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Introduction 
Tyrosinase has been considered an important 
enzyme for the development of therapeutic 
agents to solve hyperpigmentation diseases in 
the cosmeceutical field. In humans, tyrosinase is 
involved in the biosynthesis of melanin, which is 
a skin pigment, derived from tyrosine during the 
melanogenesis process that will determine the 
color of mammalian skin, eyes and hair (Huang 
et al., 2008; Bahari et al., 2020). Abnormal 
production of melanin will result in various 
skin disorders, such as hyperpigmentation, 
melisma, malign melanoma, and skin-aging 
processes (Heo et al., 2010; Panich et al., 2010). 
This abnormal production may be caused by 
several factors, such as UV radiation, radicals, 
inflammatory mediators, and hormones 
(Kanlayavattanakul & Lourith, 2018). Thus, if 

tyrosinase can be inhibited, it will significantly 
alter the production of the melanin.

Kojic Acid (KA) is one of the most used 
skin whitening agents. It is an antibiotic 
produced by many species of Aspergillus, 
Acetobactor and Penicillum through an aerobic 
process (Jumbri et al., 2015). However, KA was 
described as a less stable compound (Noh et al., 
2009; Jumbri et al., 2015), due to its sensitivity 
to light and heat (Gallarate et al., 2004). The 
effectiveness of this compound as a whitening 
agent will be reduced when exposed under sun 
or air. Kojic Monooleate (KMO), which is a 
palm-based fatty acid derivative of KA was 
found to have a significant effect in tyrosinase 
inhibition compared to kojic monolaurate and 
kojic monopalmitate (Syed Azhar et al., 2018).  

This shows that KA esters, specifically KMO, 
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can be used as one of the skin whitening agents 
to inhibit tyrosinase to treat hyperpigmentation.

The binding mechanism of the KMO 
against tyrosinase enzymes can be predicted 
by utilizing molecular docking approach. 
Molecular docking is a computational method 
that aims to predict the favoured orientation of 
a ligand to its target protein and calculates the 
binding affinity, binding mode as well as binding 
residues of a protein-ligand complex. In other 
words, molecular docking was performed in 
this study to understand the interaction between 
KMO (ligand) and tyrosinase (protein). This 
method can be used to provide helpful data for 
proposing effective tyrosinase inhibitors.

The major concern for the development 
of cosmeceutical products to treat 
hyperpigmentation disease is the effectiveness 
of the delivery system to deliver the active 
ingredients to its targeted site. Nanotechnology-
based innovations, such as nanoemulsions, 
nano-capsules, nano-pigments and liposomes, 
are widely used in various types of cosmetic 
products (Lohani et al., 2014). Emulsions are 
made up of two immiscible fluids, where one 
fluid is dispersed into another fluid with the 
presence of a surfactant to lower the surface 
tension between these two fluids. Meanwhile, 
nanoemulsions are defined as emulsion systems 
having particle sizes ranging from 20 - 500 nm 
(Pey et al., 2006; Solè et al., 2006). Due to their 
very fine particle size, nanoemulsions possess 
excellent stability against sedimentation and 
can deliver active ingredients efficiently, as it 
has a larger surface area for rapid penetrations 
and enhances penetration through the rough skin 
(Tadros et al., 2004). Nanoemulsions are not only 
being used in cosmeceuticals, but its spherical 
shape and group of dispersed droplets are also 
being used in foods, chemical and pesticide 
industries (Sharma et al., 2010; McClements, 
2011; Abdellatif & Abou-Taleb, 2015). To date, 
nanoemulsions have been a popular delivery 
system for the development of cosmeceuticals 
products to treat hyperpigmentation (Al-Edresi 
& Baie, 2009; Jacobus Berlitz et al., 2019; 
Tofani et al., 2016).

This study aims to predict the binding 
mechanism of the KMO against human 
(PDB ID: 5M8M) and mushroom (2Y9W) 
tyrosinase enzymes. Following the verification 
of the binding mechanism of KMO against 
tyrosinase enzymes, the KMO was then loaded 
into a nanoemulsion system. The preliminary 
optimization by utilizing response surface 
methodology (RSM) was performed to 
determine the optimum processing parameters 
in the production of KMO nanoemulsion with 
the desirable particle size and physicochemical 
properties. 

Materials and Methods
Materials 
KMO was synthesized according to the method 
used by Jumbri et al. (2015). Tween 80 was 
purchased from Merck Chemicals (Darmstadt, 
Germany). Castor oil and xanthan gum (from 
Xanthomonas campestris) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). South 
African lemon essential oil was purchased 
from Wellness Original Ingredient (Puchong, 
Malaysia). Phenonip was purchased from 
Bramble Berry (WA, USA). Deionized water 
was purified using a Milli-Q water system (EMD 
Millipore, Billerica, MA, USA). Chemicals used 
were all analytical, food or cosmetic grade.

