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Moringa seed oil has antioxidant and anti-inflammatory activities, but 
these activities have yet to produce an optimal outcome due to the moringa 
seed oil’s low skin penetration ability, leading to the need for moringa seed 
oil formulation into nanoemulsion preparations. This study aimed to develop 
a moringa seed oil nanoemulsion using PEG-40 hydrogenated castor oil as a 
surfactant and glycerin as a cosurfactant. Studies of pseudo-ternary phase 
diagrams show that the surfactant-cosurfactant (S-mix) ratio of 1:1 is the 
most optimal, resulting in the broadest area of nanoemulsions. In this study, 
six formulas of moringa seed oil nanoemulsion were developed with 5–7% 
oil concentrations. Characterization showed that the sizes of the 
nanoemulsion globules ranged from 22.33 to 40.02 nm, with a polydispersity 
index (PDI) ≤ 0.2, indicating a uniform particle distribution. The zeta 
potential values ranged from -13.73 to -22.57 mV, indicating moderate 
stability. The moringa seed oil nanoemulsion formulas maintained stable pH 
(6.7–7.3) during storage and thermal stability tests, suitable for topical 
applications. The high percent transmittance (≥94%) confirmed 
transparency, while the antioxidant activity was significantly increased 
compared to pure oils. The study results show that the nanoemulsion formula 
with the composition of moringa seed oil, S-mix, and water in the ratio of 
5:55:40 with an S-mix ratio of 1:1 was the most physically and chemically 
stable and was high in bioactivity potential. This research encourages the use 
of nanoemulsion technology to improve the effectiveness of natural active 
ingredients in topical formulations. 
Keywords: Antioxidants, topical formulations, characteristics, stability 
 

 
INTRODUCTION 

Moringa (Moringa oleifera) seed oil is widely 
known for its various pharmacological benefits 
(Shahbaz et al., 2024). Moringa seed oil (MSO) 
primarily contains essential fatty acids, especially 
oleic acid, with a content of 73.36% (Gharsallah et 
al., 2021). Oleic acid has activities as a moisturizer 
(Alander, 2012) and anti-inflammatory (Santa-
María et al., 2023; Santamarina et al., 2021). In 
addition, in moringa oil, there are sterols, especially 
beta-sitosterol, which also have activities as an 
anti-inflammatory and antioxidant (Zhang et al., 
2023).   Other   contents   of   moringa   oil, such as  

tocopherols, especially -tocopherols, and phenol 
compounds, are active as antioxidants (Leone et al., 
2016). Previous study results show that oleic acid 
at a concentration of 3% already provides anti-
inflammatory effects (Pegoraro et al., 2021). The 
various active compounds in MSO result in high 
potential of MSO for topical applications as an anti-
inflammatory and antioxidant (Santa-María et al., 
2023; Santamarina et al., 2021; Shahbaz et al., 2024; 
Zhang et al., 2023), moisturizer (Purnamawati et 
al., 2017), and anti-wrinkle (Kleiman et al., 2008) 
and for faster healing of skin wounds (Ventura et 
al., 2021).  
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MSO exhibits low solubility in aqueous 
systems due to its hydrophobic nature, and direct 
application of MSO on the skin has a limited skin 
penetration ability. This limitation can be 
overcome using a nanoemulsion delivery system. 
Research has taken considerable interest in 
nanoemulsions’ extensive applications as drug and 
active ingredient delivery technologies due to their 
small droplet size (typically < 100 nm), which 
provides advantages such as better physical 
stability, increased skin penetration, and higher 
bioavailability compared to conventional 
formulations (Gupta et al., 2016). Nanoemulsions 
also offer advantages over liposomes, 
microparticles, solid lipid nanoparticles (SLN), and 
nanostructured lipid carriers (NLC) by preventing 
coalescence, improving absorption, and enabling 
easier large-scale manufacturing (Aditya et al., 
2014; Wu et al., 2022). The success of 
nanoemulsion formulations depends on the 
selection of surfactant and cosurfactant to use. The 
surfactant and cosurfactant combination 
determines the system's stability and the efficiency 
of the dispersed active ingredients (Gaikwad et al., 
2024). Previous research has shed light on the use 
of various surfactants, such as Tween 80, Span 80, 
or whey protein, in the formulation of MSO 
nanoemulsions (Abdelraouf et al., 2023; Nita et al., 
2019). Although MSO produces good 
nanoemulsions, a decrease in stability during 
storage under certain conditions has been reported 
(Abdelraouf et al., 2023; Nita et al., 2019). As such, 
it is deemed necessary to find surfactants and 
cosurfactants that can provide good stability in the 
formulation of MSO nanoemulsions. 

