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ABSTRACT: Coenzyme Q10 (CoQ10) is an oil-soluble vitamin-like benzoquinone compound. Coenzyme
Q10 plays a role in providing membrane stability, energy conversion and ATP production. It is also one of
the important antioxidants in the body. The bioavailability of coenzyme Q10 is very low due to its low
solubility in water and its large molecular mass. Among the solubility enhancement approaches, solid
dispersions (SDs) are one of the most promising strategies. The use of suitable carrier and methodology
plays a significant role in the biological response. In terms of a carrier, solid dispersions are classified
broadly the third group. Surfactant-based SDs are called third-generation solid dispersions. To evaluate the
surfactant effect on solubilization of CoQ10, three different surfactants of varying ratios between 1:1, 1:3
and 1:5 (w/w) were used namely sodium dodecylsulfate (SDS) (anionic), cetyl trimethyl ammonium
bromide (CTAB) (cationic) and Pluronic F127 (non-ionic). CoQ10 solid dispersions were characterized in
terms of particle size, polydispersity index, zeta potential, FTIR spectroscopy, DSC analysis, saturation
solubility and in vitro dissolution studies. To compare dissolution rate, area under the dissolution curve
(AUC), Mean Dissolution Time (MDT), mean residence time of the drug substance molecules in the dosage
form (MRT), and dissolutio nefficiency % (DE%) were calculated. All the formulations showed
improvement in the aqueous solubility, while the dissolution rate was increased only by Pluronic F127
(p<0.05). Among the surfactants, Pluronic F127-based SDs were found superior to other surfactants. The
results revealed that surfactant-based SDs offered great success in improving the therapeutic efficacy of
CoQ10.

KEYWORDS: Coenzyme Q10; solid dispersion; sodium lauryl sulfate (SLS); cetyltrimethylammonium
bromide(CTAB); Pluronic F127.

1. INTRODUCTION

Approximately 40% of the marketed drugs have solubility problems. In addition, due to the low
solubility of approximately 75% of newly synthesized drug molecules cannot pass from the preformulation
stage to the clinical phases [1,2]. Therefore, solubility enhancement processes are crucial for human health and
the pharmaceutical industry. Many methods have been developed so far for increasing the solubility of drugs.
These methods are; reduction of particles to nano/micro dimensions, hydrotropy, use of various drug delivery
systems, formation of polymorph and amorphous forms by applying crystal engineering, co-solvency, solid
dispersions, liquisolid techniques, formation of water-soluble salt forms and inclusion complexing[3]. Among
them, the solid dispersion (SD) method is one of the most effective and most applicable to scale-up[4].

Solid dispersion is a complex system formed by dispersing poorly water-soluble drugs in an inert solid
carrier that is highly water soluble, using various methods. The SDs can be used to improve the bioavailability
of poorly water-soluble drugs by increasing apparent solubility, dissolution rate, and/or long-term stability.
There are different mechanisms to increase solubility and dissolution rate. These are;

i)drug is dispersed in the solid carrier at the molecular level, so it is easier to dissolve in the dissolution
medium;

ii) agglomeration between particles is also eliminated due to the carrier in the structure;
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iif) drug is dispersed in the carrier amorph state by inhibiting crystallization in the solid state, and these
systems can easily be dispersed and wetted in the medium by the dissolution of the carrier in the dissolution
medium [5-7].

In the development of solid dispersion formulations, the choice of carrier influences the solubility,
bioavailability, stability, and production of the formulation. Carriers must be pharmacologically inert,
nontoxic, and chemically compatible with the drug. Solid dispersions are divided into 3 groups according to
their carrier system and development of intellectual knowledge [8-10].

First-generation SDs: First-generation SDs are crystalline solid dispersions. In such systems, the drug is
dispersed in the crystalline carrier a and crystalline mixture is formed. In these SDs, crystalline urea [11] and
various sugars (D-fructose, D-dextrose,D,-mannitol and D-maltose) [12] are used. It is obtained by eutectic
mixture. It is thermodynamically unstable and shows low emission profiles.

Second-generation SDs: These are solid dispersions produced to eliminate the problems seen in the first
generation SDs. Therefore, crystalline structures such as urea and sugar are replaced by amorphous structures.
In the second generation SDs, solubility, and dissolution rate increased by using amorph polymers such as
PVP-based, cellulose-based, PEG-based, and acrylate-based polymers [9,13]. This is explained by the low
thermodynamic stability of the amorph dispersions.

Third generation SDs: Third-class carriers are solid dispersions in which at least one surfactant is used
as the carrier. Since surfactants are the most used structures for solubility enhancement, a high solubility
increase is observed. 3rd generation SDs prevent precipitation during the shelf life and gastrointestinal tract,
prevent nucleation and agglomeration and increase physical and chemical stability. For solubilization
mechanism of the 3rd generationSDs, mechanism is mainly based on micellization [14]

Every cell contains Coenzyme Q10 (CoQ10, KoQ10; ubiquinol-10 and/or ubiquinone-10), which
functions as a coenzyme in important enzymatic activities during cellular energy synthesis. Coenzyme Q10
functions as the electron transporter for the respiratory chain in mitochondria. Exposure to air, UV radiation,
and high temperatures make CoQ10 sensitize chemical degradation. Additionally, it has extremely low oral
bioavailability due to its large molecular size (863 Daltons), high lipophilicity (Log P= 21), and extremely low
water solubility (0.7 ng/mL) [15-17].

In our study, solid dispersion formulations of Coenzyme Q10 which has the above-mentioned stability
and solubility problem were developed. Surfactants were used as the carrier system in solid dispersions which
are called third-generation SD carriers. Anionic (sodium dodecyl sulfate), cationic (CTAB) and nonionic
(Pluronic F127) surfactants have been used to examine the effect of the ionic charge of the carriers on the
physical properties and dissolution behavior of CoQ10.

2. RESULTS AND DISCUSSION
2.1. Preparation of solid dispersions

Solid dispersion was conceptually defined for the first time by Sekiguchi in 1961 and SDs can be
described as a systems in which one or more drugs are dispersed in an inert carrier [10,11]. Solid dispersions
are mainly used to increase the solubility and bioavailability of poorly soluble drugs[18], reduce particle
size[19], transform the crystal structure of drugs into the amorphous form[20], mask taste[21], increase
stabilization[22] and achieve rapid or slow release[14,23]. In our study, solid dispersions were prepared to
increase the solubility and dissolution of CoQ10.

The most common methods in the preparation of solid dispersions are the fusion method, solvent
evaporation method, spray-drying method, melt agglomeration, hot melt extrusion method etc. Especially for
thermal-sensitive drugs, the most used method is the solvent evaporation method. Thus, the solubility of
drugs can be increased without thermal degradation. In the our study, solvent evaporation method was used
to prepare thermal sensitive CoQ10. Thereby, heat-related degradation was eliminated. By forming a
homogeneous dispersion of the drug solution in acetonitrile and an aqueous solution of water-soluble carriers,
the drug was dispersed homogeneously at room temperature. The evaporated SDs were kept in a desiccator
with silica gel to completely dry over the night. Obtained SDs were tightly closed in containers and kept in
the refrigerator [24,25].

