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Abstract: Coenzyme Q10 (CoQ10) is a lipid-soluble molecule found naturally in many 

eukaryotic cells and is essential for electron transport chain and energy generation in mito-

chondria. D-Panthenyl triacetate (PTA) is an oil-soluble derivative of D-panthenol, which is 

essential for coenzyme A synthesis in the epithelium. Liposomal formulations that encapsulate 

both ingredients were prepared and optimized by applying response surface methodology for 

increased stability and skin penetration. The optimum formulation comprised 4.17 mg CoQ10, 

4.22 mg PTA and 13.95 mg cholesterol per 100 mg of soy phosphatidylcholine. The encapsulation 

efficiency of the optimized formulation for CoQ10 and PTA was found to be 90.89%±3.61% 

and 87.84%±4.61%, respectively. Narrow size distribution was achieved with an average size 

of 161.6±3.6 nm, while a spherical and uniform shape was confirmed via scanning electron 

microscopy and transmission electron microscopy images. Cumulative release of 90.93% for 

PTA and 24.41% for CoQ10 was achieved after 24 hours of in vitro release study in sink condi-

tions. Physical stability tests indicated that the optimized liposomes were suitable for storage at 

4°C for at least 60 days. The results suggest that the optimized liposomal formulation would be 

a promising delivery system for both ingredients in various topical applications.

Keywords: coenzyme Q10, D-panthenyl triacetate, liposomes, response surface methodology, 

stability

Introduction
Coenzyme Q10 (CoQ10), which consists of a p-benzoquinone ring with 10 isoprene 

units (Figure 1), is a lipid-soluble molecule found naturally in many eukaryotic cells.1 

CoQ10 is primarily used as an electron transporter inside the cell and is essential in 

mitochondrial respiration that generates energy in the form of adenosine triphosphate 

(ATP); moreover, it has strong antioxidant capabilities inhibiting lipid peroxidation in 

the reduced form.2 Previous studies have demonstrated that topical CoQ10 application 

is effective in oxidative stress,3 photo protection4 and wound healing.5 However, large 

molecular weight (863 g/mol) and poor aqueous solubility (0.7 ng/mL) of CoQ10 

limits its penetration through the skin.6

D-Panthenyl triacetate (PTA) is an oil-soluble derivative of D-panthenol (Figure 1), 

a precursor of pantothenic acid. In the epithelium, pantothenic acid is essential for 

synthesizing coenzyme A, a coenzyme responsible for carbohydrate, fatty acid and 

protein metabolism. D-Panthenol is being used extensively to increase cutaneous 

wound healing, and protect and repair the skin barrier through stimulation of lipid 

synthesis.7–9 PTA was found to slowly deacetylate into D-panthenol over 24 hours, 

acting as a reservoir inside the skin. Moreover, it was shown that PTA treatment results 
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in significant stimulation of energetic pathways (glycolysis, 

citric acid cycle) and synthesis pathways (isoprenoids and 

lipid synthesis).10

Skin, the largest organ in the body, is composed of 

3 layers: epidermis, dermis and hypodermis. Stratum corneum 

(SC), the outmost layer of the epidermis, is the rate-limiting 

barrier responsible for poor percutaneous absorption of most 

drugs.11 Delivery of active ingredients to deeper layers of the 

skin, mainly to fibroblasts found inside the dermis, is neces-

sary for obtaining desired effect. Fibroblasts, the main skin 

cells, are an important target in antioxidant,12 photoaging13 

and wound-healing14 applications. Nanoparticulate carrier 

systems, especially lipid-based carriers, are generally used to 

enhance penetration and overcome poor absorption problem 

of both hydrophilic and lipophilic compounds.