Molecular Docking
The molecular docking was conducted to 
predict the binding structures of human 
(PDB ID: 5M8M) and mushroom (PDB ID: 
2Y9W) tyrosinase with KMO and KA. Prior 
to molecular docking, the validation study 
was done using co-crystallised KA (retrieved 
from 5M8M complex) to validate the docking 
parameters. For ligand comparison analysis, the 
structure of KMO (PubChem CID: 100926368) 
from PubChem was also docked with 5M8M 
protein.

Preparation of Protein
The crystal structure of tyrosinase proteins 
(PDB ID: 5M8M and 2Y9W) were obtained 
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from Protein Data Bank (http://www.rcsb.
org). The human tyrosinase (PDB ID: 5M8M) 
contains three zinc (II) ions in the active site 
instead of copper (II) ions as found in common 
tyrosinase, which explains why this enzyme 
did not exhibit tyrosinase redox activity (Lai 
et al., 2017). Human tyrosinase contains 
four conserved regions; an N-terminal signal 
peptide, an intramelanosomal domain, a single 
transmembrane alpha helix, and a small, 
flexible C-terminal cytoplasmic domain (Lai 
et al., 2017). The tyrosinase derived from 
mushroom Agaricus bisporus (PDB ID: 2Y9W) 
is commonly found as a H2L2 tetramer. The H 
subunit contains two copper atoms coordinated 
by six histidine (His85, His61, His94, His259, 
His263 and His296) residues, and the L subunit 
consist of a lectin-like fold (Ismaya et al., 2011). 
The water molecules and all ligands (KA) were 
discarded, and co-crystallised ligands, including 
water molecules and holmium ions, were 
removed from the target enzyme, except copper 
(II) and zinc (II) ions. Autodock Tools (ADT) 
does not provide any charges for metal ions. 
Thus, the manual addition of charges was done 
in the PDBQT file using a text editor (Forli et 
al., 2016). Finally, polar hydrogens were added 
to the protein using AutoDockTools 4.2 (The 
Scripps Research Institute, La Jolla, CA, USA) 
(Sanner, 1999).

Preparation of Ligand
The two-dimensional (2D) structure of KMO 
was obtained from http://pubchem.ncbi.nlm.
nih.gov/ (PubChem ID: 100926368) in SDF 
format and converted into PDB structure using 
Discovery Studio Visualizer 19.1 (Dassault 
Systems Biovia, San Diego, CA, USA). 
The three-dimensional (3D) structure of co-
crystallised KA compound was extracted from 
5M8M also using Discovery Studio Visualizer 
19.1.

Docking Procedure
To investigate the binding interactions of KA 
and KMO to tyrosinase enzymes, AutoDock 
Vina 1.1.2 (The Scripps Research Institute, La 

Jolla, CA, USA) (Trott & Olson, 2009) software 
package was utilized. All water molecules, 
nonpolar hydrogen atoms and ligands were 
removed before re-docking, only leaving behind 
the Chain A of TYRP1. The grid box was set 
to 112 Å x 126 Å x 126 Å with a center grid 
of -35.634, 8.151 and -23.501 in X, Y and Z 
dimensions to cover all amino acid residues 
of Chain A. The grid and docking parameter 
files were prepared using AutoDockTools 4.2 
(The Scripps Research Institute, La Jolla, CA, 
USA) (Sanner, 1999). The docked pose and 
crystallised structure of KA were superimposed 
and its root mean square deviation (RMSD) 
was calculated using AutoDockTools 4.2 (The 
Scripps Research Institute, La Jolla, CA, USA) 
(Sanner, 1999). The interacting amino acid 
residues were visualized using Discovery Studio 
Visualizer 19.1 (Dassault Systems Biovia, San 
Diego, CA, USA).

After validation of the docking protocol, the 
3D structure of co-crystallised KA and KMO 
were docked into the tyrosinase enzymes. All 
parameters in the control docking were applied 
to dock the co-crystallised KA and KMO against 
tyrosinase enzymes. The protein was kept rigid 
while the ligand was kept flexible during the 
docking process (Damayanti et al., 2014). The 
binding affinity of the resulting docking pose 
was then determined using AutoDock Vina 1.1.2 
(Trott & Olson, 2009). The interaction energy 
between the ligand and the receptor was then 
calculated and expressed as affinity (kcal/mol). 
The best-docked poses from the docking results 
were analyzed using AutoDockTools 4.2 (The 
Scripps Research Institute, La Jolla, CA, USA) 
(Sanner, 1999) and Discovery Studio Visualizer 
19.1 (Dassault Systems Biovia, San Diego, 
CA, USA). The identification of the active site 
was analyzed from the literature using CASTp 
(Dundas et al., 2006) tools.

