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ABSTRACT
Our study aimed to develop a self-microemulsifying drug delivery system for the poorly 
aqueous-soluble drug Coenzyme Q10, to improve the dissolution and the oral bioavailability. 
Excipients were selected based on their Coenzyme Q10 solubility, and their concentrations were 
set for the optimization of the microemulsion by using a D-optimal mixture design to achieve a 
minimum droplet size and a maximum solubility of Coenzyme Q10 within 15 min. The optimized 
formulation was composed of an oil (omega-3; 38.55%), a co-surfactant (Lauroglycol® 90; 31.42%), 
and a surfactant (Gelucire® 44/14; 30%) and exhibited a mean droplet size of 237.6 ± 5.8 nm and 
a drug solubilization (at 15 min) of 16 ± 2.48%. The drug dissolution of the optimized formulation 
conducted over 8 h in phosphate buffer medium (pH 6.8) was significantly higher when compared 
to that of the Coenzyme Q10 suspension. A pharmacokinetic study in rats revealed a 4.5-fold and 
a 4.1-fold increase in the area under curve and the peak plasma concentration values generated 
by the optimized formulation respectively, as compared to the Coenzyme Q10 suspension. A 
Coenzyme Q10 brain distribution study revealed a higher Coenzyme Q10 distribution in the brains 
of rats treated with the optimized formulation than the Coenzyme Q10 suspension. Coenzyme 
Q10-loaded self microemulsifying drug delivery system was successfully formulated and optimized 
by a response surface methodology based on a D-optimal mixture design and could be used as 
a delivery vehicle for the enhancement of the oral bioavailability and brain distribution of poorly 
soluble drugs such as Coenzyme Q10.

Introduction

The lipid-soluble antioxidant coenzyme Q (CoQ), also referred 
to as ubiquinone or 2,3-dimethoxy-5-methyl-6-polyprenyl-1,
4-benzoquinone, is produced in animals (Laredj et  al., 2014; 
Hernandez-Camacho et  al., 2018; Sweed et  al., 2021). It is 
composed of a benzoquinone ring equipped with redox-active 
sites, and a long polyisoprenoid lipid chain that is capable 
of placing the molecule in the mid-plane of a membrane 
bilayer (Diaz-Casado et  al., 2019). Depending on the species, 
the polyisoprenoid lipid chain has between six and ten sub-
units. Six subunits can be found in Saccharomyces cerevisiae 
(CoQ6), seven subunits can be found in Crucianella Maritima 
(CoQ7), eight subunits can be found in Escherichia coli (CoQ8), 
nine and ten subunits can be found in rodents (CoQ9 and 
CoQ10), while ten subunits can be found in humans (CoQ10) 
(Hernandez-Camacho et  al., 2018).

Mitochondria is the principal location of CoQ synthesis in 
eukaryotes. Nuclear-encoded CoQ proteins can biochemically 
synthesize CoQ; however, the exact mechanism of this 

process has not been fully described yet. Apart from mito-
chondria, CoQ can also be produced in other cellular organ-
elles (mainly in the endoplasmic reticulum and the Golgi, 
apparatus), and it can be found virtually in all endomem-
brane, plasma membrane, and serum lipoproteins (Diaz-Casado 
et  al., 2019). CoQ protects cell membranes and plasma lipo-
proteins against free radicals by keeping alpha-tocopherol 
and ascorbic acid in a reduced state (Lopez-Lluch et al., 2010). 
It controls apoptosis by reducing lipid peroxidation, and it 
is particularly significant for the plasma membrane, where it 
reduces vitamins C and E, thereby preventing 
ceramide-mediated apoptosis; a major regulator of longevity 
in normal aging (Hernandez-Camacho et  al., 2018). Through 
local regulation of cytosolic redox intermediates such as 
NAD(P)H, CoQ10 can also regulate cellular metabolism, sig-
naling, and proliferation (Lopez-Lluch et  al., 2010). Moreover, 
treatment with CoQ has been shown to protect against car-
diovascular diseases (Q-SYMBIO Study Investigators, 2014; 
Alehagen et  al., 2016).
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On the other hand, a variety of variables (including heredity, 
aging, and statin medication) can cause physiological CoQ10 
levels to drop (Potgieter et  al., 2013). CoQ10 deficiency has 
also been linked to ailments involving oxidative stress, such 
as neurological diseases, diabetes, cancer, and cardiovascular 
disease (Dhanasekaran and Ren, 2005). In fact, clinical improve-
ment has been observed in CoQ10-deficient patients following 
CoQ10 supplementation; the latter is considered as highly safe, 
with almost no adverse effects at doses up to 1,200 mg/kg/
day (Hidaka et al., 2008). Due to its strong antioxidant activity, 
CoQ10 has also been employed by the cosmetic industry (Fuller 
et al., 2006; Yue et al., 2010). However, CoQ10 is a highly hydro-
phobic molecule, and as such, it is exceedingly insoluble in 
water. As a result, the small intestine absorbs CoQ10 in a slow 
and incomplete manner, leading to limited oral bioavailability 
of CoQ10 in humans (Miles, 2007). Additionally, CoQ10 is known 
to be sensitive to heat, light, and oxygen (Fir et  al., 2009). 
Hence, considering the physicochemical properties of CoQ10, 
high-dose and stable CoQ10 formulations are difficult to 
achieve (Fan et  al., 2017). Accurately dosing the CoQ10 and 
pressing it into tablets might be difficult, due to the poor 
rheology and low melting point of a CoQ10 (Abdel-Hamid and 
Betz, 2012; Nakamura et  al., 2016). Therefore, attempts should 
be made in order to overcome these limitations and improve 
the solubility, oral bioavailability, and stability of CoQ10 formu-
lations (Kumar et  al., 2016).

Considering the rheological, physiochemical, and poor oral 
bioavailability characteristics of CoQ10, lipid based formula-
tions like emulsions could be potentially used as a vehicle 
for the administration of this compound, since previous 
reports have suggested an improvement in the absorption 
and bioavailability of hydrophobic drugs like CoQ10 when 
co-ingested with lipids (oils) (Xia et  al., 2006; Arenas-Jal et  al., 
2020; Noh et  al., 2022). Due to their small particle size, their 
ability to exert a good protection against enzymatic hydro-
lysis, their improved oral bioavailability, their superior ther-
modynamic stability, and their solubilization capacity, 
microemulsions are preferred over emulsions (Johal et  al., 
2016). However, the poor patient compliance (due to poor 
palatability of the microemulsion-based formulations, as well 
as due to our inability to encapsulate them into soft and 
hard gelatin capsules) is a major disadvantage of these for-
mulations (Joshi et  al., 2016). On the other hand, the 
self-emulsifying drug delivery system (SEDDS), a 
self-emulsifying oil formulation that presents a lipid-based 
approach for enhancing the solubility and bioavailability of 
lipophilic drugs, can reduce the dose frequency, avoid the 
first-pass metabolism, and bypass the P-glycoprotein (P-gp) 
efflux; therefore, SEDDS should be considered as a viable 
option for the formulation of CoQ10 that can overcome the 
limitations of microemulsions (Karun Kataria et  al., 2014).