In the improvement of solubility and/or bioavailibility of CoQ10, there has been many formulation
have been developed such as dendrimer[26], liposomes[27-30], micelles[31], metal organic framework[32],
solid lipid nanoparticles[30,33,34], nanostructured lipid carriers[35], nanoemulsion[28], protein
nanoparticles[36], polymeric nanoparticle[37], self-nanoemulsifying drug delivery systems (SNEDDS)[38],
nanocrystals[39,40] and solid dispersions[18,22]. Among them, SD was chosen because manufacturing is easy
relative to the other systems.
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In the previous studies to increase the CoQ solubility by solid dispersion techniques, Poloxamer
407®[8], Poloxamerl88® [22,41], PEG6000[22], Kolliphor HS-15®[22], Kollicoat IR®[22], Kollidon12®,
Kollidon17®[22], Kollidon 30®[22], Kollidon 90®[22], Soluplus®[18,22], TPGS[22], Protein hydrolysates[42],
poloxamer 407[43], polyethyleneglycol 3400[43], povidone K-30[43], HPMC 2910[43], Eudragit® L 100-55 [44],
y-cyclodextrin[45] has been used.
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Figure 1. Chemical structure of drug and surfactants.

In our study, anionic (sodium lauryl sulfate), cationic (cetyltrimethylammonium bromide-CTAB), and
nonionic (Pluronic F127) surfactants were used according to ionic charge (Figure 1). In the study, all surfactants
increased the water solubility of Coenzyme Q10 in a certain amount (Figure 2 and 3). In terms of increasement
solubility, formulations are listed as SSLS<SCTAB<SPluronic F127. In all formulations, solubility increases
with increasing surfactant ratio as expected (Figure 3). The increase in solubility can be explained by the
increase in wettability of CoQ10 and the micellization mechanism. Surfactants reduced the surface tension
between the solubility medium and Coenzyme Q10 and increases wettability thereby solubility and
bioavailibility [18,46]. Micelles are formed above the critical micelle concentration (CMC) at the certain
temperature by surfactant molecules. Micellization is solubilization by micelles. In this study, solubility
increased mainly by micellization. Because surfactant concentrations were selected above the CMC.

Sodium lauryl sulfate/ Sodium dodecylsulfate/SLS is an anionic surfactant found in many personal
care products. SLS is a cheap and highly efficient foam generator. Surfactants like SLS, ammonium lauryl
sulfate (ALS), and sodium pareth sulfate are utilized in many cosmetic products for their ability to cleanse and
emulsify. They have a soap-like effect[47]. SLS is also used in biorelevant dissolution studies to ensure sink
condition[48]. In the dissolution studies, SLS is used below the CMC, not to micellization effect. On the other
way, SLS is generally used above the CMC in solubilizing poorly water-soluble drugs by micellization and
preventing recrystallization[49]. For all that, a higher amount of SLS is considered toxic[50]. In this study, SLS
was only investigated in terms of solubilization effect.

In our solid dispersion formulations prepared with SLS, the water solubility was increased from
0.802+0.174 to 81.118+0.559, 243.776+2.112, 327.53245.276 pg/mL, respectively. One of the solubility
enhancement mechanisms of solid dispersion is amorphization. After amorphization, solid dispersions can
easily become recrystallized. To prevent recrystallization and maintain stability, Guan et al tried various
cellulose derivatives and mixtures of surfactants. In the study, the solubility enhancement was obtained using
Span 20, Tween 80 and SLS surfactants which are used as solubilizing and wetting agents. According to the
results, SLS provided a very high solubility enhancement compared to other nonionic surfactants and had a
very efficient role in the inhibition of recrystallizationcomparedtocellulosederivatives[51]. Inrecentstudies,
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SLS is generally used alongside a polymer. The in vivo bioavailability can be significantly enhanced by the
solid dispersions obtained by the combination of SLS with dextrin[52], sodium carboxymethylcellulose (Na-
CMCQ)[53], hydroxypropyl methylcellulose[54]by increasing dissolution rate and solubility.

CTAB is a cationic surfactant that has been used as an antibacterial and antifungal agent. In cationic
surfactants, the hydrophilic headgroup carries a positive charge. Recent research has also demonstrated that
CTAB can also be used for its anticancer effects” by activating p53 and 5 AMP-activated protein kinase
signaling pathways, which encourage cancer cells to undergo mitochondrial apoptosis [55-57]. Detergent
properties and emulsifying capacity of cations are quite weakand they are quite expensive. In the previous
studies, CTAB is not used alone to enhance solubility/bioavailability but also give cationic charge/sterical
stabilization [58,59]. In CTAB-based solid dispersion formulations, the water solubility capacity was increased
from 0.802+0.174 to 226.899+6.595, 432.595+6.022, 589.768+0.559 ng/mL, respectively.

Nonionic surfactants are surfactants without ionic character. Today, they are frequently used in the
production of cosmetics, creams and lotions. The most widely used nonionic surfactants are Poloxamers®.
Poloxamers are synthetic triblock copolymer. Poloxamers consist of two blocks of polyethyleneoxide and one
molecule of polypropyleneoxide(PPO) in the form of A-B-A. Its general formula is Poly(oxy-ethylene)x-
Poly(oxy-propylene)y-Poly(oxy-ethylene)x. Poloxamers® can be used as a gelling agent, emulsification and
solubilizing agent[60]. Poloxamers are available under various tradenames, including Pluronic®, Kolliphor®
and Lutrols®. Commercially, Pluronic triblock copolymers are offered in a variety of grades, with varying
physical properties and molecular weights. The classes are defined as L for liquid, P for pulp, and F for flakes
based on their physical definitions. The poloxamers 188 (F-68), 237 (F-87), 338 (F-108), and 407(F-127) are
frequently utilized. The copolymer PEO106-PPO70-PEO106, also known as Poloxamer 407 (P407) or Pluronic
F-127 (PF-127), which was employed in our study, contains 70% ethyleneoxide, which improves/increases its
hydrophilic feature. The copolymer PF-127 has a molecular weight of 12000 Da, a PEO/PPO ratio of 2:1, is
non-toxic, has a low viscosity below 4 °C, and at body temperature, forms a semi-solid gel [61].

Pluronics has been proven significantly enhanced dissolution and solubility. The fast dissolving tablet
formulation containing gliquidone-Pluronic F68 SDs enhanced bioavailability 1.8 times compared to the
marketed tablet [62]. Using the Pluronic F127 and F68, atorvastatin, solid dispersions were prepared by
melting method. According to the results, dissolution was increased significantly (93% within 30 min) and
bioavailability was increased 2.25 and 4 times compared to Lipitor® and pure drugs, respectively [7]. In the
preparation of Pluronic based solid dispersions, Pluronic F127 is the dominantly used carrier compared to
others. Solubility enhancement properties of Pluronic F127 has been proven in many studies [8,63,64].