Preparation of KMO Nanoemulsion
For the preparation of KMO nanoemulsion, 
two phases of developing nanoemulsions were 
prepared; oil phase and aqueous phase. The oil 
phase was obtained by blending 10% w/w of 
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KMO and 2.7% w/w of castor oil, while for the 
aqueous phase, 4% w/w of tween 80 and 1.5% 
w/w of xanthan gum was added to 80.8% w/w 
of deionized water. Each phase was heated 
separately up to 30°C while being stirred using 
a magnetic stirrer to ensure the formation of a 
homogenous solution before sonicated using 
an ultrasonic bath sonicator (Power Sonic 405, 
Hwashin Technology Co., Seoul, Korea). The 
oil phase was gradually added dropwise into the 
aqueous phase while being homogenized using 
a high shear homogenizer (T25 digital; IKA-
Werk, GmbH & Co. KG, Staufen im Breisgau, 
Germany) at 6000 rpm. Finally, the mixture 
was further homogenized using an overhead 
stirrer (RW20 digital; IKA-Werk) for 3 h while 
adding 0.3% w/w of lemon oil and 0.7% w/w 
of phenonip. The lemon oil was used to give 
a pleasant fragrance in the nanoemulsion. 
Furthermore, lemon oil was found to be able 
to ease stress and elevate mood (Fukumoto et 
al., 2008). Meanwhile, phenonip was used as a 
preservative, to protect the nanoemulsion from 
microbial insults which may occur from raw 
materials, manufacturing and consumer use 
(Nostro et al., 2004).

Experimental Design
A three-factors-five-level central composite 
design (CCD) was employed in the preliminary 
determination of the optimum processing 
conditions, which include time of high shear (A), 
speed of low shear (B), and sonication time (C) 
towards the particle size of the nanoemulsion as 
its response. The speed of high shear and time 
of low shear were kept constant at 6000 rpm 
and 3 hours, respectively. A summary of the 

independent variables and their coded levels are 
tabulated in Table 1.

The design matrix was developed using 
Design-Expert® software (version 7.1.5; Stat 
Ease Inc., Minneopolis, MN, USA). A total of 
20 runs was developed, and the results were 
statistically evaluated. Three independent 
variables were run at five levels for each of 
the individual variables. Therefore, this design 
involves eight factorial points, six axial points, 
and six replicates of the center points. The effects 
of each variable and the interactions between 
variables on the outcomes can be studied 
independently using CCD (Tan et al., 2016). 
The experiments were conducted at random to 
minimize the influence of the extraneous factor.

Statistical Analysis
Upon the completion of all runs, the analysis 
of variance (ANOVA) and coefficient of 
determination (R2) was determined to study the 
significant differences among the independent 
variables in terms of a lack-of-fit test. The 
significance of the equation parameters for each 
response can be achieved with a probability 
value (p-value) less than 0.05 (p < 0.05). In 
this study, the optimum levels of the processing 
conditions (the time of high shear, the speed 
of low shear, and the sonication time) were 
determined to produce a nanoemulsion with 
desirable responses.

Verification of Model
The verification of the final model was carried 
out in terms of a validation set to study the 
adequacy of the predicted response value. 
Random formulations with different conditions 
were considered to validate the model. The 

Table 1: Summary of independent variables and their coded levels

Independent 
Variables

Unit Coded Level
-2 -1 0 +1 +2

A min 5.00 8.04 12.50 16.96 20.00
B rpm 4500.00 4905.40 5500.00 6094.60 6500.00
C min 200.00 220.27 250.00 279.73 300.00

A = time of high shear; B = speed of low shear; C = sonication time
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actual and predicted response values were 
used to calculate the percentage of residual 
standard error (Equation 1). The final optimum 
conditions suggested were also used to confirm 
the predicted optimum values of the model.

Residual standard error (RSE) 

=    (1)

Physicochemical Characterization of KMO 
Nanoemulsion
Particle Size, Zeta Potential and Polydispersity 
Index (PDI) Determination
The particle size, zeta potential and polydispersity 
index (PDI) of the nanoemulsion system were 
measured using dynamic light scattering, which 
scattered at an angle of 173° and a temperature 
of 25°C. This process was carried out using a 
particle size analyzer (Zetasizer Nano ZS90; 
Malvern Instruments, Malvern, UK). The 
measurement of particle size was done a day 
after the formulations were made to ensure 
that the system has achieved equilibrium (Baş 
& Boyacı, 2007). Deionized water was used to 
reduce the concentration of samples in order to 
avoid multiple scattering effects, before being 
filled into a folded capillary cell (DTS1070; 
Malvern Instruments). The count rate was 
maintained between 100 and 300 kcps. The 
measurement was repeated at least three times 
and the value was reported as mean value.

pH Measurement
The pH of the KMO nanoemulsion was 
determined using a Delta 320 pH meter (Mettler 
Toledo, Columbus, OH, USA). An electrode 
with a glass membrane that is sensitive to 
hydrogen ions was used to measure the pH 
value. Prior to taking measurements, the pH 
meter was calibrated with three standard buffer 
solutions (pH 4.00, 7.00 and 10.00). The pH 
value was determined by the direct insertion of 
the electrode into the sample. pH measurement 
is crucial to ensure that the KMO nanoemulsion 
is compatible with human skin.

Conductivity Measurement
Conductivity refers to the measurement of the 
free amount of water and ions. Conductivity 
measurements can be used to determine whether 
the KMO nanoemulsion formed is oil-in-water 
(O/W) or water-in-oil (W/O) nanoemulsion. The 
conductivity of the nanoemulsion containing 
KMO was determined using a conductometer 
(Mettler Toledo). The electrode was inserted 
directly into the sample before the conductivity 
value was measured.