SEDDS is an isotropic mixture of oils, surfactants, and 
co-surfactants that allows for an oil-in-water microemulsion 
under mild agitation in gastrointestinal fluids, so that the lipo-
philic drug remains in the solution after bypassing the disso-
lution step; the rate-limiting step in the absorption of 
hydrophobic drugs (Garg et  al., 2015). The SEDDS typically 
produces emulsion with a droplet size of >300 nm (in diame-
ter); however, the latter may vary from coarse to micron size. 

On the other hand, self-microemulsifying drug delivery system 
(SMEDDS) is able to generate transparent microemulsions with 
a droplet size of 100 − 250 nm (in diameter). In contrast to 
emulsions that are delicate and metastable dispersed forms, 
the SMEDDS is physically stable, thereby enhancing both the 
pace and the level of absorption of lipophilic drugs, with a 
lower rate of dissolution resulting in improved blood-time 
profiles. Moreover, the use of long-chain unsaturated fatty 
acids for solubilizing poorly soluble drugs in a SMEDDS for-
mulation is also known to promote lymphatic drug transport 
(Sweed et  al., 2021; Tran and Park, 2021).

The formulation of SMEDDS by using the empirical design 
(based on trial and error) is known to be time-consuming, 
labor-intensive, expensive, and inefficient, thereby limiting 
the in-depth analysis of the effect of each formulation com-
ponent and of their probable interactions. Therefore, statis-
tical tools based on the response surface methodology and 
experimental design (such as the central composite, the 
Box-Behnken, the factorial, and the mixture designs) have 
been introduced. The main effect and interaction of all vari-
ables in a SMEDDS formulation can be estimated by employ-
ing statistical optimization. For the optimization of a SMEDDS 
formulation, the D-optimal mixture design is the most pop-
ular response surface methodology used; this is due to the 
fact that this design considers the entire (100%) SMEDDS 
formulation, while the central composite, the Box-Behnken, 
and the factorial designs do not.

In this study, a CoQ10-loaded SMEDDS was formulated and 
optimized by using the D-optimal mixture design, with the 
motive of improving the in vitro dissolution, the in vivo oral 
bioavailability, as well as the brain distribution of CoQ10 in 
Sprague Dawley rats.

Materials and methods

Materials

The CoQ10 used in the herein described experiments was 
obtained from Daewoong Pharmaceutical Co., Ltd. (Seoul, 
South Korea). Gelucire® 44/14, Lauroglycol® 90, Lauroglycol® 
FCC, Labrafil® M 1944 CS, Labrafil® M 2125 CS, Labrafac® PG, 
PeceolTM, Plurol® Oleique CC 497, Labrasol® ALF, Transcutol 
HP were purchased from Gattefossé (Saint Priest, France). 
PEG 400 was purchased from Sigma-Aldrich (St Louis, 
Missouri, uSA). Capmule® MCM EP was purchased from Abitec 
Co (Janesville, WI, uSA). Cremophor® ELP and Cremophore® 
RH40 were purchased from BASF SE (Ludwigshafen, Germany). 
All the chemicals and solvents used in this study were of 
the highest analytical grade.

Solubility studies

The equilibrium method was used for the estimation of the 
solubility of CoQ10 in various synthetic or semi-synthetic oils 
(namely, Capmul® MCM EP, Labrafil® M1944 CS, Labrafil® M 
2125 CS, Labrafac® PG, PeceolTM, and omega-3), and surfac-
tants/co-surfactants (namely, Lauroglycol® 90 or LG, Plurol® 
Oleique CC 497, Tween® 20, Tween® 80, Cremophor® ELP, 
Cremophore® RH40, Transcutol® HP, PEG 400, and Gelucire® 
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44/14 or GEL). The excess amount of CoQ10 was added to 
1 mL of the various excipients selected. Test tubes containing 
the mixtures were sealed and kept in ambient conditions 
with intermittent shaking (Daihan Scientific, South Korea) for 
48 h in order to achieve equilibrium. The mixtures were then 
centrifuged (Hanil Scientific Inc., South Korea) at 16,000 × g, 
for 10 min, in order to remove the excess CoQ10. The super-
natant was then filtered through a 0.45-µm H-PTFE syringe 
membrane filter (WhatmanTM Puradisc), and the concentration 
of CoQ10 in the filtrate was measured by using 
high-performance liquid chromatography (HPLC; Agilent 
Technologies, California, uSA) after appropriate dilution with 
dimethylformamide (Yeom et  al., 2015).

HPLC analysis of CoQ10 concentrations

For the determination of CoQ10 solubility and in vitro drug release 
study, concentration of CoQ10 was determined by using 
reverse-phase HPLC. A 4.6 × 250 mm (5-µm particle size) 
Phenomenex Gemini XDB-C18 column was used. The column tem-
perature was maintained at 20 °C, while the flow rate was main-
tained at 1 mL/min. The isocratic mobile phase used acetonitrile 
and tetrahydrofuran (65:35 [v/v]). Finally, 20 µL of each sample 
were injected into the column, and the samples’ CoQ10 concen-
trations were measured under ultraviolet detection at 274 nm.

Formulation of SMEDDS

Initially, a blank SMEDDS formulation was prepared by mixing 
oil, surfactant and co-surfactant. The mixtures were vortexed 
in order to obtain a clear homogenous solution. The 
CoQ10-loaded SMEDDS formulation was prepared by the addi-
tion of 20 mg of CoQ10 to 1 mL of the blank SMEDDS formu-
lation (Yeom et  al., 2015).

Construction of the pseudo-ternary phase diagram

Based upon the solubility studies, omega-3, LG and GEL were 
chosen as oil, co-surfactant and surfactant, respectively. By 

employing the water titration method at 37 °C, the 
pseudo-ternary phase diagrams were constructed for the deter-
mination of the microemulsion area. The surfactant and 
co-surfactant mixture (Smix) was prepared in five different vol-
ume ratios (namely,1:3, 1:2, 1:1, 2;1 and 3:1). Each Smix ratio was 
combined with oil in a different ratio (namely, 1:9, 2:8, 3:7, 4:6, 
5:5, 6:4, 7:3, 8:2, and 9:1) to a total volume of 1 mL. The pre-
pared mixtures were then vortexed in order to achieve a clear 
homogenous solution. The homogenous solution was further 
subjected to an aqueous titration where 0.1 mL of each mixture 
was added in 10 mL of water (37 °C), and a magnetic bar was 
used in order to stir the mixture gently (at 300 rpm, for 2 min). 
The ability to self-emulsify was separated into two categories: 
grade I (where the formulation was clear or slightly bluish, with 
an emulsifying time of less than 1 min) and grade II (where the 
formulation was bluish white, with an emulsifying time of 
1 − 2 min). Formulations with large oil droplets present on their 
surface exhibited poor or minimal emulsification and were 
therefore discarded. The identification of the microemulsion 
region was carried out by constructing a pseudo-ternary phase 
diagram through the CHEMIX School (version 10.0) software.