In PF-127-based formulations, the water solubility was increased from 0.802+0.174 to 157.753+11.251,
440.032454.223, 1389.715+29.727ug/mL., respectively. When the dissolution rates of the 5:1 formulation
prepared with PF-127 and pure CoQ10 are compared, it is seen that PF-127 also increases the dissolution rate
as expected. Among all surfactants, the surfactant that increases the solubility and dissolution rate the most is
Pluronic F127.The solubility of the prepared formulations was given in Figures 2 and 3.

In order to quantitatively compare the solid dispersion efficiencies, the stability constant Ks was
calculated as indicated in Equation 1, as specified in Section 4.3 and the constants are given in Figure 3. The
magnitude of this constan tindicates the effectiveness of the carrier solubilization and PF-127 has the highest
value among them (Figure 3).

The increase in the solubility maybe results of micellization of the surfactants, the transformation of the
drugi nto an amorphous state and inhibition of recrystallization, the increase in wettability and homogeneous
dispersibility in the carrier. But the solubilizing effect is mainly result of the micellization abilities of
surfactants. Micellization is directly related to the CMC of the substances. For this reason, surfactants with low
CMC value form micelleforms more easily, resulting in increased solubility of hydrophobic substances. CMCs
of surfactants are respectively SLS > CTAB > PF-127 (CTAB 1 mM, SDS 8.25 mM, F127 0.357 mM) [65,66]. The
sizes of solid dispersion-based micelles were found around 183.4-165.6 nm. Size of micelles has been seen no
correlation with CMC. But it is correlated with a solubilit yincreasement in terms of Ks (Figure 3). Also, zeta
potential was changed according to ionic charge of surfactants. Their charge is correlated according to their
polar headgroups. SLS is quite anionic, CTAB is cationic and Pluronic F127 is slightly anionic. Pluronic F127
lesser had a lower negative value than SDS. It was related to the nonionic properties of PF127 (Figure 4). Itis
suggested that Coenzyme Q10 is solubilized by forming micelles when solid dispersions come into contact
with water. The micellization effect is in proportional with CMC value of surfactants. Because of the lowest
values, Pluronic F127 has been found most effective carrier for Coenzyme Q10.
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Figure 4. Particle size and zeta potential of formulations (5:1 ratio, Surfactant:Drug) (n=3).2.2. DSC and FTIR studies

In order to examine the interaction between the CoQ10 and excipients in the solid dispersions, DSC and
FT-IR analyzes were carried out as indicated in Sections 4.5 and 4.6. The results obtained are shown in Figures
5 and 6. DSC and FT-IR analyzes were performed to examine the drug: excipient interactions of solid
dispersions. Formulations with a ratio of 5:1 were used for comparison.
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Figure 5. DSC thermograms (I:Coenzyme Q10, II:SLS, III:SLS:CoQ10 (5:1), IV: Pluronic F127, V: Pluronic
F127:CoQ10 (5:1), VI: CTAB, VII: CTAB:CoQ10 (5:1).

When the DSC results are evaluated, the sharp end other micpeak is seen at 53°C (Ia) in CoQ10
thermograms and this peak belongs to the melting point of the substance indicating its crystalline nature [22].
The broad exothermic peak seen later at 273°C may be due to the destruction of some bonds or functional
groups, structural depolymerization or destruction of polysaccharide chains. In the DSC graphs of SLS, end
other mic peaks were observed at 107.29 (Ila), 165.35 (IIb), and 189.59 (Ilc) °C and these are consistent with the
literature[67]. But the characteristic melting point of the CoQ10 disappeared in the SLS-based SDs. This
indicates that the drug has become amorphous. In evaluation of PF-127:CoQ10 (5:1) SDs thermogram,
although the large end other micpeak of the surfactant occurs at 65°C (IVa), the peak of the drug is observed
in the dispersion (Va). This peak also can belong to surfactant. The peaks of drug and surfactant may overlap
because they are close. In CTAB:CoQ10 (5:1) solid dispersion, characteristic end other mic and exothermic
peaks of CTAB and CoQ10 are observed even though their intensity decreases in the SDs (VII). The decrease
in intensity may be due to amorphization, or it may be related to dilution due to the addition of other
excipients.
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Figure 6. FT-IR results (I: Coenzyme Q10, II:SLS, III:SLS:CoQ10 (5:1), IV:CTAB, V:CTAB:CoQ10 (5:1),
VI:Pluronic F127, VII: Pluronic F127:CoQ10 (5:1).

As it is mentioned above, amorphization is attributed to solubilization. However, thermodynamic
instability makes them recrystallize. To prevent this, recrystallization inhibitors can be used to maintain this
state. As it is seen in the thermograms, SLS was found most effective recrystallization inhibitor compared to
other surfactants [51].

When the FT-IR spectra are examined, the peaks located at 1646-1610 cm? in the SLS:CoQ10 (5:1) SDs
belong to the ketone carbonylpeaks of Coenzyme Q10. The peaks between 2944-2847 cm-! are the peaks of C-
H stretch bands belonging to CoQ10. Specific carbonyl peaks of Coenzyme Q10 in the solid dispersion are
observed even though their intensity decreases. S=O tension band is observed between 1217 and 1246 cm! of
SLS and it is also seen in theSDs.

In evaluation of PF-127:CoQ10 (5:1) SDs DSC thermogram, although the large endothermic peak of the
PF-127 occurs at 65°C (IVa), the peak of the drug is also observed in the dispersion (Va). This peak also can
belong to a surfactant or the peaks may overlap because of their close location. Inthe FT-IR spectra of PF-
127:CoQ10 (5:1), specific carbonyl peaks of Coenzyme Q10 are observed even though their intensity decreases.
The C-O voltage peak at 1099 cm?! is dominantly available in the structure of PF-127 and PF-127-based SDs.
The solid dispersion predominantly shows characteristic peaks of the surfactant. In solid dispersion, specific
carbonyl peaks of Coenzyme Q10 are seen even though their intensity decreases.

In CTAB:CoQ10 (5:1) solid dispersion, characteristic endothermic and exothermic peaks of CTAB and
CoQ10 are observed even though their intensity decreases in the SDs (VII). Thedecrease in intensitymay be
duetotheamorphization of CTAB, or it may be relatedtodilutionduetotheaddition of otherexcipients. IntheFT-
IR spectrum, specificcarbonylpeaks of Coenzyme Q10 areseeneventhoughtheirintensitydecreases. In
CTAB:CoQ10 (5:1) soliddispersion, C-H stretchbendsbetween 2916 and 2848 cmland C-H
stretchbendsbetween 1486 and 1431 cm?! of CTAB areobserved. Inthesoliddispersion, thepeaks of
bothsubstancesareobserved.