Stability Study
The stability of nanoemulsion is defined by 
the capability of the formulation (in a specific 
system) to maintain its physical appearance, 
without any phase separation or physical 
changes over a specific time of storage and 
during use. The KMO nanoemulsion was 
subjected to two stability studies; stability under 
a centrifugation test and storage stability at 
different temperatures (4°C, 25°C and 45°C) for 
90 days. The stability of the KMO nanoemulsion 
was determined through the visible appearance 
of creaming or phase separation.

To test its stability under a centrifugation test, 
the KMO nanoemulsion was kept in a centrifuge 
tube and was subjected to centrifugation force 
(EBA 200; Hettich Zentrifugen, Tuttlingen, 
Germany) at 4000 rpm for 15 minutes. The 
KMO nanoemulsion was then observed for any 
phase separation or physical change.

To determine its storage stability at different 
temperatures, the KMO nanoemulsion was 
observed in terms of its physical appearance on 
days 1, 30, 60 and 90 of storage time.

Results and Discussion
Molecular Docking
The molecular docking simulation was 
conducted to clarify the molecular mechanism 
of KMO against human (PDB ID: 5M8M) 
and mushroom (PDB ID: 2Y9W) tyrosinase 
enzymes by utilizing AutoDock Vina 1.1.2 (Trott 
& Olson, 2009) software. To assess the accuracy 
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of the computational docking protocol, control 
docking was performed by re-docking of co-
crystallised KA against human tyrosinase (PDB 
ID: 5M8M) (Ibrahim et al., 2016). Then, its root 
mean square deviation (RMSD) relative to its 
crystallographic orientation was measured. The 
RMSD value of 2.0 Å or less was considered an 
acceptable pose which indicates the success of 
docking (Makeneni et al., 2018). The docking 
conformation of KA with the lowest binding 
affinity was compared with the crystal structure 
of KA based on its RMSD value, which was 
2.074 Å. This value is acceptable as it only 
exceeded the threshold limit by 0.74 Å.

After the docking protocol has been 
validated, the 3D structure of KMO was docked 
into tyrosinase enzymes. Table 2 shows the 
binding affinities of the docked position and 
the favorable interactions with the key amino 
acid residues of co-crystallised KA (PDB ID: 
5M8M) and KMO (PubChem CID: 100926368) 

ligand compounds with tyrosinase (PDB ID: 
5M8M and 2Y9W) enzymes. The ligand 
binding affinity is defined by the binding energy 
of ligand to the receptor which is influenced by 
non-covalent intermolecular interaction such as 
hydrogen bonding, hydrophobic, electrostatic 
interactions and van der Waals forces between 
the two molecules (Faujan et al., 2019). 

In this study, the results demonstrate some 
variation of affinity value, where the values 
obtained ranged from -5.6 to -4.0 kcal/mol, as 
shown in Table 2. The strongest binding affinity 
value was found to be for KA-5M8M complex 
(-5.6 kcal/mol), followed by the KMO-2Y9W, 
KA-2Y9W, and KMO-5M8M complexes. The 
best docking pose was also identified to reveal 
the most interacting residues in the active sites 
of human (PDB ID: 5M8M) and mushroom 
(PDB ID: 2Y9W) tyrosinase. The interactions 
between co-crystallised KA and KMO against 
both tyrosinase enzymes are shown in Figure 1.

Table 2: Binding affinity and amino acid interactions of co-crystallized KA and KMO against tyrosinase 
enzymes

Ligand Tyrosinase Affinity 
(kcal/mol)

Binding Interaction Amino Acid Residue

KA 5M8M -5.6 H-bond Ser394
Van der Waal His192, His215, His224, His 377, 

Asn378, Leu382, Gly388, Gly389, 
Gln390, Thr391, Phe400

Pi-interactions His381 (π-π stacked)
2Y9W -4.5 H-bond Ser2, Glu67, Gln74

Van der Waal Asp3, Lys4, Lys70, Gln72, Pro73
Pi-interactions Lys5 (π-cation)

KMO 5M8M -4.0 H-bond Ser183, Asn186
Van der Waal Lys152, Arg153, Thr155, Glu180, 

Asn181, Ile182, Ser305
Pi-interactions -

2Y9W -5.1 H-bond Asn174, Lys180
Van der Waal Gln41, Gln44, Lys158, Ile170, 

Glu171, Val172, Glu173, Pro175, 
Leu177, His178, Tyr179

Pi-interactions Lys180 (π-alkyl)
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As shown in Figure 1(a) and Figure 1(b), 
the co-crystallised KA binds differently in 
both tyrosinase enzymes, where two hydrogen 
bonds formed against 5M8M, along with four 
hydrogen bonds against 2Y9W receptors. In 
the crystal structure of the 5M8M docked 
complex, co-crystallised KA makes hydrogen 
bonds with Ser394 between the oxygen atom 
of the hydroxyl and oxo groups at distance 
1.937 Å and 2.615 Å, respectively. The specific 
hydrogen bonding interaction was found 
in the docked conformation of mushroom 
tyrosinase (PDB ID: 2Y9W); one hydrogen 
bond between ring oxygen atom with Gln74 
(2.476 Å), two hydrogen bonds exist between 
the hydroxymethyl group of co-crystallised KA 

with Gln74 (2.187 Å) and Glu67 (2.775 Å), and 
a hydrogen bond between hydroxyl group with 
Ser2 (2.829 Å). 