Optimization of CoQ10-loaded SMEDDS formulations by 
using the D-optimal mixture design

In order to optimize the CoQ10-loaded SMEDDS formula-
tion, the D-optimal mixture design was used. The effect 
of three independent variable components on the depen-
dent variables was evaluated. The concentrations of 
omega-3 (X1) as “oil,” of LG (X2) as “co-surfactant,” and of 
GEL (X3) as “surfactant,” were considered as independent 
variables based on the solubility study of CoQ10. Similarly, 
the mean droplet size (Y1) and the drug solubilization at 
15 min (Y2) were considered as dependent variables. Based 
on the findings of the solubility study and of the 
pseudo-ternary phase diagram (Figure 1), the concentra-
tions of omega-3 (oil; X1), LG (co-surfactant; X2) and GEL 
(surfactant; X3) were set within the range of 10%−40%, 
30%−65% and 15%−60%, respectively. The sum of the 
concentrations of X1, X2, and X3 were adjusted up to 100%. 

Figure 1. Ternary phase diagram of omega-3 (oil), lauroglycol® 90 (co-surfactant), and gelucire® 44/14 (surfactant). light gray and blue areas indicate 
self-microemulsifying regions; blue areas were considered as an experimental domain.
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In order to develop and to evaluate the experiment design, 
the Design-Expert (version 11) software (Stat-Ease Inc., 
Minneapolis, MN, uSA) was used. Sixteen formulations were 
obtained from this program. various polynomial models 
(linear, quadratic, cubic, and special cubic models) were 
tested to fit the mean droplet size (Y1) and the drug sol-
ubilization at 15 min (Y2), while the suitable mathematical 
equations were also generated by the software. The most 
suitable mathematical model was selected based on the 
comparison of various statistical parameters provided by 
the analysis of variance (ANOvA), such as the sequential 
p-value, the lack of fit p-value, the σ-squared, and ade-
quate precision. After using the desirability function, the 
selected models for each response were utilized in order 
to predict the desirability results of the optimized inde-
pendent factors.

In vitro evaluation and optimization of the SMEDDS 
formulation

Droplet size analysis
For the determination of the droplet size, the SMEDDS for-
mulation (100 µL) was diluted to 10 mL of double-distilled 
water. After gentle stirring the mixture in order to obtain a 
homogenous dispersion, the microemulsion was transferred 
into an optical polystyrene cuvette, and a photon correlation 
spectrometer (Zetasizer Nano ZS; Malvern Instruments, 
Malvern, uK) was used for the determination of the size of 
the emulsion droplets (Yeom et  al., 2015).

Drug solubilization at 15 min (DS15)
From the prepared formulation, 500 µL of the CoQ10-loaded 
SMEDDS formulation were added to 50 mL of simulated gas-
tric fluid (SGF) at 37 °C, and gently stirred at 75 rpm with a 
magnetic stirrer for 15 min. Samples (1 mL) were collected 
and filtered through a 0.45-µm membrane filter. The filtrate 
was then collected and analyzed by HPLC for the determi-
nation of the solubilized CoQ10 content. For the preparation 
of SGF, 3.0 gm of sodium chloride was dissolved in 1,450 mL 
of deionized water, and the pH was adjusted to 1.2 with 
dilute HCl (Pan et  al., 2015; visetvichaporn et  al., 2020).

Effect of dilution on SMEDDS consistency

To investigate the changes in the physical consistency of SMEDDS 
upon dilution, SMEDDS were prepared with the varying ratio 
of oil and surfactant mixture (1:1) and diluted with different 
proportions of water. The physical consistency upon dilution of 
the SMEDDS was observed visually and characterized as 2 phase 
system, viscous cream, cream, and stable microemulsion.

In vitro dissolution test
In order to conduct the dissolution test, the uSP apparatus 
II (paddle) method was used by employing a dissolution 
tester at 37 ± 0.5 °C. The dissolution study was conducted 
with reference to previously reported papers (Yeom et  al., 
2015; Khattab et  al., 2017). The revolution speed of the 
paddle was adjusted to 50 rpm, while the dissolution 

medium volume was maintained at 900 mL. Phosphate buf-
fer solution (pH 6.8) was used as a dissolution media. At 
the start of the experiment, an optimized SMEDDS equiv-
alent to 20 mg of CoQ10 was introduced into the dissolution 
medium. Samples (1 mL) were withdrawn at the predeter-
mined time points (5, 15, 30, 60, 120, 240, 360, and 480 min) 
and filtered through a 0.45 µm PTFE membrane filter. The 
amount of dissolved CoQ10 in the filtrate was determined 
by using HPLC analysis. A similar dissolution study was 
conducted on CoQ10 in a 0.1% sodium carboxyl methylcel-
lulose suspension, and the latter was considered as a control 
formulation.

In vivo pharmacokinetic study

Treatment of animals for pharmacokinetic evaluation
Six-week-old (180 − 200 g) male Sprague Dawley (SD) rats 
were fed with water and were allowed to acclimatize in lab-
oratory conditions for more than three days. Subsequently, 
healthy rats were selected and used for the in vivo experi-
ment as an animal model. All experiments were conducted 
according to the guidelines approved by the Institutional 
Animal Care and use Committee (BHCC-IACuC-135 2016-04). 
Doses of CoQ10 (60 mg/kg) were prepared for both the CoQ10 
suspension (0.1% sodium CMC) and the optimized SMEDDS 
formulation, and they were administered via oral gavage, 
twice a day, at 12-h intervals, for 4 days. Rats were fasted 
approximately for 10 h prior to blood collection. After the 
administration of the last dose of CoQ10, blood was collected 
hourly. During the procedure, animals were anesthetized 
10 min prior to the blood collection by an intraperitoneal 
injection of a mixture of Zoletil® 50 (50 mg/mL) and Rompun® 
(23.32 mg/mL). Blood samples were collected from the tail 
vein at 0, 1, 4, 8, 12, and 24 h after the last CoQ10 dose; 
blood was collected in a heparinized tube by using a syringe. 
To study the effect of SMEDDS on CoQ10 distribution char-
acteristics in the brain tissue, a comparison was made 
between the optimized SMEDDS formulation and the CoQ10 
suspension. The brain distribution study was conducted on 
the different sets of male SD rats and divided into two 
groups: CoQ10 suspension and optimized SMEDDS formulation 
group. Both groups were subdivided into two subgroups 
(n = 5): 4 h and 8 h group. Brain tissues were collected at 4 h 
and 8 h after the last dose of CoQ10 administration and extent 
of CoQ10 distribution in brain was analyzed.

