD during dissolution.
This improvement in the dissolution of CC in the systems that were prepared using EE100
polymer could be attributed to the fact that EE100 is a pH-sensitive polymer. Since pH-sensi-
tive polymers are polymers that have potential ionizable groups or hydrolyzable compounds
dissolved in the acidic medium. By changing the pH of the medium the solubility and the con-
formation of the pH-sensitive polymers are affected due to the interaction between the solvent
molecules and the polymer chains, so in the acidic medium the polymer monomers are
induced and the degree of charged monomers is sufficient to induce affinity interaction with
the aqueous medium molecules [34].

However, the tertiary SD prepared by using a combination of PVP and EE100 was supposed
to increase the solubility in the three-dissolution media. It is worth mentioning that, Prasad
et al., prepared ternary solid dispersion to enhance the solubility of the weak acidic drug, indo-
methacin, using a combination of EE100 and PVP K90. Compared with the formula they pre-
pared using a single polymer, they obtained a significant improvement in solubility, which was
not the case in this study when PVP K30 and EE100 were combined. Therefore, tertiary SD
systems of CC prepared with a combination of PVP and EE100 in the ratio specified in this
study had no advantages over SD systems prepared with a single polymer [35].

Moreover, the solubility of KN, KN3, and KNs had improved in the basic medium (Fig 5),
and increasing the ratio of polymer to drug in the kneading method did not necessarily
increase the dissolution rate. The systems SE;, SE;, and SE5 exhibited a higher improvement in
the dissolution rate with the dissolution rate increase with increasing the polymer-to-drug
ratio in the SE5 system (p< 0.001) which could be due to more consistent distribution of the
drug within polymer particles in the solvent evaporation method. For the systems SE-EE;,
SE-EE;, and SE-EE; a significant improvement in the dissolution rate was noticed (p< 0.05)
which only could be due to the conversion of CC into its amorphous form. For the tertiary sys-
tems SE-CO;-SE-CO,, the improvement in the dissolution rate was significant but still less
than that of the systems prepared by PVP alone.
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Fig 5. Dissolution profiles of pure CC, commercial CC tablet, and the prepared SDSs in phosphate buffer (pH
6.8).
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As CC’s low bioavailability was attributed to both insolubility and efflux mechanism by the
P-gp receptors, thus enhancing the solubility of CC in the simulated gastric and duodenum
medium could enhance its bioavailability because it presents the drug in its soluble form in the
upper part of the GIT where drug’s absorption mainly takes place, according to a study done
by Mai et al. who examined P-gp distribution in the GIT, and stated that an increase in the P-
gp content along the small intestine from the jejunum to the ileum was shown in male and
female humans (jejunum < ileum) and in rats (duodenum < jejunum < ileum). The lower P-
gp level and related efflux in the proximal (in contrast to the distal) small intestine explain why
the proximal region is the ideal absorption site for drugs that are P-gp substrates [36]. Also,
Kagan L. et al., concluded that P-gp mediated efflux was a major factor responsible for GI
region-specific absorption of talinolol they noticed that the bioavailability of talinolol in
humans was markedly decreased when talinolol was perfused in the distal small intestine in
comparison to a more proximal location of talinolol and when rectal capsules were adminis-
tered the bioavailability is reduced by 80% compared with that of an orally administered
instant release formulation. To increase the bioavailability of talinolol they suggested two
approaches the first was the administration of P-gp substrate drugs with compounds that have
P-gp inhibitory properties but the disadvantages were that these inhibitors might increase the
potential for adverse effects. The second approach was continuous delivery of the drug to the
upper part of GIT which can be accomplished by gastroretentive dosage forms so the drug
might be absorbed in the upper part of GIT before reaching the lower intestinal part that is
rich with P-gp receptors [37]. Also, Wang Y. et al. prepared a solid self-microemulsifying drug
delivery system of tacrolimus and incorporate it into a gastroretentive tablet. They stated that
their prepared formula enhanced the dissolution and the bioavailability of tacrolimus by
releasing the drug in the upper part of GIT so the drug is to be absorbed in the proximal P-gp
poor region of the intestine rather than the far and P-gp rich region [38].