The most van der Waals interaction of 
co-crystallised KA was found in the 5M8M 
docked complex, followed by 2Y9W docked 
complexes. The co-crystallised KA interacted 
with His192, His215, His224, His377, Asn378, 
Leu382, Gly388, Gly389, Gln390, Thr391 and 
Phe400 residues through the van der Waals 
interactions. As shown in Figure 1, the co-
crystallised KA interacted via π-π stacked with 
His381 in 5M8M docked complex. The docked 
conformation revealed that co-crystallised KA 
was able to interact with zinc ions by His215 and 
His192 in the 5M8M docked complex. The co-

Figure 1: The interactions between co-crystallised KA with (a) 5M8M and (b) 2Y9W tyrosinase, and KMO 
with (c) 5M8M and (d) 2Y9W tyrosinase
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crystalized KA does not interact with histidine 
in the 2Y9W docked complex. However, van 
der Waals interactions with Asp3, Lys4, Lys70, 
Gln72 and Pro73 as well as π-cation with Lys5 
were detected in the 2Y9W docked complex.

As for KMO, two hydrogen bonds were 
formed against 5M8M tyrosinase between the 
oxo group with Ser183 (2.429 Å) and Asn186 
(2.303 Å), respectively, as shown in Figure 
1(c). The specific hydrogen bonding interaction 
between oxo groups was also found in 2Y9W 
receptors with Thr306 and Lys180 residues at 
distances 2.795 Å and 2.234 Å, respectively 
[Figure 1(d)]. Additionally,  hydrogen bonding 
interactions exist between the hydrogen atom 
of the hydroxymethyl group of KMO with 
Glu307, Met238 and Asn174 in the 2Y9W 
receptors.  In the case of the KMO compound, 
the molecule does not make any interactions 
with the hydroxyl group and the oxygen atom 
of the hydroxymethyl group. Interestingly, the 
KMO molecule forms more hydrogen bonding 
interactions against 2Y9W compared with KA.  

In Figure 1(c), van der Waals interactions 
between KMO and Lys152, Arg153, Thr155, 
Glu180, Asn181, Ile182 and Ser305 were 
observed in the 5M8M docked complex. In 
2Y9W docked complex [Figure 1(d)], KMO 
shows the most favorable van der Waals 
interactions as compared with co-crystallised 
KA, where the KMO interacted with Gln41, 
Gln44, Lys158, Ile170, Glu171, Val172, 
Glu173, Pro175, Leu177, His178 and Tyr179. 
The KMO also interacted with Lys180 via 
π-alkyl interaction.

Fitting the Model
The mean particle size of the KMO nanoemulsion 
obtained experimentally, according to CCD is 
tabulated in Table 3.

Table 3 shows that the minimum particle size 
obtained experimentally was 184.60 nm (run no. 
5). Some of the actual particle size values were 
in good agreement with the predicted values, and 
others have largely deviated from the predicted 
values. The final equation to predict the particle 

size in terms of coded factors for the second-
order polynomial is shown in Equation 2: Y = 
302.24 + 95.69A + 8.12B - 94.18C - 2.69AB 
+ 20.46AC - 13.03BC + 34.11A2 + 115.71B2 + 
50.50C2 (2)
where A, B, and C represent the values of the 
time of high shear, the speed of low shear, and 
the sonication time, respectively. Figure 2 shows 
the scatter plot of predicted particle size versus 
actual particle size values from CCD.

The predicted particle size values derived 
from the model versus the actual particle size 
values obtained from the experimental data 
show that the model was successful in capturing 
the correlation between all the independent 
variables, with R2 = 0.8762 (Figure 2). This 
model shows an acceptable correlation between 
the experimental and predicted values. This 
is because few points are far away from the 
diagonal line.

ANOVA results for the effects of all 
independent variables were implemented 
using Design-Expert® software (version 
7.1.5) to investigate the suitability and also 
the significance of the final model, and it is 
presented in Table 4.