Extraction of CoQ10 from the rat plasma
For the preparation of the calibration curve, 20 µL of the 
standard CoQ10 solution (CoQ10 in hexane) was added to 
200 µL of drug-free plasma samples, vortexed, and collected 
in a glass tube. Subsequently, 1 mL of 1-propanol was added 
to the solution and the latter was vortexed for 5 min, and 
then centrifuged at 3,000 × g for 5 min, for the precipitation 
of proteins. A rotary centrifugal vacuum evaporator was 
used in order to collect the supernatant and evaporate it. 
The residue was redistributed in 100 µL of 1-propanol, and 
analyzed by using HPLC (as described in the solubility 
study). After the last scheduled oral administration of the 
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CoQ10 suspension and the CoQ10-loaded optimized SMEDDS 
to rats, 400 µL of blood samples were collected from the 
tail vein of each rat at 0, 1, 4, 8, 12, and 24 h. The collected 
blood samples were then centrifuged at 3,000 × g, for 
15 min, at 4 °C, in order to prepare plasma samples, and 
these plasma samples were then stored at −70 °C until fur-
ther analysis.

Extraction of CoQ10 from the rat brain tissue
Rats brains were collected by opening the skull after cervical 
dislocation at 4 h and 8 h after the last CoQ10 dose. After 
weighing, brain tissues were stored at −20 °C until the under-
taking of the extraction experiment. Subsequently, 1 mL of 
distilled water was added to the brain tissue and homoge-
nization was performed by using a homogenizer. After adding 
900 μL of tetrahydrofuran to 100 μL of brain tissue homoge-
nate of each experimental group sample, vortex-mixing was 
performed for 5 min, and centrifugation took place at 4 °C 
and 13,000 rpm, for 10 min, in order to precipitate the protein. 
The supernatant was then transferred to a new tube, diluted 
10-fold, filtered, and analyzed by using liquid chromatography 
with tandem mass spectrometry (LC-MS/MS; Agilent 6410 
Triple quad, Agilent Technologies, California, uSA).

Determination of CoQ10 in the rat plasma samples and 
brains by LC-MS/MS
In this paper we developed and validated LC-MS/MS method, 
based on a liquid-liquid extraction procedure. The method 
was optimized using beta-carotene as internal standard. 
LC-MS/MS was used for the CoQ10 analysis in the obtained 
rat blood plasma samples and brain homogenates. A 
4.6 × 250 mm (5 µm particle size) Agilent Technologies Eclipse 
XDB-C18 column was used. The column temperature was 
maintained at 35 °C, while the flow rate was set at 1.0 mL/
min. The analysis wavelength was adjusted at 274 nm (uv) 
and the sample injection volume was 20 µL. Isocratic mobile 
phase containing acetonitrile and tetrahydrofuran (65:35, 
[v/v]) was used, and the retention time obtained was in the 
range of 6.2 − 6.4 min.

Calculation of pharmacokinetic parameters of CoQ10
The plasma drug concentration, peak plasma drug concen-
tration (Cmax), and the time to reach the peak plasma con-
centration (Tmax), were obtained directly from the blood 
concentration versus time profile. The area under the curve 
(AuC) was calculated by using a trapezoidal rule.

In vivo imaging of cyanine 5.5 loaded suspension and 
SMEDDS
To visually conform the brain distribution characteristics of 
CoQ10, SD rats were divided in two groups, a cyanine 5.5 
SMEDDS group and a cyanine 5.5 suspension group. Two 
hundred µL of cyanine 5.5 loaded SMEDDS and suspension 
at a dose equivalent to 0.2 mg/kg were delivered to the rats 
orally. Optical imaging was performed using a vISQuE Invivo 
ART100 imaging system (Anyang, South Korea). Finally, 
near-infrared fluorescence (NIR) images were obtained with 
a cyanine 5.5 filter channel.

Statistical analysis

Statistical analysis was performed by using Sidak multiple 
comparison tests (p < 0.05). Pharmacokinetic data were 
expressed as the mean ± standard deviation (SD).

Results

Solubility of CoQ10 in selected excipients; selection of 
oil, co-surfactant and surfactant

During the formulation of nano-dispersion systems like 
SMEDDS, the solubilization of the active components is very 
important. Therefore, components exhibiting greater solubility 
for CoQ10 should be selected. The solubility of CoQ10 in var-
ious excipients is summarized in Table 1. Omega-3 exhibited 
a significantly higher solubility for CoQ10 (362.87 ± 6.9 mg/mL) 
than other oils (17.83 − 288.99 mg/mL). On the other hand, 
LG exhibited maximum solubility of CoQ10 (67.89 ± 10.47 mg/
mL) as compared to other co-surfactants. Similarly, GEL 
demonstrated the maximum solubility of 0.2587 ± 0.035 mg/
mg as compared to other surfactants.

Construction of the pseudo-ternary phase diagram

After the selection of oil (omega-3), co-surfactant (LG), and 
surfactant (GEL) based on the CoQ10 solubility study 
(Table  1), a ternary phase diagram was constructed in the 
drug-free condition in order to determine the appropriate 
ratio of components for the SMEDDS formulation. As shown 
in Figure  1, each component was marked as 100% at the 
apex of the diagram. The colored area (blue and light gray) 
represents the microemusification region (grade I and grade 
II). In particular, the stable SMEDDS region (grade I) was 
designated with a blue area (Figure 1) with the highest 
self-emulsifying capacity. The boundary ranges of 10%−40% 
for omega-3, 30%−65% for LG, and 15%−60% for GEL, were 
considered as the testing ranges for the experimental study 
(Table 2).

Table 1. Solubility of coenzyme Q10 in various excipients.

excipient Solubility (mg/ml)

Oil Capmul® MCM eP 23.5 ± 2.98
labrafil® M 1944 CS 29.62 ± 1.52
labrafil® M 2125 CS 31.4 ± 5.96
lauroglycol® FCC 111 ± 1.02
labrafac® Pg 288.99 ± 41.64
PeceolTM 26.97 ± 4.05
Plurol® Oleique CC 497 17.83 ± 2.7
Omega-3 362.87 ± 6.9

Surfactant gelucire® 44/14 0.2587 ± 0.0355*
Tween® 20 3.94 ± 0.95
Tween® 80 7.99 ± 3.29
Cremophor® elP 11.24 ± 2.28
Cremophor® rH40 0.01805 ± 0.00239*
labrasol® AlF 7.54 ± 3.45

Co-surfactant Transcutol® HP 17.26 ± 4.55
Peg 400 0.5 ± 0.09
lauroglycol® 90 67.89 ± 10.47

Note: *, mg/mg.
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Statistical analysis by using the D-optimal mixture design

For the optimization of the CoQ10-loaded SMEDDS formula-
tion, a D-optimal mixture design was applied by using the 
Design-Expert software. The concentrations of oil (X1), 
co-surfactant (X2), and surfactant (X3) were considered as 
critical factors for the formulation of the SMEDDS, and have 
been previously reported to influence the in vitro dispersion 
of the SMEDDS formulation. Therefore, these concentrations 
were considered as independent variables (Kamboj and Rana, 
2016). On the other hand, the mean droplet size (Y1) and 
DS15 (Y2) were selected as response variables. The range of 
the independent variables and the goals of the response 
variables in this D-optimal mixture design are presented in 
Table 2. A total of 16 experimental runs were assessed as 
shown in Table 3. Y1 ranged from 195.4 to 386 nm, while Y2 
ranged from 5.12% to 15.96%. The responses were fitted to 
the linear, quadratic, special cubic, and cubic models. Table  4 
summarizes the statistics for the four models. A sequential 
p-value of <0.05 indicates that the model terms are signifi-
cant. Moreover, a lack of fit p-value of greater than 0.1 indi-
cates the adequacy of the model fit. Similarly, the predicted 
residual error sum of square (PRESS) assesses how well a 
model fits the data: the lower the value, the better the mod-
el’s prediction abilities. The variation in the response variable 
of all independent variables in a given model is represented 
by R2: the higher values of R2 indicate that the model explains 
all the variability of the response variable. Based upon the 
p-value, the lack of fit p-value, PRESS, and R2, the linear and 
the cubic models were considered to be the best-fitted mod-
els for Y1 and Y2, respectively. Hence, the linear and the cubic 
models were selected to fit Y1 and Y2, respectively, for the 
undertaking of further optimization.