When all the results are taken into consideration, peaks of the CoQ10 are seen except for the SLS SDs
formulation. The decrease in their intensity indicates that the crystalline CoQ10 becomes semi-crystalline,

1126
http://dx.doi.org/10.29228/jrp.403

JResPharm 2023; 27(3): 1120-1133




Ergin et al. Journal of Research in Pharmac
Solubilization effect of surfactants on Coenzyme Q10 solid dispersion Research Article

indicating the moderate or no interactions between the drug and surfactant for the preparation of solid
dispersion.

2.3. Dissolution rate studies

In the dissolution rate studies, 25% acetonitrile and 2% Tween 80 were used to ensure the sink
condition. In the quantification method, the correct equation was obtained by the completed issolution of
Coenzyme Q10 in this medium. In the dissolution rate studies, 2 mg of drug and drug-loaded SDs were
subjected to the dissolution rate study for 24 hours (Figure 7).
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Figure 7. Dissolution of drugandformulations (5:1 ratio, Surfactant:Drug) (n=3).

Therearevariousmethodsfordissolution rate comparison, such as ANOV A-basedapproaches, ratio test
procedures, multivariateconfidenceregionprocedures, model-dependentapproaches, bootstrap f2 method,
ChowandKi'sMethod,andpairwiseprocedure[68]. Since the f2 similaritymethod, which is themostwidelyused,
onlymeasuresthemean, it does not giveaccurateresults in results with high deviation [69]. For this reason, in
our study, mean dissolution time (MDT), the mean residence time of the drug substance molecules in the
dosage form (MRT), area under the curve (AUC) were calculated from the ratio test parameters.
Theresultsaregiven in Table 1. High MRT andlow MDT indicatea slowerrelease rate. According to the average
results, the highest MRT and lowest MDT in all formulations belong to pure CoQ10 but this value is not
statistically significant (p>0.05). In addition, the AUC values of the CTAB and Pluronic F127-based
formulations were statistically higher than the ptire drug (p<0.05).

When Dissolution Efficiency (DE%) values were examined, an increase was observed in all
formulations, but a statistically significant increase was found only in the Pluronic F127 formulation (p<0.05).
This results is also compatible with the solubility enhancement effect surfactants. Pluronic F127 was found
best in terms of solubility.

Table 1. Dissolution rate results (n=3)

Parameter CoQ10 SLS:CoQ10 CTAB:CoQ10 PF-127:CoQ10
AUC 707.32+28.36 740.42+57.55 804.35+428.57  1048.57+233.83
MRT 10.21£0.20 10.40+0.24 10.06£1.66 9.23+£0.73
MDT 8.39+1.03 7.21+0.33 6.99+2.11 7.20+0.81

DE% 29.50+0.012 30.85+2.40 33.51+17.86 43.69+9.74

The highest dissolution rate of Pluronic F127 is alsoc an be related to its lowest CMC value. Low CMC
value also means good stability and micellization property for micelles. Therefore micellar structure remains
without breaking when diluted with body fluids. Pluronic F127 has a good potential for micellization effect
on the poorly soluble drugs. [70]
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3. CONCLUSION

In the study, various solid dispersion formulations have been developed to increase the solubility of
poorly soluble Coenzyme Q10. While developing solid dispersion formulations, surfactants called third
generation carriers were used by solvent evaporation technique. This technique is easy-to-operate, highly
miscible and suitable for heat-sensitive drugs. While choosing the surfactants, formulations were formed by
three type surfactants such as anionic, cationic, and nonionic according to their charges. Solubility studies
showed that all surfactants have increased aqueous solubility of CoQ10. However, in the dissolution studies,
Pluronic F127 has been found to be most potent surfactant significantly. Furthermore, FTIR and DSC results
revealed that molecular interaction between the drugs and surfactants reduced drug crystallinity. In terms of
crystallinity reducement, SLS was found best agent. As a result, our findings suggest that Pluronic F127 was
the best candidate for increasing the solubility and dissolution rate of Coenzyme Q10. In further studies,
Coenzyme Q10 loaded P-F127 based micelle formulations are developing by our groups.

4. MATERIALS AND METHODS
4.1. Materials

Cetyltrimethylammonium Bromide, Pluronic F127, and sodium lauryl sulfate was purchased from
Sigma-Aldrich (Milwaukee, WI, USA). Coenzyme Q10 was purchased from Dibcr (Germany). All used
solvents are HPLC grade.

4.2, Preparation of CoQ10 solid dispersions

CoQ10 SDs were prepared with different various surfactants bearing different ionic head group. In
thepreparation of SDs, solvent evaporation method was used. Briefly, 10 mg of Coenzyme Q10 was dissolved
in 4 mL of acetonitrile by sonication. After complete dissolution, the respective number of surfactants in
different ratios (1:1, 1:3, 1:5) were dissolved in 0.5 mL distilled water and added to the drug solution mixing
at 600 rpm to form solid dispersions. It was stirred under a fume hood for all night to evaporate the organic
solvent and a solid mass was obtained. These dry solid dispersion formulations were then stored atthe 4-8 °C.

4.3. Phase solubility studies

The phase solubility studies were performed according to the method described by Higuchi and
Connors[71]. Different amounts of SLS, CTAB and Pluronic F127 were used to prepare solutions in distilled
water. An excess amount of CoQ10 and formulations were added to eppendorfs. The epperdorfs were placed
and shaken at the 75 rpm and 37°C for 24 hours until they reached equilibrium. The 37 °C was chosen as a
temperature to resemble the physiological temperature. After 24 hours, the excess amount of CoQ10 was
ultracentrifuged at 25°C for 15 min at 13000 rpm (Hitachi CF-10, Japan) and then the samples were filtered
through membrane filters (PTFE, Isolab, USA) with a diameter of 0.22 um, diluted with acetonitrile, and
analyzed by UV spectrophotometry at 274 nm (n=3).

In order to quantitatively compare the solid dispersion efficiencies, the stability constant Ks was
calculated as shown in Equation 1. This constant indicates the effectiveness of the formulations.

Ks = Slope/(S, (1 — Slope)) Eq.1

So: The actual(intrinsic) solubility of the drug
Slope: Slope of the linear part of the phase solubility curve

44. Characterization of Solid Dispersions
4.4.1.Particle size distribution

When using surfactants, the solubilization mechanism is occurred throughthe formation micelles. For
this reason, particle size, size distribution, and polydispersity indexes of SD formulation with the 1:5
drug:surfactant ratio were determined by dynamic light scattering (DLS) method using zetasizer (NanoSeries,
Nano-ZS, Malvern Instruments, UK). Analyses were performed at 25°C, equipped with a 4-mW He-Ne laser
(633 nm). Hydrodynamic diameter (d.nm) was determined DLS at a scattering angle of 173°. Disposable
zetasizer cuvettes were used for the measurement of nanoparticle suspensions and 3 replicates were made for
each sample to obtain representative results.
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4.4.2.Zeta potential

The surface charge of the particles was automatically determined for the zeta-potential measurement
using SD formulations with a 1:5 ratio by electrophoretic mobility on the zeta sizer (Nano Series, Nano-ZS,
Malvern Instruments, UK) (n=3).