Liposomes are spherical vesicles composed of lipid bilay-

ers formed around an aqueous core. This unique structure 

allows liposomes to encapsulate both hydrophilic and hydro-

phobic drugs.15,16 Usually, liposomes prepared with natural 

lipids can act as highly biocompatible and biodegradable 

drug delivery systems that decrease toxicity and increase 

therapeutic efficiency of the encapsulated drug. Liposomes 

have been investigated extensively over the years as potential 

carriers for different drugs, nucleic acids, imaging agents, 

peptides and proteins as well as cosmetic ingredients.17 Topi-

cally applied liposomes act as a local reservoir and allow 

sustained delivery of active ingredients. Moreover, liposomes 

protect encapsulated ingredients from external effects such as 

oxidation, light and hydrolysis, and may enhance permeation 

through deeper layers of the skin.18

Conventional formulation design involves changing a 

single factor at a time while maintaining other variables con-

stant. This approach requires a large number of experiments 

for determining optimum levels, which takes considerable 

time and effort, eventually leading to increased development 

costs. Response surface methodology (RSM) is an efficient 

statistical model for formulation design, which investigates 

the interaction between different variables and their effects 

on different responses.19–21 This study aims to develop a lipo-

somal formulation encapsulating both CoQ10 and PTA for 

the first time to enhance their skin penetration and provide 

controlled drug release. Also, a central composite design 

(CCD) was utilized for the purpose of formulation optimiza-

tion. Liposomes were prepared by thin-film hydration method 

followed by extrusion through polycarbonate membrane 

filters. Moreover, physicochemical characteristics were 

determined, and in vitro drug release and stability studies 

were conducted on the optimized liposomal formulation.

Materials and methods
Materials
CoQ10 and cholesterol (Ch) were purchased from Sigma–

Aldrich, Inc. (St Louis, MO, USA). Soy phosphatidylcholine 

(SPC) and mini-extruder were purchased from Avanti Polar 

Lipids, Inc. (Alabaster, AL, USA). PTA was obtained from 

Cosmer Cosmetic (Istanbul, Turkey). Filters were acquired 

from Sartorius (Göttingen, Germany). All solvents used in 

this study were of analytical grade and obtained from EMD 

Millipore (Billerica, MA, USA).

Liposome preparation
Liposomes were prepared by the thin-film hydration method.22 

Briefly, SPC, Ch, CoQ10 and PTA were weighed at different 

ratios obtained from the experimental design and dissolved in 

10 mL chloroform. The solution was transferred into a 250 mL 

round-bottomed flask, and the organic solvent was evaporated 

under a reduced pressure at 45°C and 100 rpm by a rotary  

evaporator (Heidolph, Schwabach, Germany). The resulting 

lipid film was dried overnight under a nitrogen gas flow to 

remove remaining traces of chloroform. The lipid film was 

hydrated with 10 mL phosphate-buffered saline (PBS; pH 7.4) 

by rotary evaporation at 45°C and 100 rpm without apply-

ing vacuum. For size reduction, liposomes were extruded  

15 times through 200 nm pore-sized polycarbonate membranes 

(Whatman, Maidstone, UK) using the Avanti mini-extruder. 

The large unilamellar vesicles obtained were centrifuged at 

3,000 g for 10 minutes in order to separate excess lipid and un-

encapsulated drugs. Liposome formulations were maintained 

at 4°C and used within 3 days of preparation.

Analytical quantification of CoQ10  
and PTA
Two different methods were employed for detecting CoQ10 

and PTA in the liposomal formulations using RP-HPLC 

Figure 1 Chemical structures of CoQ10 and PTA.
Abbreviations: CoQ10, coenzyme Q10; PTA, D-panthenyl triacetate.
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system (Shimadzu LC20-AT; Shimadzu, Kyoto, Japan) 

equipped with a UV–Vis detector (Shimadzu SPD-20A). 

Mobile phase consisted of acetonitrile:water (70:30, v/v) for 

PTA and acetonitrile:isopropanol (35:65, v/v) for CoQ10. 

The corresponding mobile phase was degassed and delivered 

isocratically at a flow rate of 1 mL/min through GL Sciences 

InertSustain C
18

 (150×4.6 mm, 5 μm) column maintained at 

25°C. UV detector was set at 210 nm for PTA and 275 nm 

for CoQ10 detection.

Validation of HPLC methods for both PTA and CoQ10 

was performed based on the International Conference 

of Harmonization (ICH) Q2 (R1) guidelines. Linearity 

was analyzed through standard curves in 0.1–10 µg/mL 

range prepared from stock solutions of PTA and CoQ10. 

Regression equation was found by plotting peak area (y) 

versus drug concentration (x). The results were found as  

y =7388x+476.08 for PTA with correlation coefficient 

r2=0.9996 and y =20083x+145.97 for CoQ10 with r2=0.9998. 

Intra-day and inter-day precision expressed as relative stan-

dard deviation (RSD) and accuracy results expressed as rela-

tive mean error were below 2% for all parameters. Recovery 

results were found as 98.77%±1.05%–100.89%±0.92% for 

PTA and 99.57%±0.54%–100.32%±0.76% for CoQ10.