Furthermore, improving the solubility of BCS II drugs which are of low solubility, high per-
meability, and substrates for P-gp receptor-like CC in the gastric medium would make them
suitable for gastroretentive drug formulations [39], thereby increasing their bioavailability and
therapeutic activity. The SE-EEs system was selected for further investigations and the mecha-
nism involved in enhancing the solubility of CC was explored.

3.6. Simulated pharmacokinetic IVIVC study

For a drug to be absorbed into the bloodstream to reach its site of action it should be present
in a solution form in the GIT at the absorption site [2]. In vitro, dissolution testing is con-
ducted to estimate or predict the dissolution of the drug in the GIT or in vivo. Therefore, some
form of relationship between these two dissolution types is desirable and it is commonly
referred to in the literature as in vitro-in vivo correlation (IVIVC) [22]. FDA defines IVIVC as
a predictive mathematical model to describe the relationship between an in vitro property
(usually the extent or rate of drug release), and a relevant in vivo response e.g., plasma concen-
tration or amount of drug absorbed [40].

Developing and conducting a dissolution test based on such a relationship not only
enhances the reliability of an in vitro test but also provides several benefits such as a reduction
of the required number of in vivo studies in humans, thus simplifying the development and
modification of the drug products and lowers overall cost.

In the case of oral dosage forms, as highlighted by the FDA, it is always possible to correlate
in vitro and in vivo data for formulations where the absorption of the API is limited by the dis-
solution rate (the dissolution of the drug is the rate-limiting step). Hence, IVIVC works better
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Table 6. Predicted pharmacokinetic parameters of SE-EEs.

Predicted PK parameters Commercial CC tablet SE-EE5
AUC ng * hr/mL 113.07 3094
Cinax Ng/mL 8.85 259.95
Tinax (hr) 2.5 0.5

https://doi.org/10.1371/journal.pone.0303900.t006

with class II BCS drugs. Since CC is a class II drug with low solubility and high permeability,
IVIVC could give a clear picture of the pharmacokinetics parameters of CC.

There are two methods of establishing IVIVC, the one-stage convoluted method, and the
two-stage deconvoluted method. The convolution approach uses the in vitro dissolution data
and pharmacokinetic characteristics of the drug to obtain plasma drug concentration. On the
other hand, the deconvolution method is a two-stage procedure, which involves the develop-
ment of formulations with different release rates and their dissolution testing, providing in
vivo plasma concentrations for the formulations, and finding in vivo absorption or dissolution
time profiles. The results of IVIVC showed that the system SE-EEs has a higher predicted
AUC and C,,,« (Table 6) than that for the commercial tablet, with a linear correlation coeffi-
cient (R? of 0.998) (Fig 6). The predicted plasma profile for the commercial tablet and SE-EEs
is illustrated in Fig 7. These results indicated that enhancing the dissolution of CC thousands
of times by formulating it as a solid dispersion with polymer EE100 could drastically enhance
the bioavailability of class II drug CC.

3.7. DSC study

The thermal analysis of CC is presented in Fig 8). CC shows a sharp endothermic peak at
173.77°C representing the drug melting point [41]. The endothermic peak is followed directly
by an exothermic peak which could correspond to polymorphic transformation [42]. Fig 9 rep-
resents the DSC thermogram of Eudragit E100. Eudragit, as a polymer, has a glass transition
temperature of 50°C. The physical mixture of the formula components (Fig 10) showed the
polymer glass transition temperature and the CC melting point with a change in intensity
which could be due to the solubilization of the drug by the fused polymer during heating. For
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Fig 6. The IVIVC-In vitro drug dissolution versus plasma concentration of CC loaded in SE-EEs.
https://doi.org/10.1371/journal.pone.0303900.g006
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Fig 7. Predicted plasma profile for the commercial candesartan cilexetil tablet and SE-EE-.
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the optimized SD system (Fig 11), the melting point for CC disappeared, indicating the con-
version of the crystalline drug into an amorphous form, explaining the excellent solubility of
the formula compared with the pure drug. This conversion is a result of the molecular disper-
sion and incorporation of the API within the polymer matrix. However, the DSC thermogram
of the SE-EE; showed an endothermic peak at about 256.16°C, which could be occurred due
to the fusion decomposition of the components [43].