The p-value determines the significance of 
the model generated. The model was deemed 
insignificant if the p-value is greater than 
0.1000, meanwhile, if the p-value is less than 
0.0500, the model was deemed to be significant 
(Mohd et al., 2020). The final model was found 
to be significant with a small p-value (0.0017), a 
large F-value (7.87), and the lack of fit was not 
significant in the terms of the response (particle 
size). The p-value of the time of high shear (A) 
and the sonication time (C) were 0.0015 and 
0.0017, respectively, indicating that both terms 
were significant. The terms (B2 and C2) and were 
also significant. Meanwhile, the speed of low 
shear (B) has no significant effect, with a p-value 
of 0.7209. This finding in the preliminary study 
can be used to further optimize the processing 
parameters in the production of the KMO 
nanoemulsion. 
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Table 3: Actual and predicted values of the particle size of the KMO nanoemulsion

Standard 
Order

Run 
Order

Independent Variables Particle Size (nm)
Time of High 
Shear (min)

Speed of Low 
Shear (rpm)

Sonication 
Time (min)

Actual Predicted

1 10 10.07 180.40 8.04 469.60 497.66
2 9 24.93 180.40 8.04 628.05 653.51
3 7 10.07 269.60 8.04 511.10 545.35
4 11 24.93 269.60 8.04 727.70 690.43
5 2 10.07 180.40 16.96 264.90 294.44
6 20 24.93 180.40 16.96 574.10 532.12
7 14 10.07 269.60 16.96 269.20 290.01
8 8 24.93 269.60 16.96 552.70 516.92
9 1 5.00 225.00 12.50 308.50 237.79
10 17 30.00 225.00 12.50 478.00 559.64
11 6 17.50 150.00 12.50 611.90 615.86
12 18 17.50 300.00 12.50 636.20 643.17
13 13 17.50 225.00 5.00 605.10 603.46
14 4 17.50 225.00 20.00 274.10 286.67
15 16 17.50 225.00 12.50 186.60 302.24
16 5 17.50 225.00 12.50 184.60 302.24
17 19 17.50 225.00 12.50 378.80 302.24
18 12 17.50 225.00 12.50 356.70 302.24
19 3 17.50 225.00 12.50 305.10 302.24
20 15 17.50 225.00 12.50 403.50 302.24

Figure 2: Scatter plot of predicted particle size versus actual particle size values from Central Composite 
Design (CCD)
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The adequacy and validity of the 
mathematical equations were evaluated by the 
regression coefficient, R2 results for the final 
reduced model, and are presented in Table 5. 
It was found that the predicted R2 (0.5885) was 
in reasonable agreement with the adjusted R2 

(0.7649), with the differences in both values 
being less than 0.2. If the difference between 
adjusted R2 and predicted R2 is more than 0.2, 
there might be a problem with either the data or 
the model. In addition, the adequate precision 
values were greater than four, and all these 
statistical parameters show the reliability of the 
models (Mousazadeh et al., 2014; Tan et al., 
2016).

Response Surface Analysis
As nanoemulsion has a good spreadability and 
can effectively deliver the active ingredients 

into the skin, it is preferable to be used for 
cosmeceuticals properties (Rocha-Filho et al., 
2017). Nanoemulsion enables more active 
ingredients to make contact with the skin via 
surface-to-surface interaction between the 
emulsion and the skin, as it creates a large surface-
to-volume ratio of particles. Therefore, the 
minimum particle size is the main consideration 
in this design. Three-dimensional (3D) response 
surface is the graphical representation of the 
regression function. It was plotted to show 
how independent variables affect the response 
variables. They were presented in Figure 3 for 
the independent variables (time of high shear, 
speed of low shear and sonication time) by 
keeping a variable constant, which indicated 
the changes in particle size under two different 
conditions.

Table 4: ANOVA results for the effect of all independent variables

Source Sum of Squares df Mean Square F-value p-value Significant
Model 4.723 x 105 9 52477.79 7.87 0.0017 significant

A 1.25 x 105 1 1.25 x 105 18.75 0.0015
B 900.84 1 900.84 0.14 0.7209
C 1.211 x 105 1 1.211 x 105 18.16 0.0017

AB 58.05 1 58.05 8.703 x 10-3 0.9275
AC 3347.67 1 3347.67 0.50 0.4949
BC 1358.51 1 1358.51 0.20 0.6614
A2 16767.33 1 16767.33 2.51 0.1439
B2 1.93 x 105 1 1.93 x 105 28.93 0.0003
C2 36748.19 1 36748.19 5.51 0.0408

Residual 66704.83 10 66704.83
Lack of Fit 20404.54 5 4080.91 0.44 0.8053 not significant
Pure Error 46300.29 5 9260.06

Corrected Total 5.93 x 105 19

A = time of high shear; B = speed of low shear; C = sonication time

Table 5: Regression coefficient, R2 results for the final reduced model

SD 81.67 R2 0.8762
Mean 439.02 Adjusted R2 0.7649
CV% 18.60 Predicted R2 0.5885

PRESS 2.218E+005 Adequate Precision 7.838
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Figure 3 shows that a longer time of high 
shear (A) will increase the particle size of the 
nanoemulsion. In high shear homogenization, 
the sample was forced to go through the small 
orifice surrounding the probe which causes the 
particles to break into smaller particles. With 
the help of a rotating impeller in the probe, 

high shear homogenization doubles up the 
process of converting the particle to a smaller 
size. However, in this study, a longer time of 
high shear results in increasing the particle size, 
which might be attributable to the fact that this 
condition promoted a higher rate of collision 
between the particles (Roselan et al., 2020). This 

Figure 3: Response surface showing the effect of (a) time of high shear and speed of low shear; (b) time of 
high shear and sonication time; (c) speed of low shear and sonication time
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will promote the aggregation of small particles 
into larger particles, as reported by Einhorn 
et al. (2002) and Rebolleda et al. (2015), who 
observed that high shear gave the smallest 
particles, but exhibited rapid destabilization 
after a few hours. Bernardi et al. (2011) also 
stated that nanoemulsion prepared using a high-
energy emulsification technique was less stable 
with respect to the particle size.