 To date, no research has utilized polyoxyl 40 
hydrogenated castor oil (PEG-40 HCO) as a 
surfactant and glycerin as a cosurfactant in 
formulating MSO nanoemulsions. This combination 
has reportedly been effective in producing 
nanoemulsions using other active ingredients 
(Winarti et al., 2021; Xiao et al., 2013). The 
advantage of PEG-40 HCO over other surfactants 
comes not only from its ability to form stable 
nanoemulsions but also from the safety level that it 
offers when used at high concentrations in 
formulations (Rachmawati et al., 2017). PEG-40 
HCO with HLB 14-16 can dissolve fatty acids, which 
are the main ingredients of MSO (Rowe et al., 2009). 
Therefore, it is considered highly suitable to use in 
forming MSO nanoemulsions as oil nanoemulsions 
in water. Meanwhile, as a cosurfactant, glycerin 
helps increase the interface's fluidity, which 
increases the surfactant's ability to form 

nanoemulsions. In addition, glycerin is non-toxic, 
can increase viscosity, has enhancer properties, 
and is resistant to oxidation (Nadya et al., 2020; 
Rowe et al., 2009). Therefore, the combination of 
PEG-40 HCO and glycerin was chosen in this study 
because it can produce good physical stability and 
boosts safety to use, compatibility with natural 
active ingredients, and potential to increase the 
penetration and bioavailability of active 
ingredients. This study aimed to fill this gap by 
developing an MSO nanoemulsion formulation 
using PEG-40 HCO and glycerin as a surfactant-
cosurfactant system. In addition, this study also 
evaluated the antioxidant activities of the 
nanoemulsions produced to demonstrate the 
functional benefits of the combination 
formulations used. The novelty of this research lies 
in its use of a combination of PEG-40 HCO and 
glycerin in the formulation of MSO nanoemulsions. 
To the author’s knowledge, this has never been 
researched, so this study is expected to make a new 
contribution to the advancement of nanoemulsion 
technology using natural active ingredients. 

  

MATERIALS AND METHODS 
The ingredients used in this research were 

moringa seed oil obtained from PT Moringa 
Indonesia Fangardana, Indonesia, PEG-40 HCO 
(Emulsogen®HCO40, Clariant), glycerin (ex-
Wilmar, Indonesia), deionized water (Waterone 
OneMed), methanol (Merck, Germany), and 2,2-
diphenyl-1-picrylhydrazyl (DPPH) (Merck, 
Germany). The instruments used in the research 
were a digital hotplate stirrer (RIO), homogenizer 
(Heidolph RZR 2021), transmission electron 
microscope (TEM Jeol JEM 1400 120 kV), FTIR 
spectrophotometer (IRSpirit/ATR-S Serial No. 
A224158/Shimadzu), cone and plate viscometer 
(Rheosys Merlin VR II), climate chamber (Climacell 
and Memmert), viscometer (Brookfield), 
spectrophotometer (UVmini-1240, Shimadzu-
Japan), particle size analyzer/zetasizer (Malvern 
Instrument), pH digital meter (SI Analytics Lab 
845), centrifuge (Nuve, NF200), and CHEMIX 
School software. 