3.8. XRD study

The XRD study was performed to study the crystallinity of the drug and the polymorphic
changes in the API. The XRD study for the pure drug is shown in Fig 12. It shows 20 values at
9.8°,17.2°,18.5°,19°, 20.3, and 23.2°. The characteristic peak recorded at 9.8° indicates that
CC is present in a crystalline polymorph I [42].

50.00 100.00 150.00 200.00 250.00 300.00
Temperature (°C)

Fig 8. DSC thermogram of CC pure drug.

https://doi.org/10.1371/journal.pone.0303900.g008

PLOS ONE | https://doi.org/10.1371/journal.pone.0303900 June 6, 2024 17/31


https://doi.org/10.1371/journal.pone.0303900.g007
https://doi.org/10.1371/journal.pone.0303900.g008
https://doi.org/10.1371/journal.pone.0303900

PLOS ONE

Solid dispersion systems for enhanced dissolution of poorly water-soluble candesartan cilexetil

mW

1500
1000
5.00
-0.00
50.00 100.00 150.00 200.00 250.00 300.00
Temperature (°C)

Fig 9. DSC thermogram of EE100 polymer.
https://doi.org/10.1371/journal.pone.0303900.g009

Fig 13 represents the XRD study of Eudragit E100 alone. The XRD pattern of Eudragit E100
exhibited no significant diffraction peaks, which is in line with the amorphous nature of this
acrylic polymer. The DSC curve of the physical mixture of the polymer and the drug (Fig 14)
represents the characteristic peaks of CC, confirming that CC is in its crystalline form. How-
ever, in the XRD of the selected solid dispersion system SE-EE5 represented in Fig 15, the
peaks disappeared, indicating the conversion of the crystalline CC to an amorphous form,
explaining the extreme improvement in solubility.

For comparison, the formula KN (Fig 16) with a dissolution profile less than that of the
SE-EEs was examined for crystallinity, with the polymer PVP (Fig 17) and the physical mixture
of CC and PVP (Fig 18). PVP showed no characteristic peaks, while the physical mixture and
the SD system KN; showed the same characteristic peaks of CC, indicating that not all the CC
was converted into an amorphous form explaining the low improvement in solubility and
exhibited by the system and indicating that for CC, the conversion into an amorphous form is
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Fig 10. DSC thermogram of CC-EE100 physical mixture.
https://doi.org/10.1371/journal.pone.0303900.g010
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Fig 11. DSC thermogram of the optimized formulation SE-EEs.
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one of the main mechanisms required to improve the solubility. Moreover, neither the physical
mixture nor the system SE-CO; showed that all the CC is converted into an amorphous form
(Figs 19 and 20).

The XRD results were consistent with the dissolution study, as SDSs that gave a better dis-
solution profile showed the disappearance of the characteristic peaks of the API, declaring the
change of API into an amorphous form [44].

3.9. FT-IR study

The FT-IR spectrum of the system usually contains peaks that are shifted relative to those
found in the spectrum of the physical mixture of drug and polymer. This is due to specific
interactions between the functional groups of the drug and polymer, usually hydrogen bond-
ing but it also could be an ionic or hydrophobic interaction. If these interactions differ in
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Fig 12. XRD spectra of CC pure powder.
https://doi.org/10.1371/journal.pone.0303900.g012
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Fig 13. XRD spectra of EE100 polymer.
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strength or extent relative to the physical mixture in these systems, changes in FT-IR peak
position and shape occur for the functional groups involved [45].

The spectrum of CC is shown in Fig 21. The spectra showed N-H stretching at 3417.24
cm’! stretching aliphatic and aromatic C-H band at 2860.88, 2940.91, and 3000 cm'; car-
bonyl group stretching from the carbonate -OC (= O)O- moiety with an intense band at
1752.98 cm™'; an ester carbonyl group at 1715.37 cm™; an N-H bending at 1613.16 cm™'; an
aromatic C-N stretching at 1349.93 cm™' and C-O ether at 1033.66 cm™'. These absorption
bands are summarized in Table 7. The spectra showed matching with the IR spectrograph
in previous studies [46].