Determination of encapsulation efficiency
Liposomal formulations were diluted (1:100) with acetonitrile 

and vortexed for 5 minutes to disrupt the structure. Prior to 

analysis, sample solutions were filtered through 0.22  µm 

PTFE filter and analyzed with the above-mentioned validated 

RP-HPLC method. Encapsulation efficiency (EE) was calcu-

lated for each drug from the following equation:

	 EE (%) = W
d
/W

i
 × 100�

where W
d
 is the amount of encapsulated drug in the liposomes 

and W
i
 is the total quantity of drug initially added.

Experimental design
CoQ10- and PTA-loaded liposomes were optimized by the 

response surface methodology. According to preliminary 

studies and literature review, Ch/SPC (w/w, %), CoQ10/SPC 

(w/w, %) and PTA/SPC (w/w, %) were selected as 3 impor-

tant factors. SPC concentration was kept constant (10 mg/mL) 

in all formulations. Three factors were studied at 5 differ-

ent levels (-α, -1, 0, +1, +α) using a CCD. The α value of 

1.68 was chosen to maintain rotatability and orthogonality 

of the design. Total 20 experiments were carried out with 

8 factorial points, 6 axial points and 6 replications of the 

central point to improve precision of the method (Table 1). 

Response variables were chosen as EE of CoQ10 (EEQ) and 

EE of PTA (EEP).

Design-Expert software (version 10.0.3.0; Stat-Ease, Inc., 

Minneapolis, MN, USA) was used for experiment design and 

statistical analysis. Response was predicted by the quadratic 

polynomial equation:

	

Y = + + + + +

+ + + +

β β β β β β
β β β β

0 1 2 3 12 13

23 11
2

22
2

33
2

A B C AB AC

BC A B C
�

where Y is the predicted response; A, B and C are independent 

variables; β
0
 is the intercept; β

1
, β

2
 and β

3
 are linear coef-

ficients; β
12

, β
13

 and β
23

 represent interaction coefficients; and 

β
11

, β
22

 and β
33

 represent quadratic coefficients.19

Analysis of variance (ANOVA) was performed to evalu-

ate the effect of independent variables on the responses, and 

P,0.05 was considered to be statistically significant. Predicted 

(pred.) and adjusted (adj.) correlation coefficient (R2) was 

calculated to evaluate the fitness of model. Three-dimensional 

surface graphs were drawn to display the experimental region 

and effects of independent variables on the responses. Optimal 

responses were selected as maximum EE for both CoQ10 

and PTA while maintaining the drug amounts as high as 

possible in the formulation. The optimized formulation was 

prepared in triplicate, and the obtained experimental results 

were compared to the predicted values.

Determination of particle size (PS), 
polydispersity index (PdI) and zeta 
potential (ZP)
PS and PdI of liposomes were determined by dynamic light 

scattering technique using Zetasizer Nano ZSP (Malvern 

Instruments Ltd, Malvern, UK). ZP was determined by 

laser Doppler micro-electrophoresis method by using a 

folded capillary zeta cell (Malvern Instruments Ltd). Prior 

to measurement, samples were diluted (1:20) with deionized 

water to reach phospholipid concentration of 0.5 mg/mL. All 

measurements were carried out at 25°C, and each sample 

was measured 3 times.

Table 1 Selected variables in central composite design

Variables Level of variables

-1.68 -1 0 +1 +1.68

A Ch/SPC 10 12 15 18 20
B CoQ10/SPC 2 3.2 5 6.8 8
C PTA/SPC 2 3.2 5 6.8 8

Abbreviations: Ch/SPC, cholesterol/soy phosphatidylcholine; PTA/SPC, 
D-panthenyl triacetate/soy phosphatidylcholine; CoQ10/SPC, coenzyme Q10/soy 
phosphatidylcholine.
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Liposome morphology
Scanning electron microscopy (SEM)
Liposomes were diluted (1:50) with deionized water, and 

a drop of formulation was placed on a glass slide, which 

was then dried at room temperature. Dried samples were 

sputter-coated with a thin layer of gold with a diameter 

of ∼10 nm. Morphology of coated samples was analyzed 

by a scanning electron microscope (Carl Zeiss Evo 40;  

Carl Zeiss, Jena, Germany).