 
Making Pseudo-ternary Phase Diagrams 

The making of pseudo-ternary phase 
diagrams involved finding the concentration 
ranges of the components that made up the 
nanoemulsions using the water titration method. 
Three ratios of PEG-40 HCO as surfactant (S) to 
glycerin as cosurfactant (CoS), expressed as S-mix, 
were used, i.e., 3:2, 1:1, and 2:3 (w/w). The 
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following MSO:S-mix ratios were used: 1:12, 1:11, 
1:10, 1:9; 1:8, 1:7: 1:6, 1:5, 2:8, 3:7, 4:6, 5:5, 6:4,7:3, 
8:2, and 9:1. Comparisons were carried out 
following previous research by Kiromah et al. 
(2023)  with some modifications. The mixture of 
MSO and S-mix was stirred using a magnetic stirrer 
at a speed of 500 rpm until homogeneity was 
achieved at a temperature of 60° C, which took 60 
minutes. The MSO and S-mix mixture was then 
slowly titrated with deionized water. The titration 
endpoint was the point at which the solution 
became cloudy. The number of water phases 
required to produce a turbid mixture was noted. 
The sample was classified as a nanoemulsion when 
it appeared as a clear liquid (Gradzielski et al., 
2021). The nanoemulsion region was identified as 
a mixture of transparent and isotropic liquids. Each 
percentage value or mixed part—oil and S-mix, or 
water and S-mix, or oil and water—was fed into the 
CHEMIX School software to obtain a pseudo-
ternary phase diagram (Vibhute et al., 2015). 

 
Moringa seed oil nanoemulsion (NE-MO) 
formulations  

Based on the pseudo-ternary phase 
diagrams that were created, six formulations of 
moringa seed oil nanoemulsion (NE-MO) were 
developed, each measuring 100 g. MSO and S-mix 
were initially put in a glass beaker and mixed using 
a homogenizer at 1000 rpm at 60–70° C for 60 
minutes. Purified water in an appropriate amount 
was gradually added to the mixture. The final 
mixture was stirred at a constant stirring speed 
(1000 rpm) for 10 minutes until a NE-MO was 
formed. This method was adopted from Nita et al. 
(2019) with slight modifications. 

 
Evaluation of NE-MO 
Droplet size and polydispersity index (PDI) 
determination 

The average globule size and the 
nanoemulsion polydispersity index (PDI) were 
determined using a particle size analyzer (Malvern 
Panalytical). Samples were prepared by dissolving 
100 L of NE-MO in purified water to obtain a 
volume of 10 mL (100 dilutions). Each sample was 
then inserted into a transparent cuvette 1 cm3 in 
volume in a thermostatic chamber at 25° C. The 
laser light scattering was monitored at a fixed angle 
of 90°. The measurement was repeated three times.  
Zeta potential measurement. 

The surface charge of the nanoemulsions 
was measured using a zetasizer (Malvern 
Panalytical Zetasizer). Measurements were carried 

out three times. Each NE-MO sample was diluted 
100 times in 10 mL of deionized water, and then 
375 L of the dilution result was put into a cuvette, 
which was in turn put into a device for 
measurement.  
Morphological study 

The nanoemulsions’ morphology was 
determined using a transmission electron 
microscope (TEM Jeol JEM 1400 120 kV). The 
nanoemulsions were mixed with deionized water 
(50 L in 2.0m L) and then dripped at 10 μL over 
specimens. A 400-mesh grid tool was placed on top 
of each specimen with a droplet of nanoemulsion 
preparation and left for one minute. The remaining 
droplets of the preparation on the grid were 
cleaned using filter paper. Then, a drop of 10 μL of 
2% uranyl acetate was placed on the grid, and the 
remaining drops were cleaned using filter paper. 
The grid was left for 30 minutes to dry, and then the 
image was visualized with TEM at a 100-kV 
acceleration voltage.  
Drug–excipient interaction study 