Fig 22 shows the characteristic FT-IR peaks of Eudragit E100. The C = O ester vibration
occurs at 1732.73 cm™, and the ester groups at 1155.15 and 1250. In addition, C-H vibration
could be seen at 1485.88 and 3010.34 cm™". The absorptions at 2770 and 2820 cm ™ can be
assigned to the dimethylamino groups [13]. These peaks are summarized in Table 7.
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Fig 14. XRD spectra of CC-EE100 physical mixture.
https://doi.org/10.1371/journal.pone.0303900.g014
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Fig 15. XRD spectra of the optimized formulation SE-EE;.
https://doi.org/10.1371/journal.pone.0303900.9015

Fig 23 represents the FT-IR results for the physical mixture and shows the same characteris-
tic peaks for CC and EE100, no extra peaks are reported peaks indicating no chemical
interaction.

For the selected solid dispersion system in Fig 24, the characteristics of C = O peaks of CC
at 1715.37 cm™ and 1752.98 cm™' changed in position and superimposed with the C = O peak
of EE100. The peaks at 3417.24 cm ™' and 1613.16 cm ™" belonging to the N-H stretching and
vibration of CC respectively changed in positions and intensities. The peaks of EE100 at 2820
cm™ and 2770 cm™ belonging to the C-H stretching of the methyl group in the dimethyl
amino group also change in position and intensity. All these changes in peak position and
intensities indicate the formation of hydrogen bonds assisting in explaining the improved dis-
solution profile [46].
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Fig 16. XRD spectra of PVP polymer.
https://doi.org/10.1371/journal.pone.0303900.g016
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3.10. SEM examination

The SEM micrographs of the CC powder showed a regular-shaped crystalline particle (Fig 25).
Fig 26 represents the CC- EE100 physical mixture which reflects the crystal nature of CC and
the amorphous nature of EE100. However, the disappearance of the crystalline structure in Fig
27 which represents the SEM of SE-EEs indicates the conversion of the drug crystal into an
amorphous form. The SEM study came in consistence with the dissolution, the XRD, the DSC,
and the FTIR results and ascertained the conversion of CC crystals into an amorphous form.

3.11. DLS analysis

Two milliliters of 2 mg/mL SE-EE; solution in HCI were poured into a disposable cuvette and
tested by a NanoZS Zeta sizer. The results of the zeta sizer revealed that the average diameter

C
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Fig 18. XRD spectra of the solid dispersion KNj.

https://doi.org/10.1371/journal.pone.0303900.g018
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of the nanoparticles was 203.2+0.418 nm and uniform particle size distribution (PDI of 0.189).
These results indicated the formation of SE-EEs nanoparticles [47].

3.12. STEM study

The solution of SE-EE5 in HCl in a concentration of 2 mg/mL was spread on a copper grid pre-
viously covered with a carbon layer. The STEM result confirmed the formation of nanoparti-
cles which were observed directly as black spherical shapes as illustrated in Fig 28.

The results of DLS and STEM confirm the formation of nanoparticles which adds to under-
standing one of the mechanisms that enhanced the dissolution of CC when prepared as solid
dispersion with the polymer EE100. The amphiphilic nature of EE100 makes it able to form
nanoparticles upon dissolution in acidic media as was mentioned by Lin X et al. when they
proved that dimethyl aminoethyl methacrylate polymer could reveal self-assemble
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Fig 20. XRD spectra of the solid dispersion SE-CO;.
https://doi.org/10.1371/journal.pone.0303900.g020
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Fig 21. FT-IR spectra of CC pure drug.
https://doi.org/10.1371/journal.pone.0303900.9021

performance in acidic media and could be formed into nanoparticles to enhance the solubility
of poorly water-soluble drugs [48].

Combining the results of all the tests done on the SD system SE-EEs, the extremely
improved solubility of CC could be attributed to both the molecularly dispersed drug particles
within the polymer matrix, the conversion of the crystalline nature of the CC to the amorphous
form, the formation of nanoparticles during dissolution due to the amphiphilic nature of the
EE100 polymer, and the ionizable nature of EE100 polymer.