4.5.Differential scanning calorimetry (DSC)

Thermograms were obtained using Differential Scanning Calorimetry (DSC) equipment (Mettler-
Toledo, Columbus, OH, USA) at 20°C/min between 20 and 300°C for compounds weighing between 2 and 10
mg. By contrasting the reference material (indium), the calorimetric behavior of the substance was examined.
To exam interactions between the compounds, DSC thermograms of the drug, surfactants, and solid
dispersions (5:1 surfactant:drug) were investigated.

4.6.Fourier transform infrared spectrophotometer (FTIR) analysis

IR spectra of drug, surfactants, and solid dispersions using 5:1 surfactant were taken. The measurement
was made by placing a very small amount of sample on the diamond crystal of the device with the spatula tip.

4.7.Drug release studies

Drug release studies were carried out with a shaker water bath. In the study, formulation using
surfactant at a ratio of 5:1 were used to compare. Pure CoQ10 or solid dispersions were put into the dialysis
membrane (molecular weight cut off 12 000 Da, Spectrum Labs, CA, USA) by dispersed in 0.5-1 mL distilled
water. These dialysis membranes were hydrated in ultrapure water 12 hours before starting the experiment
and then transferred to the dissolution medium. The dissolution rate was carried out in 50 mL medium, at 37
°C, at 75 rpm. As a dissolution medium, PBS (pH 7.4) containing 25% (v/V) acetonitrile and 2% Tween 80 was
used. Tween 80 and acetonitrile was added to ensure sink condition[29]. Samples in 1 ml volume were taken
at 15., 30., 60., 120., 240., 360. minutes and 24. hours, respectively. The amount of fresh sample was replaced
with fresh medium and analyzed spectrophotometrically at 275 nm (n=3).

Table 2. Equations of dissolution rate parameters.

Parameter Equation
AUC, area under the dissolution curve AUC = Z" (& —tic) iz )
i=1 2
MDT, Mean Dissolution Time Lt AMi
=g AMi
MRT, mean residence time of the drug RT — fot £ (100 — y).dt
- t
substance molecules in the dosage form J, (100 = y).dt
DE, dissolution efficiency ff y.dt
DE = =——.100 %
Y100-

n number of samplingpoints; tiith time point; yipercentage of drugdissolved at time t; y percentage of drugdissolved at
time t; & time at the midpoint between i and i-1; AMiadditionalamount of drugdissolvedbetween i and i-1; k order of
themoments of dissolutiontimes; y100 maximumpercentage of drugdissolvedoverthe time period 0—t

Various formulation parameters were tried to compare dissolution rates. For this purpose, the most
used parameters, MDT, MRT and DE, were calculated with DDSolver software (Table 2) [68,72].
4.8. Statistical analysis
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SPSS (Version 20.0, Chicago, IL) was used for all statistical analyses. The mean value and standard deviation
were calculated using descriptive statistics. Significant differences were considered when p<0.05.

Acknowledgments: This study was supported by the Trakya University Scientific and Technological Research Council
under grant 2021/23.

Author contributions: Concept - A.D.E ; Design - A.D.E. ; Supervision - A.D.E. ; Materials - A.D.E. ; Data Collection
and/or Processing - A.D.E. ; Analysis and/or Interpretation - A.D.E. ; Literature Search - A.D.E. ; Writing - A.D.E.;
Critical Reviews - A.D.E.

Conflict of interest statement: The author declared no conflict of interest.

REFERENCES

(1]
(2]

(3]

(5]
(6]

7]
(8]

(11]

(12]

(13]

(15]

(16]

(17]

Fasinu P, Pillay V, Ndesendo VM, du Toit LC, Choonara YE. Diverse approaches for the enhancement of oral drug
bioavailability. Biopharm Drug Dispos: 2011; 32: 185-209. https:/ /doi.org/10.1002/bdd.750

Williams HD, Trevaskis NL, Charman SA, Shanker RM, Charman WN, Pouton CW, Porter CJ. Strategies to address
low drug solubility in discovery and development. Pharmacol Rev. 2013; 65: 315-499.
https:/ /doi.org/10.1124 /pr.112.005660

Chaudhary A, Nagaich U, Gulati N, Sharma VK, Khosa RL.Enhancement of solubilization and bioavailability of
poorly soluble drugs by physical and chemical modifications: A recent review. ] Adv Pharm Educ Res. 2012; 2: 32-
67.

Tran P, Pyo Y-C, Kim D-H, Lee S-E, Kim J-K, Park J-S. Overview of the manufacturing methods of solid dispersion
technology for improving the solubility of poorly water-soluble drugs and application to anticancer drugs. In.
Pharmaceutics. Vol 112019:E132. https:/ /doi.org/10.1080/10837450.2021.1884259

Sehgal N, Gupta NV, Dv G, PS. Fabrication and evaluation of solid dispersion containing glibenclamide. Asian ]
Pharm Clin Res. 2018;11(8):158. https:/ /doi.org/10.22159/ajpcr.2018.v11i8.26236

Pardhi VP, Jain K. Impact of binary/ternary solid dispersion utilizing poloxamer 188 and TPGS to improve
pharmaceutical attributes of bedaquiline fumarate. ] Drug Deliv Sci Technol. 2021; 62:102349
https://doi.org/10.1016/j.jddst.2021.102349

Shaker MA, Elbadawy HM, Shaker MA. Improved solubility, dissolution, and oral bioavailability for atorvastatin-
Pluronic(R) solid dispersions. Int ] Pharm. 2020; 574: 118891. https:/ /doi.org/10.1016/].ijpharm.2019.118891

Tran P, Park JS. Formulation of solid dispersion to improve dissolution and oral bioavailability of poorly soluble
dexibuprofen. Pharm Dev Technol. 2021; 26: 422-430._https:/ /doi.org/10.1080/10837450.2021.1884259

Alshehri S, Imam SS, Hussain A, Altamimi MA, Alruwaili NK, Alotaibi F, Alanazi A, Shakeel F. Potential of solid
dispersions to enhance solubility, bioavailability, and therapeutic efficacy of poorly water-soluble drugs: newer
formulation techniques, current marketed scenario and patents. Drug Deliv. 2020; 27: 1625-1643.
https:/ /doi.org/10.1080/10717544.2020.1846638

Bhujbal SV, Mitra B, Jain U, Gong Y, Agrawal A, Karki S, Taylor LS, Kumar S, Tony Zhou Q. Pharmaceutical
amorphous solid dispersion: A review of manufacturing strategies. Acta Pharm Sin B. 2021; 11: 2505-2536.
https://doi.org/10.1016/j.apsb.2021.05.014

Sekiguchi K, Obi N. Studies on absorption of eutectic mixture. I. A comparison of the behavior of eutectic mixture of
sulfathiazole and that of ordinary sulfathiazole in man. Chem Pharm Bull. 1961; 9: 866-872.
https:/ /doi.org/10.1248 /cpb.9.866