On the other hand, the smallest particle 
size was produced at a moderate speed of low 
shear (B). The low shear homogenization is a 
spontaneous method using an overhead stirrer. 
This low-energy emulsification technique is said 
to be more energy efficient which involves only 
a simple stirring process (Solans & Solé, 2012). 
The particles are subjected to no force, which 
will significantly break them down. However, 
this technique helps to homogenize and increase 
the spreadability of the nanoemulsion. A 
study  by Baudonnet et al. (2004) discovered 
that increasing  stirring speed decreases the 
particle size. As shown in Table 4, the p-value 
of the speed of low shear is 0.7209, making it 
insignificant in the determination of the particle 
size in this model. Thus, this trend might not be 
significant too, and modifications in the range of 
this parameter need to be done in further studies 
to give a better insight into the effect of this 
parameter.

As the sonication time (C) increases, the 
particle size significantly decreases. During 
sonication, the sonic waves produced by the 
instrument break the particles into smaller 
pieces. Therefore, longer sonication time can 
produce a smaller particle size in the production 
of the nanoemulsion. This was supported 

by Solans et al. (2005) who claimed that 
sonication was efficient in reducing particle 
size. Meanwhile, an experiment by Delmas et 
al. (2011) revealed that the mean diameter of 
the particle decreases exponentially when the 
sonication time increases.

Verification of Model
The verification of the final model was done to 
examine the adequacy of the predicted response 
values in the validation set. Three randomized 
formulations were obtained by point prediction 
using Design-Expert® software (version 7.1.5) 
to test for the sufficiency of the final model 
obtained. The values of the independent 
variables in the validation set were not found 
among 20 main runs, but were found in the 
defined range. The actual and predicted particle 
size of the validation set were tabulated in Table 
6. The residual standard error (RSE) value was 
calculated to observe any significant difference 
between the actual and predicted particle size. 
The RSE values of less than 2% confirmed the 
adequacy of the model (Wahgiman et al., 2019), 
and the actual values were found to be quite 
close to the predicted values, which indicated 
excellent fitness of the model generated.

Optimization of the Independent Variables
Using the desirability function method in 
the Design-Expert® software, numerical 
optimization was carried out. The optimized 
formulation was developed based on the value 
of all independent variables in the range, 
resulting in the minimum particle size of the 
nanoemulsion, as shown in Table 7.

Table 6: Validation set for the verification of the final model obtained

Independent Variable Particle Size (nm) RSE (%)
A (min) B (rpm) C (min) Actual Predicted

11.00 218.00 16.00 219.70 214.11 0.026
10.00 215.00 18.00 232.96 218.41 0.067
12.00 220.00 17.00 216.41 213.31 0.015

A = time of high shear; B = speed of low shear; C = sonication time
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Based on the CCD-RSM, an optimized 
formulation with 11.16 min (time of high shear), 
218.32 rpm (speed of low shear), and 16.75 min 
(sonication time) was suggested, which would 
produce a particle size of 220.410 nm. Table 
8 shows the response values of the optimized 
KMO nanoemulsion.

Physicochemical Characterization of KMO 
Nanoemulsion
Mean Particle Size, Zeta Potential and 
Polydispersity Index (PDI) Analysis
The mean particle size, zeta potential and 
polydispersity index (PDI) of the optimized 
nanoemulsion containing KMO were found to 
be 220.41 nm, −45.4 mV and 0.294, respectively. 
For cosmeceutical purposes, the nanoemulsion 
with a particle size ranging between 100 to 200 
nm was more favorable (Ngan et al., 2014). 
In this study, the particle size of the KMO 
nanoemulsion obtained was more than 200 nm, 
thus further studies on the optimization of the 
response need to be done to obtain the desire 
particle size of the nanoemulsion. 

The zeta potential measures the 
electrokinetic potential of a particle and was used 
to determine the stability of the nanoemulsion. 
A nanoemulsion with zeta potential values 
higher than +30 mV and lower than −30 mV 

was said to be stable (Ribeiro et al., 2015). 
Since the measured zeta potential of the KMO 
nanoemulsion was -45.4 mV, the nanoemulsion 
was found to be stable.

PDI value was used to analyze the 
uniformity of the particles in a system. The 
PDI value, which was near to zero, indicates 
a monodispersed system; meanwhile, a PDI 
value near to one indicates a polydispersed 
system (wide range of particle sizes) (Tang et 
al., 2012). Pongsumpun et al. (2020) stated 
that a nanoemulsion system is considered 
monodispersed (narrow size distribution) if the 
PDI value is less than 0.3. The optimized KMO 
nanoemulsion was found to be monodispersed, 
with the PDI value of 0.294.

pH and Conductivity Analysis
The pH of the optimized nanoemulsion 
containing KMO was 4.76. For topical 
applications, a pH in the range of 4.0 to 7.0 is 
preferable, as the pH of the human skin is around 
5.5 (Martínez-Pla et al., 2004; Abd Gani et al., 
2011). Thus, the pH of the KMO nanoemulsion 
was found to be in a suitable range for topical 
applications. 