Transmission electron microscopy (TEM)
Liposomes were diluted (1:50) with deionized water, and  

1 drop of the formulation was applied onto a carbon-coated 

copper grid. After drying and adhesion, samples were nega-

tively stained by 2% phosphotungstic acid and analyzed with 

a 120-kV transmission electron microscope (FEI Tecnai G2 

Spirit BioTwin; FEI Company, Hillsboro, OR, USA).

In vitro release study
In vitro drug release from optimized liposomes was studied 

using dialysis method in triplicate. Dialysis membranes 

(molecular weight cut-off 10 kDa) were immersed in dis-

tilled water at room temperature overnight to remove the 

preservative and rinsed thoroughly before the experiment. 

Liposomal formulation (2 mL) was carefully placed inside 

dialysis bag, which was then sealed tightly at both ends with 

standard closures. Dialysis bag was immersed in 100 mL of 

release medium containing PBS pH 7.4:acetonitrile:tween 

80 (70:25:5, v/v/v) to ensure sink conditions. Analysis was 

carried out at 32°C±0.5°C and 100 rpm in a shaking incubator 

(Stuart SI500; Stuart, Stone, UK). Two-milliliter solutions 

of PTA (0.5 mg/mL) and CoQ10 (0.5 mg/mL) were also 

subjected to dialysis as controls using the above-mentioned 

method. At predetermined times (0.5, 1, 2, 4, 6, 8, 24 hours), 

0.5 mL of sample was taken from the release medium, and 

an equal volume of fresh dissolution medium was imme-

diately supplied to maintain constant volume. Samples 

were diluted with acetonitrile to 1 mL and analyzed by the 

RP-HPLC method described to determine the CoQ10 and 

PTA content. For evaluating drug release kinetics for both 

ingredients, zero-order,23 first-order,24 Higuchi root-square,25 

Hixson–Crowell26 and Korsmeyer–Peppas27 mathematical 

models were used.

Stability studies
Stability of optimized liposomal formulation was evaluated 

during storage at 4°C and 25°C for 60 days. PS, PdI, ZP 

and EE for CoQ10 and PTA were measured as described. 

All measurements were done in triplicate. Drug leakage 

rate (LR) was calculated from the following equation for 

both ingredients:

	 LR (%) = 100 - (W
t
/W

0
) × 100�

where W
t
 is the amount of encapsulated drug after stor-

age time and W
0
 is the initial amount of drug inside the 

liposomes.

Results and discussion
Experimental design
Design model and data analysis
CCD setup and obtained responses from a total of 20 experi-

ments are presented in Table 2. The following quadratic, 

second-order equation was used to predict the maximum 

EE for CoQ10:

	

R A
1

2

81 96 4 7 12 16 4 76 1 99 0 99

3 7 4 61 3 5

= − − − − +

+ + −

. . . . . .

. . .

B C AB AC

BC A 22 0 742 2B C− . �

where R
1
 is EEQ (%), while A, B and C are coded values 

for Ch/SPC, CoQ10/SPC and PTA/SPC weight ratios (%), 

respectively. Regression model was tested by ANOVA as 

presented for EEQ in Table 3. According to the results, a high 

Table 2 Central composite design matrix and corresponding 
responses

Run Variables Responses

A B C R1 (EEQ) R2 (EEP)

1 15.00 8.00 5.00 51.69 74.25
2 15.00 5.00 5.00 81.17 86.43
3 15.00 5.00 5.00 83.21 83.51
4 15.00 5.00 2.00 87.74 91.4
5 12.00 3.20 3.20 98.12 92.62
6 10.00 5.00 5.00 76.25 82.02
7 12.00 3.20 6.80 79.59 84.44
8 18.00 3.20 3.20 89.92 84.78
9 18.00 3.20 6.80 75.25 77.32
10 12.00 6.80 6.80 66.38 76.39
11 12.00 6.80 3.20 70.24 87.14
12 20.00 5.00 5.00 61.05 73.53
13 15.00 2.00 5.00 91.68 85.26
14 18.00 6.80 3.20 53.92 80.83
15 15.00 5.00 5.00 82.36 85.89
16 15.00 5.00 5.00 80.69 85.87
17 15.00 5.00 5.00 81.67 85.45
18 15.00 5.00 5.00 82.88 82.25
19 18.00 6.80 6.80 54.18 68.54
20 15.00 5.00 8.00 71.08 72.86

Abbreviations: EEQ, encapsulation efficiency of coenzyme Q10; EEP, encapsulation 
efficiency of D-panthenyl triacetate.
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F value (386.12) and a low P-value (,0.0001) indicated that 

the model equation was statistically significant. Lack-of-fit 

value of the model was statistically insignificant (P=0.546), 

which implies that the model fits well. Confidence level of 

the regression model was verified by a coefficient R2 value 

of 0.9971 that indicated 99.71% of variability in the response 

can be explained by this model. The pred. R2 value of 0.9876 

is in close agreement with the adj. R2 value of 0.9945, which 

demonstrated high correlation between observed and the 

predicted values in this case.