Madgulkar A, Bandivadekar M, Shid T, Rao S. Sugars as solid dispersion carrier to improve solubility and dissolution
of the BCS cass II drug: clotrimazole. Drug Dev Ind Pharm. 2016, 42: 28-38.
https:/ /doi.org/10.3109/03639045.2015.1024683

Baghel S, Cathcart H, O'Reilly NJ. Polymeric amorphous solid dispersions: A review of amorphization,
crystallization, stabilization, solid-state characterization, and aqueous solubilization of biopharmaceutical
classification system class II drugs. ] Pharm Sci. 2016; 105: 2527-2544. https:/ /doi.org/10.1016/j.xphs.2015.10.008
Vasconcelos T, Prezotti F, Araujo F, Lopes C, Loureiro A, Marques S, Sarmento B. Third-generation solid dispersion
combining Soluplus and poloxamer 407 enhances the oral bioavailability of resveratrol. Int ] Pharm. 2021; 595: 120245.
https://doi.org/10.1016/].ijpharm.2021.120245

Giirkan AS, Bozdag-Dindar O. Coenzyme Q10. Ankara Ecz Fak Derg. 2005;34:129-154.
https:/ /doi.org/10.1501/ Eczfak_0000000022

Fir MM, Smidovnik A, Milivojevic L, Zmitek ], Prosek M. Studies of CoQ10 and cyclodextrin complexes: Solubility,
thermo- and photo-stability. ] Incl Phenom Macrocycl Chem. 2009; 64: 225-232. https:/ /doi.org/10.1007 /s10847-009-
9555-4

Zaki NM. Strategies for oral delivery and mitochondrial targeting of CoQ10. Drug Deliv. 2016; 23: 1868-1881.
https://doi.org/10.3109/10717544.2014.993747

1130
http://dx.doi.org/10.29228/jrp.403

JResPharm 2023; 27(3): 1120-1133




Ergin et al. Journal of Research in Pharmac
Solubilization effect of surfactants on Coenzyme Q10 solid dispersion Research Article

[18] Lamichhane S, Seo JE, Keum T, Noh G, Bashyal S, Cho SW, Lee EH, Lee S. Enhancing solubility and bioavailability
of coenzyme Q10: formulation of solid dispersions using Soluplus((R)) as a carrier. Arch Pharm Res. 2022;45: 29-37.
https://doi.org/10.1007/s12272-022-01368-4

[19] Fassihi AR, Parker MS, Pourkavoos N. Solid dispersion controlled release: Effect of particle size, compression force
and temperature. Drug Dev Ind Pharm. 1985; 11: 523-535. https:/ /doi.org/10.1208/512249-021-01995-y

[20] Chaudhary S, Nair AB, Shah ], Gorain B, Jacob S, Shah H, Patel V. Enhanced solubility and bioavailability of

dolutegravir by solid dispersion method: In Vitro and in vivo evaluation-a potential approach for HIV therapy. AAPS
PharmSciTech. 2021; 22:127. https:/ / doi.org/10.1208 /512249-021-01995-Y

[21] YiE-], Kim J-Y, Rhee Y-S, Kim S-H, Lee H-J, Park C-W, Park E-S. Preparation of sildenafil citrate microcapsules and
in vitro/in vivo evaluation of taste masking efficiency. Int ] Pharm. 2014; 466: 286-295.
https://doi.org/10.1016/].ijpharm.2014.03.001

[22] Choi JS, Park JW, Park JS. Design of coenzyme Q10 solid dispersion for improved solubilization and stability. Int ]
Pharm. 2019; 572: 118832. https:/ /doi.org/10.1016 /i.ijpharm.2019.118832

[23] Xu H, Liu L, Li X, Ma ], Liu R, Wang S. Extended tacrolimus release via the combination of lipid-based solid
dispersion and HPMC hydrogel matrix tablets. Asian J Pharm Sci. 2019, 14: 445-454.
https:/ /doi.org/10.1016/].ajps.2018.08.001

[24] Chiou WL, Riegelman S. Pharmaceutical applications of solid dispersion systems. ] Pharm Sci. 1971; 60: 1281-1302.
https:/ /doi.org/10.1002/jps.2600600902

[25] Vasconcelos T, Marques S, das Neves ], Sarmento B. Amorphous solid dispersions: Rational selection of a
manufacturing process. Adv Drug Deliv Rev. 2016; 100: 85-101. https:/ /doi.org/10.1016/].ijpharm.2021.120245

[26] ShiY, Ye F, Chen Y, Hui Q, Miao M. Dendrimer-like glucan nanoparticulate system improves the solubility and
cellular ~ antioxidant  activity = of  coenzyme  Q10. Food  Chem.  2020;  333:  127510.
https://doi.org/10.1016/j.foodchem.2020.127510

[27] Clementino A, Sonvico F. Development and validation of a RP-HPLC method for the simultaneous detection and
quantification of simvastatin’s isoforms and coenzyme Q10 in lecithin/chitosan nanoparticles. ] Pharm Biomed Anal.
2018; 155: 33-41. https:/ /doi.org/10.1016/j.jpba.2018.03.046

[28] Alkhatib Y, Blume G, Thamm ], Steiniger F, Kralisch D, Fischer D. Overcoming the hydrophilicity of bacterial
nanocellulose: Incorporation of the lipophilic coenzyme Q10 using lipid nanocarriers for dermal applications. Eur |
Pharm Biopharm. 2012; 158: 106-112. https:/ /doi.org/10.1016/].ejpb.2020.10.021

[29] Celik B, Sagiroglu AA, Ozdemir S. Design, optimization and characterization of coenzyme Q10- and D-panthenyl
triacetate-loaded liposomes. Int ] Nanomedicine. 2017; 12: 4869-4878. https:/ /doi.org/10.2147 /1JN.S140835

[30] Gokce EH, Korkmaz E, Tuncay-Tanriverdi S, Dellera E, Sandri G, Bonferoni MC, Ozer O. A comparative evaluation
of coenzyme Q10-loaded liposomes and solid lipid nanoparticles as dermal antioxidant carriers. Int ] Nanomedicin.
2012; 7: 5109-5117. https:/ /doi.org/10.2147 /1]N.S34921

[31] Banshoya K, Nakamura T, Tanaka T, Kaneo Y. Coenzyme Q10-polyethylene glycol monostearate nanoparticles: An
injectable water-soluble formulation. Antioxidants (Basel). 2020; 9: 86. https://doi.org/10.3390/ antiox9010086

[32] InoueY, Nanri A, Murata I, Kanamoto I. Characterization of inclusion complex of coenzyme Q10 with the new carrier
CD-MOF-1  prepared by solvent evaporation. AAPS  PharmSciTech. 2018; 19:  3048-3056.
https://doi.org/10.1208/512249-018-1136-7