Conductivity refers to the measurement 
of the free amount of water and ions, as it 
will respond to all ions present in the solution. 

Table 7: Constraints of numerical optimization

Constraints Goal Lower Limit Upper limit
Time of high shear 

(A)
In range 10.07 24.93

Speed of low shear 
(B)

In range 180.40 269.60

Sonication time (C) In range 8.04 16.96
Particle size (nm) Minimize 184.60 727.70

Table 8: Optimum formulation of KMO nanoemulsion

Independent Variable Particle Size (nm) Desirability
A (min) B (rpm) C (min) Actual Predicted

11.16 218.32 16.75 220.41 212.54 1.00

A = time of high shear; B = speed of low shear; C = sonication time
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This parameter helps to identify the type of 
nanoemulsion produced. The high conductivity 
value of KMO nanoemulsion, which was 
1405 µS/cm, demonstrated that the aqueous 
phase was a continuous phase, indicating that 
the nanoemulsion formed was oil-in-water 
nanoemulsion (O/W) (Jiang et al., 2013). In the 
cosmetics industry, the O/W formulation is more 
favorable as it is less greasy after application.

Stability Study
Stability is one of the important parameters for 
nanoemulsion. A nanoemulsion should remain 
physically stable throughout its shelf life with 
no or minimal changes in the particle size. The 
creaming or sedimentation (phase separation) 
rate of the optimized nanoemulsion (in terms of 
shelf life) can be determined by a centrifugation 
test, as the centrifugation force is equivalent 
to the gravitational force (Mat Hadzir et al., 
2013). The KMO nanoemulsion showed no 
physical changes or phase separation after being 
subjected to a 4000 rpm centrifugation force for 
15 minutes.

A storage stability study was carried out 
by stored KMO nanoemulsion at three different 
temperatures (4, 25 and 45°C) for 90 days. Table 
9 showed that the KMO nanoemulsion remained 
a homogenous mixture and no physical or 
phase changes after 90 days under all storage 
temperatures. Thus, the KMO nanoemulsion 
formed in this preliminary study was considered 
as stable within three months. 

Conclusion
The molecular docking study revealed some 
variation of affinity value (-5.6 to -4.0 kcal/

mol), which can be considered as potent anti-
tyrosinase activity against tyrosinase enzymes. 
In the present study, we demonstrated the 
possible interactions between co-crystallised 
KA (from 5M8M) and KMO through hydrogen 
bonding, van der Waals, π-π stacked, π-alkyl, 
π-sigma as well as amide-π stacked interactions 
with several amino acid residues at the active 
site. Furthermore, this research indicates that 
the preliminary optimization of the processing 
parameters for the production of KMO 
nanoemulsion using CCD-RSM is an excellent 
approach in investigating the effects of time of 
high shear, speed of low shear, and sonication 
time towards the particle size as its response. 
Analysis of variance (ANOVA) demonstrated 
the fitness of model with F-value (7.87), 
p-value (0.0017) with non-significant lack-
of-fit with a high coefficient of determination 
R2=0.8762. The model was further verified 
with some random formulations with different 
conditions. The optimized conditions for the 
formulation of KMO nanoemulsion were 11.16 
min (time of high shear), 218.32 rpm (speed 
of low shear), and 16.75 min (sonication time) 
that resulted in 220.41 nm of particle size. The 
physicochemical characterization showed that 
the KMO nanoemulsion produced was in nano-
sized range, but it needs to be further optimized 
so that it will be suitable for cosmeceuticals use, 
with a zeta potential of -45.4 mV and PDI of 
0.294, indicating nanoemulsion produced was 
stable and monodisperse. The pH of optimized 
nanoemulsion was 4.76, which makes it 
compatible with skin pH (4.0-7.0) and its 
conductivity was high (1405 µS/cm), indicating 
that the optimized nanoemulsion produced 
was oil-in-water nanoemulsion. The optimized 
nanoemulsion containing KMO remained stable 

Table 9: Physical stability of KMO nanoemulsion under different storage temperature and centrifugation test

Storage Temperature (°C) Storage Stability (days) Centrifugation
1 30 60 90

4 / / / / /
25 / / / /
45 / / / /

/ = stable or no physical changes
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(no phase separation was observed) under 
centrifugation test and accelerated stability 
during storage at 4°C, 25°C and 45°C within 
90 days. The data from the molecular docking 
can be used to provide additional information on 
the capability of KMO as a tyrosinase inhibitor, 
meanwhile the preliminary optimization of the 
KMO nanoemulsion provides informative data 
that can be used to further optimize the KMO 
nanoemulsion with desirable criteria for the 
cosmeceuticals field.
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