The following second equation was used to predict the 

maximum EE for PTA:

	

R
2

2

84 32 3 19 3 29 5 13 0 1 0 1

0 92 2 13 1 41

= − − − + −

− − −

. . . . . .

. . .

A B C AB AC

BC A B22 20 56− . C �

where R
2
 is EEP (%), while A, B and C are coded values for 

Ch/SPC, CoQ10/SPC and PTA/SPC weight ratios, respec-

tively. The model F value (25.06) and low P-value (,0.0001) 

implied the significance of the model equation as displayed in 

Table 4. Lack of fit of the model (P=0.358) was not signifi-

cant. According to the coefficient R2 value of 0.9578, 95.75% 

of variability in EEP could be explained by the model. There 

was a correlation between the adj. R2=0.9193 and the pred. 

R2=0.7862, which ensured predictability of the model as the 

difference is below 0.2.

Optimization study
Optimum conditions were determined by Design-Expert 

software based on the obtained results from CCD study. 

Desired limits were set as maximized EE for both CoQ10 

and PTA. It was also important to have an optimum amount of 

active ingredients in the formulation to achieve effective drug 

delivery. Therefore, CoQ10 and PTA amounts were marked 

as important independent variables. Three-dimensional 

surface plots for R
1
 (EEQ) as a function of PTA and Ch 

weight ratios at fixed CoQ10 content, CoQ10 and Ch weight 

ratios at fixed PTA content and CoQ10 and PTA weight 

ratios at fixed Ch content are presented in Figure 2A–C, 

respectively. Three-dimensional surface plots for R
2
 (EEP) 

as a function of PTA and Ch weight ratios at fixed CoQ10 

content, CoQ10 and Ch weight ratios at fixed PTA content 

and CoQ10 and PTA weight ratios at fixed Ch content are 

presented in Figure 2D–F, respectively.

Figure 2C shows that a steeper surface was obtained, 

which indicates that the PTA amount in the formulation was 

the main factor affecting EEQ value. Similarly, the CoQ10 

amount in the formulation was the most significant factor for 

EEP as seen in Figure 2F. Ch acts as a stabilizing agent that 

reduces the permeability of liposomal bilayer by decreasing 

the flexibility of phospholipid chains, leading to an increased 

physical stability. Ch also enhances hydrophobicity of the 

bilayer, which results in increased affinity and loading of 

lipophilic drugs.19,28 This phenomenon can be observed 

clearly in Figure 2A as an increase in Ch content resulted in 

increased EEQ until a critical value near 14% was reached. 

Higher values led to a decrease in EEQ possibly due to the 

limited space in the hydrophobic region of the lipid bilayer. 

Increased PTA and CoQ10 content in the formulation also 

negatively affected the EE of each other as expected.

Table 3 ANOVA results for response R1 (EEQ)

Source Sum of  
squares

df Mean  
square

F value P-value

Model 3,219.64 9 357.74 386.12 ,0.0001
A: Ch 325.19 1 325.19 350.99 ,0.0001
B: PTA 2,003.78 1 2,003.78 2,162.76 ,0.0001
C: CoQ10 307.54 1 307.54 331.94 ,0.0001
AB 31.92 1 31.92 34.45 0.0002
AC 7.96 1 7.96 8.59 0.0150
BC 109.52 1 109.52 118.21 ,0.0001
A2 298.00 1 298.00 321.65 ,0.0001
B2 173.46 1 173.46 187.23 ,0.0001
C 2 7.59 1 7.59 8.19 0.0169
Residual 9.26 10 0.93
Lack of fit 4.38 5 0.88 0.90 0.5456
Pure error 4.88 5 0.98
Corrected total 3,228.91 19

Note: R2=0.9876, adj. R2=0.9945 and pred. R2=0.9876.
Abbreviations: adj., adjusted; ANOVA, analysis of variance; EEQ, encapsulation 
efficiency of coenzyme Q10; Ch, cholesterol; pred., predicted; PTA, D-panthenyl 
triacetate; CoQ10, coenzyme Q10.