[33] Farboud ES, Nasrollahi SA, Tabbakhi Z. Novel formulation and evaluation of a Q10-loaded solid lipid nanoparticle
cream: in vitro and in vivo studies. Int ] Nanomedicine. 2011; 6: 611-617. https://doi.org/10.2147 /1]N.516815

[34] Korkmaz E, Gokce EH, Ozer O. Development and evaluation of coenzyme Q10 loaded solid lipid nanoparticle
hydrogel for enhanced dermal delivery. Acta Pharm. 2103; 63: 517-529. https:/ /doi.org/10.2478 / acph-2013-0039

[35] Wang ], Wang H, Zhou X, Tang Z, Liu G, Liu G, Xia Q. Physicochemical characterization, photo-stability and
cytotoxicity of coenzyme Q10-loading nanostructured lipid carrier. ] Nanosci Nanotechnol. 2012; 12: 2136-2148.
https://doi.org/10.1166/jnn.2012.5790

[36] Banun V], Rewatkar P, Chaudhary Z, Qu Z, Janjua T, Patil A, Wu Y, Ta HT, Bansal N, Miles JA, Ross BP, Kumeria T,
Popat A. Protein nanoparticles for enhanced oral delivery of coenzyme-Q10: in vitro and in silico studies. ACS
Biomater Sci Eng. 2021;0nline a head of print. https://doi.org/10.1021/acsbiomaterials.0c01354

[37] Nehilla BJ, Bergkvist M, Popat KC, Desai TA. Purified and surfactant-free coenzyme Q10-loaded biodegradable
nanoparticles. Int ] Pharm. 2008; 348: 107-114. https://doi.org/10.1016/j.ijpharm.2007.07.001

[38] Bruge F, Damiani E, Puglia C, Offerta A, Armeni T, Littarru GP, Tiano L. Nanostructured lipid carriers loaded with
CoQ10: effect on human dermal fibroblasts under normal and UV A-mediated oxidative conditions. Int ] Pharm. 2013;
455: 348-356. https:/ /doi.org/10.1016/j.ijpharm.2013.06.075

[39] Onoue S, Terasawa N, Nakamura T, Yuminoki K, Hashimoto N, Yamada S. Biopharmaceutical characterization of
nanocrystalline solid dispersion of coenzyme Q10 prepared with cold wet-milling system. Eur ] Pharm Sci. 2014; 53:
118-125. https:/ /doi.org/10.1016/].ejps.2013.12.013

[40] Luo M, Yang X, Ruan X, Xing W, Chen M, Mu F. Enhanced stability and oral bioavailability of folic acid-dextran-
coenzyme Q10 nanopreparation by high-pressure homogenization. ] Agric Food Chem. 2018; 66: 9690-9696.
https://doi.org/10.1021/acs.jafc.8b02660

[41] Bhandari KH, Newa M, Kim JA, Yoo BK, Woo JS, Lyoo WS, Lim HT, Choi HG, Yong CS. Preparation, characterization
and evaluation of coenzyme Q10 binary solid dispersions for enhanced solubility and dissolution. Biol Pharm Bull.
2007; 30: 1171-1176. https:/ /doi.org/10.1248 /bpb.30.1171

1131
http://dx.doi.org/10.29228/jrp.403

JResPharm 2023; 27(3): 1120-1133




Ergin et al. Journal of Research in Pharmac
Solubilization effect of surfactants on Coenzyme Q10 solid dispersion Research Article

(42]

(43]
(44]

(45]

[46]

(47]

(49]

(50]

(56]

(57]

(58]

(59]

(60]

(61]

Inada A, Oue T, Yamashita S, Yamasaki M, Oshima T, Matsuyama H. Development of highly water-dispersible
complexes between coenzyme Q10 and protein hydrolysates. Eur ] Pharm Sci. 2019; 136: 104936.
https://doi.org/10.1016/].ejps.2019.05.014

Nepal PR, Han HK, Choi HK. Enhancement of solubility and dissolution of coenzyme Q10 using solid dispersion
formulation. Int ] Pharm. 2010; 383: 147-153._https:/ /doi.org/10.1016 /i.ijpharm.2009.09.031

Nazzal S, Guven N, Reddy IK, Khan MA. Preparation and characterization of coenzyme Q10-Eudragit® solid
dispersion. Drug Develop Ind Pharm. 2002; 28: 49-57. https:/ /doi.org/10.1081/DDC-120001485

Nishimura K, Higashi T, Yoshimatsu A, Hirayama F, Uekama K, Arima H. Pseudorotaxane-like supramolecular
complex of coenzyme Q10 with gamma-cyclodextrin formed by solubility method. Chem Pharm Bull. 2008; 56: 701-
706. https:/ /doi.org/10.1248 /cpb.56.701

Liu L, Wang X. Improved dissolution of oleanolic acid with ternary solid dispersions. AAPS PharmSciTech. 2007; 8:
267-271. https:/ /doi.org/10.1208 / pt0804113

Tupker RA, Willis C, Berardesca E, Lee CH, Fartasch M, Agner T, Serup J. Guidelines on sodium lauryl sulfate (SLS)
exposure tests. A report from the Standardization Group of the European Society of Contact Dermatitis. Contact
Dermatitis. 1997;37(2):53-69. https:/ /doi.org/10.1111/].1600-0536.1997.tb00041.x

Phillips DJ, Pygall SR, Cooper VB, Mann JC. Overcoming sink limitations in dissolution testing: a review of traditional
methods and the potential utility of biphasic systems. ] Pharm Pharmacol. 2012; 64: 1549-1559.
https://doi.org/10.1111/j.2042-7158.2012.01523.x

ChenJ, ChenY, Huang W, Wang H, Du Y, Xiong S. Bottom-up and top-down approaches to explore sodium ,dodecyl
sulfate and soluplus on the crystallization inhibition and dissolution of felodipine extrudates. ] Pharm Sci. 2018;
107:2366-2376. https:/ /doi.org/10.1016/j.xphs.2018.04.025

50. Freitas R, Silvestro S, Coppola F, Costa S, Meucci V, Battaglia F, Intorre L, Soares AMVM, Pretti C, Faggio C, Toxic
impacts induced by sodium lauryl sulfate in Mytilus galloprovincialis. Comp Biochem Physiol Part A: Mol Integr
Physiol. 2020; 242: 110656. https:/ /doi.org/10.1016/j.cbpa.2020.110656

Guan Q, Ma Q, Zhao Y, Jiang X, Zhang H, Liu M, Wang Z, Han ]J. Cellulose derivatives as effective recrystallization
inhibitor for ternary ritonavir solid dispersions: In vitro-in vivo evaluation. Carbohydr Polym. 2021; 273:118562.
https://doi.org/10.1016/j.carbpol.2021.118562

Lee EJ, Lee SW, Choi HG, Kim CK. Bioavailability of cyclosporin A dispersed in sodium lauryl sulfate-dextrin based
solid microspheres. Int ] Pharm. 2001; 218: 125-131. https://doi.org/10.1016/s0378-5173(01)00621-4

Giri BR, Kim ]S, Park JH, Jin SG, Kim KS, Din Fu, Choi HG, Kim DW. Improved bioavailability and high
photostability of methotrexate by spray-dried surface-attached solid dispersion with an aqueous medium.
Pharmaceutics 2021; 13: 111.