3.13. Stability study

The SE-EEs powder showed no aggregation or change in color or texture at the end of the stor-
age duration. The FT-IR spectrum presented the same peaks with no change after 12 months.
The XRD study also confirmed the absence of the CC characteristic peaks indicating that the
SDs still in the amorphous. In addition, the HPLC chromatogram showed the same peak and
area for the SE-EEs solid powder before storage, and the drug content was 97.2 +0.04%.
Finally, no significant changes in the dissolution profile were observed. The results demon-
strated the effectiveness of the optimized solid dispersion system SE-EEs in stabilizing the

Table 7. Characteristic FT-IR peaks of CC and Eudragit E100.

Wavelength (cm™) Type of the bonds
CC Eudragit E100
3417.24 N-H stretching
2860.88, 2940.91, and 3000 | Aliphatic and aromatic C-H stretching
1613.16 N-H bending
1752.98 and 1715.37 C = O stretching
1349.93 C-N stretching
1033.66 C-O ether
2820 and 2770 C-H stretching in Dimethylamino group
1485.88 and 3010.3 C-H stretching
1155.15 Ester group vibration stretching
1732.73 C = O stretching

https://doi.org/10.1371/journal.pone.0303900.t007
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Fig 22. FT-IR spectra of EE100 polymer.
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amorphous state of CC. The stabilization of the amorphous state is crucial because amorphous
drugs tend to revert to their more stable crystalline forms over time, leading to decreased solu-
bility and potential loss of therapeutic efficacy. Through the solid dispersion technique, the
study sought to overcome this challenge by dispersing CC molecules within a carrier matrix,
preventing their re-crystallization and maintaining the amorphous state for an extended
period [49].

The FT-IR spectrum, XRD pattern, and dissolution profile in HCI and phosphate buffer of
SE-EE; after 12 months of storage are provided in S1 and S2A-S2C Figs.
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Fig 23. FT-IR spectra of CC-EE100 physical mixture.
https://doi.org/10.1371/journal.pone.0303900.9g023
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4. Conclusions

Based on the preceding findings, it is evident that the solubility of CC experienced a
remarkable enhancement of over 27 thousand times through the application of solvent
evaporation method to prepare solid dispersion systems utilizing Eudragit E100 as a carrier
polymer at a 1:5 (w/w) drug-to-polymer ratio. The IVIVC study corroborated that improv-
ing CC solubility could significantly augment its bioavailability, particularly crucial for CC,
classified as class IT according to the BCS, where dissolution represents the limiting factor
in drug bioavailability. Both XRD and FTIR analyses demonstrated the ability of the poly-
mer EE100 to transform the crystalline CC into an amorphous state. Moreover, EE100
solid dispersion led to the formation of nanoparticles further bolstering CC solubility.
These findings were supported by DLS and STEM analyses, revealing the presence of nano-
particles with an average diameter of 203.2 nm and confirming the spherical morphology

1
SUPRA 86VP 4806

Fig 25. SEM photographs of CC pure drug.
https://doi.org/10.1371/journal.pone.0303900.g025
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Fig 26. SEM photographs of CC-EE100 physical mixture.
https://doi.org/10.1371/journal.pone.0303900.9026

of the nanoparticles, respectively. Accordingly, this study shows that CC’s conversion into
an amorphous form combined with EE100’s ionization and formation of nanoparticles
contributed to our understanding of solubility enhancement mechanisms. Stability assess-
ments affirmed the robustness of the selected system when stored for 12 months at 25°C.
This investigation laid the groundwork for future endeavors aiming to integrate the SE-EEs
system into a gastroretentive delivery platform and conduct in vivo tests to ascertain
whether the increased dissolution of CC in the upper segment of the GIT would enhance
bioavailability through absorption before reaching the P-gp-rich region in the distal
intestine.

Fig 27. SEM photographs of the optimized formulation SE-EEs.

https://doi.org/10.1371/journal.pone.0303900.9027
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Fig 28. STEM photographs showing the spherical nanoparticles formed after dissolving the SE-EEs.
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S1 File. Detailed procedure for the preparation of CC calibration curve in acetonitrile.
(PDF)

S1 Fig. CC calibration curve in acetonitrile.
(TIF)

S2 Fig. A.FT-IR spectrum of SE-EE5 after 12 months of storage. B. XRD pattern of SE-EE5
after 12 months of storage. C. Dissolution profile of SE-EE5 in HCl and phosphate buffer after
12 months of storage.

(TIF)

S1 Graphical abstract.
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