Table 4 ANOVA results for response R2 (EEP)

Source Sum of  
squares

df Mean  
square

F value P-value

Model 734.52 9 81.61 25.06 ,0.0001
A: Ch 138.12 1 138.12 42.41 ,0.0001
B: PTA 146.81 1 146.81 45.08 ,0.0001
C: CoQ10 357.15 1 357.15 109.67 ,0.0001
AB 0.080 1 0.080 0.025 0.8786
AC 0.084 1 0.084 0.026 0.8756
BC 6.84 1 6.84 2.10 0.1777
A2 63.40 1 63.40 19.47 0.0013
B2 28.01 1 28.01 8.60 0.0150
C 2 4.37 1 4.37 1.34 0.2737
Residual 32.57 10 3.26
Lack of fit 19.05 5 3.81 1.41 0.3580
Pure error 13.52 5 2.70
Corrected total 767.08 19

Note: R2=0.9575, adj. R2=0.9193 and pred. R2=0.7862.
Abbreviations: adj., adjusted; ANOVA, analysis of variance; EEP, encapsulation 
efficiency of D-panthenyl triacetate; Ch, cholesterol; pred., predicted; PTA, 
D-panthenyl triacetate; CoQ10, coenzyme Q10.
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Figure 2 Response surface plot for R1 (EEQ) as a function of (A) PTA and Ch weight ratios at fixed CoQ10 content, (B) CoQ10 and Ch weight ratios at fixed PTA content 
and (C) CoQ10 and PTA weight ratios at fixed Ch content, for R2 (EEP) as a function of (D) PTA and Ch weight ratios at fixed CoQ10 content, (E) CoQ10 and Ch weight 
ratios at fixed PTA content and (F) CoQ10 and PTA weight ratios at fixed Ch content.
Abbreviations: EEQ, encapsulation efficiency of coenzyme Q10; EEP, encapsulation efficiency of D-panthenyl triacetate; PTA, D-panthenyl triacetate; Ch, cholesterol; 
CoQ10, coenzyme Q10.

Coded variables for optimized formulation were found 

as A=13.95, B=4.17 and C=4.22. The optimized formulation 

was prepared in triplicate to evaluate the model accuracy for 

the optimum conditions. Optimized liposomal formulation 

incorporated 381 µg/mL of CoQ10 and 376 µg/mL of PTA, 

based on EE results. Predicted and experimental responses 

for optimized variables are presented in Table 5. Observed 

experimental values were in close agreement with the 
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predicted values (RSD  ,2%). Coordination between the 

results indicated the significance and validity of the model. 

Previous studies demonstrated that increase in lipophilic 

character (log P) also resulted in an increased EE due to 

the higher affinity of drug molecules to the lipids inside the 

bilayer structure.29–31 Moreover, an EE .90% for CoQ10  

was achieved by other studies with comparable results.32,33

PS, PdI, ZP and morphology
PS, PdI and ZP measurements were conducted for all lipo-

somal formulations prepared for studying the experimental 

design. The size distribution was found to be between 155.3 

and 186.6 nm, while PdI of these liposomes was below 0.3, 

suggesting narrow size distribution and uniform particle 

formation. ZP results varied between -6.96 and -8.35 mV, 

which indicate a slight negative charge on the liposomal 

surface. As shown in Figure 3, spherical structure and smooth 

surface of the optimized liposome was confirmed with SEM 

and TEM analyses.

PS is an important parameter for topical delivery and 

investigated by different research groups to determine its 

optimum range. Generally, it was concluded that smaller PS 

did not correspond to higher permeation and particles below 

200 nm were sufficient for delivery to deeper layers.11,34,35 

In a recent study, it was shown that liposomes were shown to 

not penetrate below 5 μm in the SC; rather, they fused with 

the lipid layer inside the skin and released their cargo.36 More-

over, extrusion method in liposome preparation is known 

to produce monodisperse particles, and PS is adjustable 

depending on the membrane pore size. For these reasons, PS 

and PdI parameters were not investigated thoroughly during 

the optimization study. PS of the optimized formulation was 

measured as 161.6±3.6 nm with PdI of 0.106±0.013, and 

the particles displayed ZP of -7.59±0.91 mV. The obtained 

results indicate that the optimized formulation had narrow 

size distribution and reproducible particle characteristics.