Jung HJ, Ahn HI, Park JY, Ho MJ, Lee DR, Cho HR, Park JS, Choi YS, Kang M]. Improved oral absorption of tacrolimus
by a solid dispersion with hypromellose and sodium lauryl sulfate. Int ] Biol Macromol. 2016; 83: 282-287.
https:/ /doi.org/10.1016/].ijbiomac.2015.11.063

Ai F, Zhao G, Lv W, Lin J. Facile synthesis of cetyltrimethylammonium bromide-loaded mesoporous silica
nanoparticles for efficient inhibition of hepatocellular carcinoma cell proliferation. Mater Res Express. 2020; 7(8):
085008. https:/ /doi.org/10.1088/2053-1591/abad15

He Q, Shi], ChenF, Zhu M, Zhang L. An anticancer drug delivery system based on surfactant-templated mesoporous
silica nanoparticles. Biomaterials. 2010; 31: 3335-3346. https://doi.org/10.1016/j.biomaterials.2010.01.015

Ito E, Yip KW, Katz D, Fonseca SB, Hedley DW, Chow S, Xu GW, Wood TE, Bastianutto C, Schimmer AD, Kelley SO,
Liu FF. Potential use of cetrimonium bromide as an apoptosis-promoting anticancer agent for head and neck cancer.
Mol Pharmacol. 2009; 76: 969-983. https:/ /doi.org/10.1124/mol.109.055277

Arzani G, Haeri A, Daeihamed M, Bakhtiari-Kaboutaraki H, Dadashzadeh S. Niosomal carriers enhance oral
bioavailability of carvedilol: effects of bile salt-enriched vesicles and carrier surface charge. Int ] Nanomedicine. 2015;
10: 4797-4813. https:/ /doi.org/10.2147 /1JN.584703

Kaur J, Gulati M, Famta P, Corrie L, Awasthi A, Saini S, Khatik GL, Bettada VG, Madhunapantula SV, Paudel KR,
Gupta G, Chellappan DK, Arshad MF, Adams ], Gowthamarajan K, Dua K, Hansbro PM, Singh SK. Polymeric
micelles loaded with glyburide and vanillic acid: I. Formulation development, in-vitro characterization and
bioavailability studies. Int ] Pharm. 2022; 624: 121987. https://doi.org/10.1016/j.ijpharm.2022.121987

60. Soliman K, Ullah K, Shah A, Jones D, Singh TRR. Poloxamer-based in situ gelling thermoresponsive systems for
ocular drug delivery applications. Drug Discov Today. 2019; 24(8): 1-12.
https:/ /doi.org/10.1016/.drudis.2019.05.036

Singla P, Garg S, McClements J, Jamieson O, Peeters M, Mahajan RK. Advances in the therapeutic delivery and
applications of functionalized Pluronics: A critical review. Adv Colloid Interface Sci. 2022; 299: 102563.
https://doi.org/10.1016/j.cis.2021.102563

Mohamed MS, Abdelhafez WA, Zayed G, Samy AM. In vitro and in vivo characterization of fast dissolving tablets
containing  gliquidone-pluronic  solid dispersion. Drug Dev Ind Pharm. 2019, 45: 1973-1981.
https:/ /doi.org/10.1080/03639045.2019.1689993

Agafonov M, Ivanov S, Terekhova I. Improvement of pharmacologically relevant properties of methotrexate by solid
dispersion with Pluronic F127. Mater Sci Eng C Mater Biol Appl. 2021; 124: 112059.
https:/ /doi.org/10.1016/j.msec.2021.112059

1132
http://dx.doi.org/10.29228/jrp.403

JResPharm 2023; 27(3): 1120-1133




Ergin et al. Journal of Research in Pharmac
Solubilization effect of surfactants on Coenzyme Q10 solid dispersion Research Article

(64]

(65]
[66]

(67]

Karolewicz B, Gajda M, Gérniak A, Owczarek A, Mucha I. Pluronic F127 as a suitable carrier for preparing the
imatinib base solid dispersions and its potential in development of a modified release dosage forms. ] Therm Anal
Calorim. 2017;130: 383-390. https:/ /doi.org/10.1007/s10973-017-6139-1

Walde P, Blochliger E, Morigaki K. Circular dichroic properties of phosphatidylcholine micelles. Langmuir. 1999; 15:
2346-2350. https:/ /doi.org/10.1021/1a9610157

Bhanderi A, Bari F, Al-Obaidi H. Evaluation of the impact of surfactants on miscibility of griseofulvin in spray dried
amorphous solid dispersions. ] Drug Deliv Sci Technol. 2021;64: 102606. https:/ /doi.org/10.1016/j.jddst.2021.102606
Park Y], Ryu DS, Li DX, Quan QZ, Oh DH, Kim JO, Seo YG, Lee YI, Yong CS, Woo JS, Choi HG. Physicochemical
characterization of tacrolimus-loaded solid dispersion with sodium carboxylmethyl cellulose and sodium lauryl
sulfate. Arch Pharm Res. 2009; 32: 893-898. https://doi.org/10.1007/s12272-009-1611-5

Zhang Y, Huo M, Zhou ], Zou A, Li W, Yao C, Xie S. DDSolver: an add-in program for modeling and comparison of
drug dissolution profiles. AAPS J. 2010; 12: 263-271. https:/ /doi.org/10.1208/512248-010-9185-1

Mangas-Sanjuan V, Colon-Useche S, Gonzalez-Alvarez I, Bermejo M, Garcia-Arieta A. Assessment of the regulatory
methods for the comparison of highly variable dissolution profiles. AAPS ]J. 2016; 18: 1550-1561.
https://doi.org/10.1208 /s12248-016-9971-5

Sezgin Z, Yuksel N, Baykara T. Preparation and characterization of polymeric micelles for solubilization of poorly
soluble anticancer drugs. Eur ] Pharm Biopharm. 2006, 64: 261-268. https:/ /doi.org/10.1016/j.ejpb.2006.06.003
Higuchi T, Connors KA. Phase solubility techniques. Adv Anal Chem Instrum. 1965; 4: 117-122.

Ergin AD, Sezgin Bayindir Z, Yiiksel N. Characterization and optimization of colon targeted S-adenosyl-L-
methionine loaded chitosan nanoparticles. ] Res Pharm. 2019; 23: 914-926. https:/ /doi.org/10.35333 /jrp.2019.38

This is an open access article which is publicly available on our journal’s website under Institutional Repository at http://dspace.marmara.edu.tr.

1133
http://dx.doi.org/10.29228/jrp.403

JResPharm 2023; 27(3): 1120-1133