Effect of an independent variable on the responses 
recorded by the experimental design
The overall results of the ANOvAs for the two response vari-
ables are presented in Table 5. For Y1, the F-test for the linear 
effect parameters revealed a significant difference (F (2,13) = 
6.17, p < 0.01), thereby suggesting that at least one regression 
coefficient for the linear parameters is significantly different 
from zero. The statistical significance for Y2 was F (2,6) = 61.10, 
p < 0.0001, thereby indicating that at least one independent 
variable resulted in a significant effect on Y2. The remaining 
polynomial effect parameters were also found to be statistically 
significant. As shown in Table 4, the p-values of both the linear 

and the cubic effect parameters were <0.05; thereby indicating 
that they were statistically significant within the model.

Effect of an independent variable on mean droplet size
The emulsion droplet size in the gastrointestinal (GI) tract is 
a primary concern in the case of oil-based formulations, 
because the oil droplet size not only has a direct impact on 
the in vitro study (stability and release kinetics), but it also 
has a positive effect on the drug’s bioavailability (Cherniakov 
et  al., 2015). Therefore, the SMEDDS was optimized in order 
to have a minimum droplet size (Y1) value. As shown in 
Table  3, formulations #16 and #2 demonstrated the highest 
(362.7 nm) and the lowest (195.4 nm) values, respectively. The 
data were statistically fitted well to the linear model (Table 4), 

Table 2. variables and responses used in the D-optimal mixture design.

independent variable range (%)

Minimum Maximum

X1 Omega-3 (%; oil) 10 40
X2 lauroglycol®90 (%; co-surfactant) 30 65
X3 gelucire®44/14 (%; surfactant) 15 60
responses goal
y1 Mean droplet size (nm) Minimize
y2 DS15 (%) Maximize

Abbreviations used: DS15, drug solubilization at 15 min; X1, oil; X2, co-surfactant; 
X3, surfactant; y1, mean droplet size; y2, drug solubilization at 15 min.

Table 3. Composition and observed responses from randomized runs in the 
D-optimal mixture design (n = 3).

run

A: 
Omega-3 

(%; X1)

B: 
Lauroglycol® 

90 
(%; X2)

C: 
Gelucire® 

44/14 
(%; X3)

Mean 
droplet size 

(nm; Y1)
DS15 

(%; Y2)
1 27.89 57.11 15 277.2 ± 8.5 7 ± 0.12
2 27.67 42.41 29.92 195.4 ± 21 14.3 ± 0.11
3 27.41 30 42.59 269 ± 28.4 12.7 ± 0.59
4 40 37.88 22.13 212.6 ± 21.9 12.42 ± 0.007
5 40 37.88 22.13 204.9 ± 21.2 11.39 ± 0.77
6 27.41 30 42.59 295.2 ± 13.7 14.1 ± 0.62
7 15.37 46.56 38.07 386 ± 51 7.92 ± 0.07
8 37.26 30 32.74 210.5 ± 13.6 15.95 ± 0.20
9 27.89 57.11 15 282.4 ± 10.4 7.38 ± 0.02
10 18.55 65 16.45 296.2 ± 49.2 7.04 ± 0.09
11 19.78 54 26.22 210.6 ± 35.2 10.54 ± 0.11
12 15.37 46.56 38.07 251.9 ± 37.7 6.68 ± 1.14
13 10 39.92 50.08 322.8 ± 22.8 9.73 ± 4.41
14 10 65 25 284.3 ± 39 5.12 ± 0.16
15 15.37 46.56 38.07 274.1 ± 43.5 7.32 ± 0.73
16 10 30 60 362.7 ± 64.2 13.25 ± 1.72

Notes: Data represent the mean ± SD of three repeats (n = 3). Abbreviations used: 
DS15, drug solubilization at 15 min; SD, standard deviation; X1, oil; X2, co-surfactant; 
X3, surfactant; y1, mean droplet size; y2, drug solubilization at 15 min.

Table 4. Summary of the results of statistical analysis and model equations for the measured responses.

response Model
Sequential 

p-value
lack of fit 

p-value SD PreSS r2 Adjusted r2
Adequate 
precision remark

(y1) linear 0.0130 0.6398 43.09 32246.50 0.4871 0.4082 6.8042 Suggested
Quadratic 0.4824 0.6039 43.68 39070.82 0.5945 0.3918 –
Special cubic 0.2242 0.6674 42.22 33613.39 0.6591 0.4318 –
Cubic 0.6686 0.3915 45.83 7420000 0.7322 0.3305 –

(y2) linear 0.0001 0.0110 1.74 54.36 0.7638 0.7275 – Suggested
Quadratic 0.6493 0.0065 1.84 80.78 0.7982 0.6972 –
Special cubic 0.0643 0.0113 1.58 74.53 0.8649 0.7748 –
Cubic 0.0416 0.0343 1.02 15392.08 0.9625 0.9062 13.7716 Suggested

Notes: A lack of fit p-value of >0.1 indicates the adequacy of the model fit; similar values of r2 and adjusted r2 represent a 
good model fitting. Abbreviations used: PreSS, predicted residual error sum of square; r2, squared correlation coefficient, SD, 
standard deviation; y1, mean droplet size; y2, drug solubilization at 15 min.
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and the following polynomial equation was obtained in order 
to validate the relationship between the independent vari-
ables and the mean droplet size (Y1):

 mean droplet size Y   156 19X  297 2 X  336 36X1 1 2 3� � � � �. . .0  

The magnitude of the coefficient of the three independent 
variables indicating the influence of response was in the 
order of X3 > X2 > X1. The positive value of all coefficients 
indicates that the mean droplet size increases with the 
increase in oil, co-surfactant, and surfactant levels. In general, 
due to the surface tension lowering property resulting in the 
reduction of surface free energy in the oil-water interface by 
surfactants, the reduction of the emulsion droplet size is 
expected along with the increase in surfactant concentration 
(Buya et  al., 2020). However, the highest magnitude and 
positive coefficient of X3 indicate that the amount of GEL 
was a critical factor in having a positive effect on Y1. The 
increase in particle size with the increment of the GEL and 
LG might be due to the higher penetration of water in the 
lipid droplet resulting in the disruption of the oil-water inter-
face, and the relaxation of the oil droplets (Zupančič et  al., 
2016). The mean droplet size of the SMEDDS is predominantly 
increased with the increase of the GEL level. The results were 
also consistent with the contour and the three-dimensional 
response surface plots of the mean droplet size (Figure 2).