In vitro release study
In vitro release profile of the optimized liposomes coencap-

sulating CoQ10 and PTA was obtained as shown in Figure 4. 

According to the results, an initial burst release of 9.4% for 

CoQ10 and 42.7% for PTA occurred in the first 2 hours fol-

lowed by a second slower release phase. Lipophilic drugs 

were found to be positioned inside the bilayer structure or 

the surface and outer lamellae of the liposomes. The initial 

release is generally attributed to drug detachment from 

the surface, while the second slower release phase results 

from the sustained release of the lipophilic drug trapped 

inside the bilayer structure and inner lamellae.19,37 After  

24 hours, a cumulative release of 90.93%±3.97% for PTA 

and 24.41%±2.98% for CoQ10 was achieved. High lipophilic 

character of CoQ10 (log P.10) causes the molecule to 

position itself in the interior of the bilayer structure, leading  

to an increased affinity towards the phospholipid bilayer. In 

the presence of long-chain fatty acids, CoQ10 is easily mis-

cible and places itself either completely parallel to the fatty 

Table 5 Predicted and experimental responses of the optimized 
liposome (n=3)

Response Predicted  
value

Experimental  
value

Prediction  
error (%)

R1 EEQ 90.34 90.89±3.61 0.61
R2 EEP 88.82 87.84±4.61 1.10

Abbreviations: EEQ, encapsulation efficiency of coenzyme Q10; EEP, encapsulation 
efficiency of D-panthenyl triacetate.

Figure 3 SEM (A) and TEM image (B) of the optimized liposome formulation.
Abbreviations: SEM, scanning electron microscopy; TEM, transmission electron microscopy.
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Table 6 In vitro release kinetics of PTA and CoQ10

Ingredient Zero order First order Higuchi Hixson–Crowell Korsmeyer–
Peppas

Release 
order

k0 (mg %/h) r2 k1 (h
−1) r2 kH (mg %/h1/2) r2 kHC (mg %/h1/2) r2 n r2

PTA 8.087 0.9340 0.182 0.9923 29.68 0.9834 0.212 0.9789 0.59 0.9883 Anomalous
CoQ10 0.758 0.8859 0.009 0.9088 4.62 0.9883 0.013 0.9014 0.43 0.9976 Fickian

Abbreviations: PTA, D-panthenyl triacetate; CoQ10, coenzyme Q10; r2, determination coefficient; k0, zero-order release constant; k1, first-order release constant;  
kH, Higuchi release constant; kHC, Hixson–Crowell release constant; n, release exponent.

Figure 4 Profiles for in vitro release of PTA and CoQ10 from the optimized 
liposomes along with free PTA and CoQ10 solutions as controls.
Note: Data are represented as mean ± SD (n=3).
Abbreviations: PTA, D-panthenyl triacetate; CoQ10, coenzyme Q10.

acid chains or in a folded conformation similar to a sterol 

structure.38–40 This positioning of the molecule may be the 

reason for slower release profile. The results are consistent 

with a previous study by Zhao et al that reported an ∼20% 

release over 24 hours from CoQ10-loaded liposomes.33 In 

the case of PTA, faster release can be attributed to the pos-

sible positioning of the molecule near the polar head group 

of SPC in the liposome membrane.

In vitro release data obtained for both PTA and CoQ10 

were fitted to different models to analyze drug release mecha-

nism. Correlation coefficients (r2) and release kinetic con-

stants (k) obtained for each model are presented in Table 6. 

PTA showed a good fit to the first-order kinetics (r2=0.9923), 

indicating that the release rate of drug is dependent on the 

drug concentration. On the other hand, CoQ10 followed the 

Higuchi model (r2=0.9883), which assumes drug release is 

achieved primarily by diffusion. According to Korsmeyer–

Peppas model, PTA displayed non-Fickian (anomalous) 

transport kinetics (0.43#n,0.85), which means coupled 

diffusion and erosion-based mechanism. The n value being 

closer to 0.43 and also a linear fit to the Higuchi model 

(r2=0.9834) suggests that diffusion is the predominant mecha-

nism of drug release. In the case of CoQ10, Fickian diffusion 

was the predominant mechanism of drug release from the 

liposomes (n#0.43). Differences in release kinetics may 

occur depending on the physicochemical properties and the 

localization of drugs inside the bilayer structure. In another 

study, Mohan et al prepared liposomal formulations of resver-

atrol (Res) and 5-fluorouracil (5-FU) and investigated their 

drug release mechanisms. They reported that 5-FU followed 

zero-order release kinetics, while Res followed the Higuchi 

model of diffusion.41 Similar results have been reported in 

other studies with different nanoparticle formulations.42,43

Stability studies
PS, PdI, EEQ and EEP changes during 60 days of stor-

age time are listed in Table 7. PS, EEQ and EEP results 

obtained after 60 days at 4°C and 25°C along with produc-

tion day parameters are also presented in Figure 5. PS and 

PdI remained unchanged during storage time at 4°C, while 

significant increase in both parameters was observed at 25°C 

(P,0.05). Change in PS and PdI may be caused by increased 

liposome fusion and aggregation at 25°C, while storage at 

4°C decreased fluidity of the bilayer structure and inhibited 

the particle fusion.15 ZP measurements were close to the 

initial value of -7.62±0.69 mV at both temperatures during 

storage time (P.0.05). For this reason, ZP results are not 

listed in Table 6. There was a significant decrease in EEQ at 

25°C with a CoQ10 leakage of 25.09%, compared to 10.77% 

at 4°C after storage time. Changes in EEP values were more 

dramatic, as the LRs were 26.87% at 4°C and 50.28% at 

25°C. Accelerated hydrolysis and oxidation of lipids at 25°C 

compared to 4°C may be the cause of increased drug leakage 

and decreased EE. The more lipophilic character of CoQ10 

compared to PTA may result in higher retention inside the 

bilayer during storage period.32,33 These findings are also 

compatible with the results obtained previously from the  

in vitro release study, wherein PTA was released at a faster 

and higher rate compared to CoQ10.
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Table 7 Stability of the optimized liposome formulation at 4°C and 25°C during 60 days (n=3)

Time 
(days)

Size (nm) PdI EEQ (%) EEP (%)

4°C 25°C 4°C 25°C 4°C 25°C 4°C 25°C

0 161.6±3.6 0.106±0.013 90.89±3.96 87.84±4.61
7 160.4±2.7 162.8±4.0 0.109±0.025 0.130±0.031 87.95±5.14 86.69±5.12 85.76±4.24 81.14±6.44
15 159.6±4.8 162.7±2.8 0.128±0.039 0.123±0.041 86.01±3.42 82.98±4.34 82.12±5.48 73.57±5.12
30 164.1±3.6 173.1±5.6 0.118±0.021 0.138±0.045 83.62±6.12 76.17±3.73 75.24±6.21 62.55±6.08
60 162.6±4.4 186.1±7.9 0.134±0.023 0.172±0.032 80.10±5.10 68.09±4.28 65.20±4.75 43.67±5.23

Abbreviations: PdI, polydispersity index; EEQ, encapsulation efficiency of coenzyme Q10; EEP, encapsulation efficiency of D-panthenyl triacetate.

Figure 5 Stability results of the optimized liposome formulation at 4°C and 25°C 
after 60 days of storage.
Note: Data are represented as mean ± SD (n=3).
Abbreviations: EEQ, encapsulation efficiency of coenzyme Q10; EEP, encapsulation 
efficiency of D-panthenyl triacetate; EE, encapsulation efficiency.

° °

Conclusion
In this study, liposomal formulations containing PTA and 

CoQ10 were successfully prepared for the first time and 

optimized to achieve high EE% and drug loading using 

RSM. Liposomes were prepared by thin-film hydration fol-

lowed by membrane extrusion. PS, PdI and ZP results of the 

optimized liposomes were satisfactory for topical delivery 

of active ingredients. Furthermore, SEM and TEM images 

confirmed spherical structure and uniform size distribution. 

In vitro release profiles demonstrated a faster release of 

PTA compared to CoQ10 from the liposomal formulation. 

Storage temperature was an important factor for liposome 

stability, as significant leakage of both ingredients was seen 

at 25°C. Liposomes were found to be stable for 60 days at 

a storage temperature of 4°C. Thus, it can be concluded 

that encapsulating both PTA and CoQ10 is a promising 

way for prolonged effect and simultaneous delivery of 

both ingredients. Based on these findings, the possible 

effects on wound-healing mechanism of our optimized 

liposomal formulation will be further investigated in cell 

culture studies.
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