Effect of the independent variable in drug solubilization
Drug solubilization is directly associated with the extent of 
drug absorption and, eventually, increases drug bioavailabil-
ity. Since the solubilization study was conducted after 15 min 
of dispersion of SMEDDS, SGF was used as a study medium 
to mimic the in vivo model. The formulations were optimized 
in order to achieve maximum DS15 (Y2). As depicted in 
Table  3, formulations #8 and #14 demonstrated the highest 
(15.95%) and the lowest (5.12%) values, respectively. The data 
were statistically fitted to the cubic model (Table 4), and the 
following polynomial equation was obtained from the pro-
gram, based on the results of the ANOvA to validate the 
relationship between the independent variables and DS15 (Y2):
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The magnitude of the coefficient of the three independent 
variables indicating the influence of response was in the 
order of X1 > X3 > X2. The negative value of the coefficient 
of X1 indicates that the DS15 decreases with the increase in 
the level of oil (omega-3). However, the positive values of 
the coefficients of X2 and X3 indicate an increment in DS15 
with the increase in LG and GEL levels. A higher value of 
the coefficient of X3 suggests a more pronounced increase 
in DS15 along with the increment in GEL level, as compared 
to the LG level. Similar results were depicted by the contour 
and the three-dimensional response surface plots (Figure 2).

Optimization of SMEDDS formulation by desirability 
function
The desirability function of the Design-Expert program was 
used for the optimization of all the responses in which the Y1 
was set to minimize, while the Y2 was set to maximize (Table 2). 
The optimization was carried out for Y1 and Y2 after obtaining 
the polynomial equations for the correlation between the 
responses and the examined independent variables. Figure 3 
shows the overlay plot generated by the software for the effect 
of different variables on the two responses. The program sug-
gested the independent variables of 38.55% of omega-3 (X1; 
oil), 31.42% of LG (X2; co-surfactant), and 30% of GEL (X3; 
surfactant), as the optimized formulation with a desirability 
value of 0.931. In an attempt to validate the D-optimal design 
model, the optimized SMEDDS was prepared, and the com-
parison was made between the experimentally-measured 
response value and the predicted value (Table 6). The percent-
age prediction error for Y1 and Y2 were 7.0538 and 0.312, 
respectively, thereby suggesting a successful optimization of 
the SMEDDS formulation by the D-optimal design. Moreover, 
the final composition comprising omega-3 (38.55%), LG 
(31.42%) and GEL (30%) will have the final surfactant system 
HLB value of 8.37, which is similar to the HLB value of sacha 
inchi oil (HLB = 8.5) that predominantly comprises of omega-3 
(44.11%) (Saengsorn and Jimtaisong, 2017). Therefore, accord-
ing to the HLB theory higher stability of the formulation and 
higher solubility of CoQ10 was also predicted. The droplet size 
of the optimized SMEDDS was 237.6 ± 5.8 nm, with a PDI value 
of 0.190; thereby indicating a homogenous size distribution 
of the formulation.

Effect of dilution on SMEDDS consistency
During the study, we prepared the SMEDDS preconcentrate 
with different proportion of oil and surfactant mixture and 

Table 5. Analysis of variance of a linear and cubic model of the measured response.

response Source Sum of square df Mean square F-value p-value remark

(y1) Model 22925.55 2 11462.78 6.17 0.0130 Significant
linear mixture 22925.55 2 11462.78 6.17 0.0130
residual 24139.51 13 1856.89

(y2) Model 160.91 9 17.88 17.11 0.0013 Significant
linear mixture 127.70 2 63.85 61.10 0.0001
X1X2 5.68 1 5.68 5.44 0.0585
X1X3 11.06 1 11.06 10.58 0.0174
X2X3 3.41 1 3.41 3.26 0.1211
X1X2X3 0.0666 1 0.0666 0.0637 0.8091
residual 6.27 6 1.04

Abbreviations used: df, degree of freedom; X1, oil; X2, co-surfactant; X3, surfactant; y1, mean droplet 
size; y2, drug solubilization at 15 min.
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observed the change in its physical consistency upon dilu-
tion with the different proportion of water phase. We 
observed that, at lower water phase the preconcentrate had 
2-phase-like consistency and upon dilution, a viscous cream 
and cream-like consistency was observed. A stable micro-
emulsion phase was observed only after the adequate 

Figure 2. Contour and three-dimensional response surface plots of (a) mean droplet size, and (b) drug solubilization at 15 min.

Figure 3. Overlay plot for the effect of different variables. values in contour lines represent desirability, while values in the box represent the percentages of 
the three examined components and the predicted responses for the optimized SMeDDS.

Table 6. experimental and predicted values for the optimized SMeDDS.

response experimental value
Predicted 

value
Percentage 

prediction error (%)

Droplet size (nm) 237.6 ± 5.8 220.84 7.05
DS15 (%) 16 ± 2.48 15.95 0.31

Abbreviations used: DS15, drug solubilization at 15 min.
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dilution with water. In case of the optimized formulation, 
similar changes in physical consistency were predicted. 
Preliminary dilution of the optimized formulation resulted 
in the generation of a 2-phase system as depicted in figure 
4. The cream-like consistency appeared after dilution of the 
optimized SMEDDS with an equal proportion of water, and 
the stable microemulsion was able to form only after dilu-
tion of the optimized SMEDDS with a nearly 10-fold 
water phase.

In vitro dissolution study

The result of the in vitro dissolution of the optimized SMEDDS 
and the CoQ10 suspension is presented in Figure 5. CoQ10 is 
a water-insoluble drug and was not released from the CoQ10 
suspension throughout the experimental period (up to 8 h). 
However, more than 80% of the CoQ10 underwent dissolution 
in the case of the optimized SMEDDS formulation within the 
first 5 min. The drug release from SMEDDS was almost com-
plete at 8 h.

In vivo pharmacokinetics of CoQ10 in rats

The primary concern of this study was to increase the drug’s 
oral bioavailability, for which the relative bioavailability of 
the optimized CoQ10 SMEDDS was evaluated with respect to 
that of the CoQ10 suspension. The study suggested a higher 
CoQ10 blood concentration as a result of the CoQ10 SMEDDS 
administration (in comparison to the CoQ10 suspension; 
Figure  6). The pharmacokinetic parameters (such as Cmax and 
AuC) were calculated from the plasma profile of CoQ10 as 
presented in Figure 6 and results are depicted in Table 7. 
The SMEDDS had a significantly higher AuC (17.42 ± 2.3 µg.h/
mL) and Cmax (1.54 ± 0.62 µg/mL) and in fact, the AuC and 
Cmax values of the SMEDDS were more than four times higher 
than those of the CoQ10 suspension (AuC: 3.8 ± 1.3 µg.h/mL; 
Cmax: 0.37 ± 0.09 µg/mL). The relative bioavailability of SMEDDS 

was 4.6-fold higher than CoQ10 suspension. On the other 
hand, the CoQ10 SMEDDS formulation appeared late in terms 
of the Tmax (8.0 ± 0.32 h), when compared the CoQ10 suspen-
sion (4.0 ± 0.1 h).

Figure 4. Ternary phase diagram of omega-3 (oil), surfactant to co-surfactant ratio (Sur/Cos), and water. Blue areas indicate microemulsion.

Figure 5. In vitro drug dissolution profile of the optimized SMeDDS and the 
CoQ10 suspension (control), in a 6.8 pH buffer, for 8 h.

Figure 6. Coenzyme Q10 (CoQ10) plasma profiles after the administration of 
CoQ10 SMeDDS and CoQ10 suspension formulations in rats. each value rep-
resents the mean ± SD of six measurements (n = 6); *, p < 0.05.

Table 7. Pharmacokinetic parameters of CoQ10 after oral administration of 
CoQ10 suspension and optimized CoQ10 SMeDDS formulation at an equivalent 
dose of 60 mg/kg of CoQ10 in rats.

Parameters CoQ10 Suspension CoQ10 SMeDDS

AuC0-24 h (µg.h/ml) 3.8 ± 1.3 17.42 ± 2.3
Cmax (µg/ml) 0.37 ± 0.09 1.54 ± 0.62
Tmax (h) 4.0 ± 0.1 8.0 ± 0.32
rBA (%) _ 458.42

Abbreviations used: AuC, area under curve; Cmax, peak plasma concentration; 
Tmax, time to peak plasma concentration; rBA, relative bioavailability; CoQ10, 
coenzyme Q10; SMeDDS, self microemulsifying drug delivery system..
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The study of the brain tissue distribution characteristics 
of CoQ10 suggests a significant delivery of CoQ10 at the 8th 
h (1.60 ± 0.32 ng/mL) in the CoQ10 SMEDDS formulation as 
compared to that of the 4th h (1.20 ± 0.30 ng/mL) (Figure 7). 
However, the CoQ10 brain tissue distribution was lower at 
the 4th h in the CoQ10 suspension (1.00 ± 0.27 ng/mL) and did 
not change substantially in 8th h (0.93 ± 0.26 ng/mL). The find-
ings of the brain tissue distribution characteristics of CoQ10 
were further compared to the in vivo imaging study which 
suggests the higher uptake of cyanine 5.5 in SMEDDS com-
parative to suspension both in 4 hr and 8 hr (Figure 7).

Discussion

The solubility of CoQ10 in the oil component is important to 
solubilize the hydrophobic drugs. Therefore, omega-3 was 
selected as an oil phase during the development of the 
herein tested SMEDDS formulation, based upon the maximum 
solubility of CoQ10 that could improve both the drug loading 
and the drug absorption capacity (Buya et al., 2020). However, 
during the selection process for a suitable co-surfactant and 
surfactant, the HLB values should also be considered along 
with solubility. Due to the higher micelle-forming ability, 
water-soluble surfactants with HLB values greater than 12 
are generally preferred for use in a SMEDDS formulation 
(Dokania and Joshi, 2015). However, surfactants with an HLB 
value lower than 10 play a vital role in the reduction of the 
interfacial tension of films formed by emulsion droplets and 
improve film flexibility. Therefore, a blend of low- and 
high-HLB surfactants can be utilized in order to improve the 
stability of the formulation. Omega-3 was selected as an oil, 

based on its CoQ10 solubility, whereas LG (HLB = 3) and GEL 
(HLB = 14) were selected as a co-surfactant and surfactant, 
respectively, based on their CoQ10 solubility and their corre-
sponding HLB values. LG (LD50, 2.003 g/kg/day) and GEL (LD50, 
20 g/kg) were used as a co-surfactant and surfactant, within 
generally recognized as safe limits (veeravalli et  al., 2020). 
The combination of omega-3 as an oil, LG as a co-surfactant, 
and GEL as a surfactant, was further evaluated by employing 
a pseudo-ternary phase diagram. However, since the concen-
trations of the oil and the surfactant affect the emulsification 
time, it is also important to maintain the concentrations of 
the surfactants and co-surfactant to an optimum limit. With 
the increase in the surfactant and co-surfactant concentra-
tions roughly above 60% (w/w), there is a possibility of an 
increase in the emulsification time due to the high viscosity 
of the surfactants (Buya et  al., 2020); the latter could delay 
the drug release onset of action (Czajkowska-Kośnik et  al., 
2015). Somehow, the surfactant and co-surfactant concen-
trations of the optimized SMEDDS in this study roughly fall 
within the acceptable limits, where, the appropriate concen-
tration for omega-3, LG and GEL was successfully estimated 
by using D-optimal mixture design.

In vitro drug dissolution study suggests complete drug 
release from optimized SMEDDS. Whereas, there was no drug 
release from CoQ10 suspension throughout the study period. 
SMEDDS is a lipid-based formulation that when in contact 
with GI fluids, it forms an oil-in-water type emulsion that 
spontaneously dissolute lipophilic drugs such as CoQ10. 
However, the generation of the microemulsion from the 
SMEDDS also depends upon the water level in the dissolution 
medium. As discussed previously, at the lower water content, 

Figure 7. Brain coenzyme Q10 (CoQ10) deposition profiles of (A) rats administered with a CoQ10 suspension formulation, and CoQ10 SMeDDS formulation. each 
value represents the mean ± SD (n = 5); *, p < 0.001. (B) in vivo fluorescence imaging of SD rats in prone and supine position at 4 hr and 8 hr after oral delivery 
of Cy 5.5 suspension and Cy 5.5 loaded SMeDDS.
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the optimized SMEDDS exhibited viscous cream and 
cream-like properties, but the increased water penetration 
into the oil droplet (when in contact with the higher water 
level of the GI fluid) triggered the self-emulsification of the 
oils, thereby preventing the coalescence through the mechan-
ical barrier, and consequently forming a stable microemulsion 
(Rani et  al., 2019). The fine droplets of the microemulsion 
(containing solubilized drug) exhibit a greater effective sur-
face area of exposure and, hence, exert a higher drug dis-
solution. Therefore, our results suggest that the optimized 
CoQ10 SMEDDS formulation might increase the effective sur-
face area by generating nano-sized emulsion droplets, 
thereby, increasing the solubilization and dissolution of CoQ10.

The low aqueous solubility and oral bioavailability are 
major challenges for the delivery of Biopharmaceutical 
Classification System (BCS) class II drugs like CoQ10 (Papich 
and Martinez, 2015). The poor aqueous solubility alone is 
not a major hurdle for the limited oral bioavailability of BCS 
class II drugs. Intestinal metabolism, phase I first-pass metab-
olism, as well as the effect of the efflux transport by P-gp 
can also significantly limit the oral bioavailability of the BCS 
class II drugs (Benet, 2010; Cherniakov et  al., 2015). These 
reports were further confirmed by a similar study conducted 
by Wu et  al where cyclosporine A, a potent P-gp and CYP3A 
substrate with better permeability (86% absorbed) when sol-
ubilized with corn oil, exhibited limited oral bioavailability 
due to a significant (60%) intra-enterocyte first-pass extraction 
and P-gp-mediated efflux (Wu et  al., 1995). Therefore, it is 
important to improve the aqueous solubilization of the drug, 
minimize or bypass the potential phase I first-pass metabo-
lism, and to diminish the P-gp efflux for the improvement 
of the oral bioavailability. The higher pharmacokinetic param-
eters like AuC and Cmax in the SMEDDS formulation might 
be due to the presence of long-chain triglycerides like 
omega-3, LG, and GEL that eventually break down into 
diglyceride, monoglyceride, and fatty acids in the presence 
of gastric and pancreatic lipases (Singh et  al., 2009). These 
lipid digestion products trigger the secretion of endogenous 
biliary lipids from the gallbladder, along with bile salts, cho-
lesterol, and phospholipids. These secretions enhance the 
solubilization and the absorption of drugs through the for-
mation of mixed micellar structures and micelles, in which 
the polar head group of the micelles projects into the aque-
ous phase and the non-polar hydrocarbon tail group pro-
trudes the center (Kollipara and Gandhi, 2014; Cherniakov 
et  al., 2015). The mixed micellar phase expands the solubi-
lization capacity of the small intestine. The higher AuC and 
Cmax of the herein optimized SMEDDS could also be attributed 
to the presence of GEL, which is a well-known P-gp inhibitor 
that can diminish the P-gp efflux of CoQ10 [Shin et  al., 2019). 
Similar results were observed in a previous study conducted 
by Zhang et  al in which the Cmax and the AuC of digoxin (a 
well-known P-gp substrate) increased when orally adminis-
tered with Tween® 80; a potent P-gp inhibitor (Zhang 
et  al., 2003).

The other possible reason for the observed increased Cmax 
and AuC values of the CoQ10 SMEDDS formulation might be 
due to its ability to circumvent the phase I hepatic metab-
olism. The intestinal lymphatic absorption system, which is 

a physiological pathway for the absorption of dietary lipid 
digestion products (like long-chain fatty acids), might be the 
most likely mechanism for the systemic absorption of the 
CoQ10 SMEDDS as well. Within the intestinal cells, the 
long-chain fatty acids (such as omega-3, LG, and GEL) and 
their monoglycerides might be re-esterified into triglyceride 
in the endoplasmic reticulum, thereby eventually being incor-
porated into chylomicrons. The latter are the largest lipopro-
teins that cannot enter blood capillaries due to the tight 
intercellular junction; instead, chylomicrons enter the leakier 
and more permeable lymphatic capillaries situated in the villi 
of the enterocyte (Porter et  al., 2007; Cherniakov et  al., 2015). 
The lymphatic capillaries ultimately reunite with the blood, 
after bypassing the hepatic portal route at the junction of 
the left jugular and the left subclavian veins, consequently 
contributing to the increased Cmax and AuC values of the 
SMEDDS formulation (O’Driscoll, 2002). On the other hand, 
the low AuC and Cmax of the CoQ10 suspension (as compared 
to that of the SMEDDS) might be due to the poor aqueous 
solubility of CoQ10 and interaction with the multi-drug efflux 
pump P-gp located in the intestinal epithelial cells, thereby 
pumping the compound back into the intestinal lumen 
(Itagaki et  al., 2008; Davis et  al., 2017).

As stated previously, the lymphatic delivery requires the 
drug to be incorporated into chylomicrons within the entero-
cytes. However, the rate of the drug entry into lymph (and, 
finally, in the blood) is directly correlated with the rate of 
appearance of the chylomicrons and the triglycerides into 
the these fluids (Brocks and Davies, 2018). This effect con-
tributes to the establishment of the lag time (up to 3 h) after 
the ingestion of lipids and until their passage into the lymph 
and/or the blood. The effect is observed in humans, rats, and 
sheep (Brocks and Davies, 2018), and it might be responsible 
for the observed prolonged Tmax values in SMEDDS (8 h) com-
pared to CoQ10 suspension (4 h). Similar findings were 
reported by Brocks and Davis in 2018, in which they studied 
the effect of the lymphatic absorption and lag time on phar-
macokinetic parameters such as Cmax and Tmax under different 
hepatic extraction ratio (HER) values (Brocks and Davies, 
2018). In lower HER values (0.1), they observed a drop of the 
Cmax value, while Tmax increased upon an increase of the 
fraction of lymphatic absorption. In higher HER values, the 
same authors observed a drastic increase in Cmax along with 
the increment of the Tmax value, thereby suggesting that the 
lymphatic absorption not only improves the Cmax value of 
drugs undergoing an extensive first-pass hepatic metabolism, 
but it also results in the increment of the Tmax. Moreover, 
they also concluded that the lag time contributes to the 
increment of Tmax in all HER values. Similar findings were 
observed in a study conducted by Nadhamuni et  al in which 
they correlated the critical effects of the lag time on phar-
macokinetic parameters such as ka, AuC, and Tmax (Nerella 
et  al., 1993).

Additionally, in vivo imaging and brain distribution study 
suggests the highest CoQ10 brain distribution in the opti-
mized CoQ10 SMEDDS formulation in 8 h, which could be 
attributed to the role of GEL as a potential P-gp efflux inhib-
itor, thereby resulting in a decrease in the P-gp-mediated 
efflux of CoQ10, and in an increase of the brain distribution 
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level of the latter (Shin et al., 2019). Moreover, smaller droplet 
size of SMEDDS and their lipidic nature also may have con-
tributed the permeation of CoQ10 across the blood brain 
barrier (BBB) (Shah, 2021). The finding of the brain distribu-
tion study hints the potential role of lipid-based formulations 
like SMEDDS for the successful delivery of drugs like CoQ10 
for the treatment of various neurological diseases like 
Alzheimer’s and Huntington’s disease.

Conclusion

A CoQ10-loaded SMEDDS was successfully formulated and 
optimized by a response surface methodology based on a 
D-optimal mixture design. The optimized CoQ10-loaded 
SMEDDS formulation containing 38.55% omega-3 (oil; X1), 
31.42% LG (co-surfactant; X2), and 30% GEL (surfactant; X3) 
exhibited enhanced in vitro dissolution, superior in vivo oral 
bioavailability, and better brain distribution when compared 
to a CoQ10-loaded suspension. The predicted model and the 
experimental values of the mean droplet size (Y1) and the 
DS15 (Y2) were in agreement. Thus, for the successful optimi-
zation of the SMEDDS, the use of a statistical experimental 
design could be considered as a useful tool. Our study pro-
vides evidence that an optimized SMEDDS could be used as 
a delivery vehicle for the enhancement of the oral bioavail-
ability of poorly soluble drugs such as CoQ10.
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