Molecular interactions between MSO and 
excipients were examined using Attenuated Total 
Reflectance Fourier Transform InfraRed (ATR-
FTIR) spectroscopy (IRSpirit/ATR-S Serial No. 
A224158/Shimadzu). ATR-FTIR measurements 
were performed at room temperature (25° C). The 
constituent materials of NE-MO—MSO, PEG-40 
HCO, and glycerin—and their mixtures were 
analyzed. The materials examined were dripped on 
the surface of the ATR crystal and scanned at a 
wave number of 4000 to 400 cm-1 in the FTIR 
instrument. In addition, a spectral analysis was 
performed.  
pH test 

pH measurement was carried out using a pH 
meter (SI Analytics Lab 845), calibrated using a 
phosphate buffer solution, with pH set at pH 4 and 
6.86 (two-point calibration). The electrode was 
immersed in each sample until a constant number 
was obtained at room temperature (25° C). The 
measurement was carried out in triplicate.   
Viscosity measurement  

The viscosity of the NE-MO was measured at 
25° C with a cone/plate 2.0/30-mm viscometer 
(Rheosys). Each measurement was performed in 
triplicate.  
Percent transmittance test 

NE-MO transparency was determined by 
measuring the percent transmittance at 650 nm 
using a UV-Vis spectrophotometer (UVmini-1240, 
Shimadzu, Japan) with distilled water as a blank. 
Good nanoemulsions show a percent transmittance 
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of more than 90% (Rosyidah et al., 2024). The 
measurement was carried out in triplicate. 
Physical stability study  
Centrifugation 

Centrifugation tests were carried out before 
and after a heating-cooling cycle stability test. Each 
sample was placed in a tube and centrifuged at 
5000 rpm for 30 minutes. The NE-MO formulas’ 
onset of turbidity or phase separation was 
observed visually (Azeem et al., 2009). 
Heating-cooling cycle stability study 

The NE-MO formulas were stored at 4° C for 
24 hours and then transferred to 40° C for 24 hours 
(1 cycle). The test was carried out in six cycles 
(Tunit et al., 2022). 
 
Antioxidant activity 

A NE-MO antioxidant activity test was 
carried out using 2,2-diphenyl-1-picrylhydrazyl 
(DPPH). This test began with the determination of 
the IC50 of MSO. In this test, vitamin C was used            
as a control. Each NE-MO sample was tested by 
adding 2 g of NE-MO sample to 2 mL of DPPH 
solution (0.4 mM), after which methanol was added 
to 10 mL. The solution was incubated at 37° C for 
30 minutes and then centrifuged at 10,000 rpm for 
60 minutes. The absorption of the filtrate was 
measured at a wavelength of 517 nm using a UV 
spectrophotometer (UVmini-1240, Shimadzu-
Japan) (Chasanah, 2021).   

 
Statistical Analysis 

Results are expressed as mean±SD, and the 
minimal significance level was considered at p < 
0.05. All statistical analyses were assessed using 
SPSS Version 26.0. Different groups were tested 
using a parametric paired t-test and one-way 
analysis of variance (ANOVA) with Tukey’s HSD. 

 

RESULTS AND DISCUSSION 
Pseudo-ternary phase diagram study 

A pseudo-ternary phase diagram 
determines the nanoemulsion region's oil, 
surfactant, and cosurfactant ratio. Pseudo-ternary 
phase diagrams can estimate the appropriate 
proportions of the water phase, oil phase, and 
surfactant concentration (Wang et al., 2017). 
Pseudo-ternary phase diagrams of formulas that 
used different S-mix ratios 3:2, 1:1, and 2:3          
(Figure 1). The pseudo-ternary phase diagram of 
the MSO nanoemulsion formula with an S-mix ratio 
of 3:2 had a narrower area of that of the MSO 
nanoemulsion formula with an S-mix ratio of 1:1. 
The concentration of PEG-40 HCO as the dominant 

surfactant in the nanoemulsion formula with the S-
Mix ratio of 3:2 led to the formation of overly rigid 
or inflexible micelles. This rigid micelle structure 
reduced the system's ability to form a stable 
nanoemulsion because PEG-40 HCO tended to form 
lamellar or vesicle structures rather than 
nanoemulsion droplets. The interface voltage could 
remain high even if PEG-40 HCO was overused, as 
there was not enough glycerin as a cosurfactant to 
degrade the interface energy optimally. This was in 
contrast to the pseudo-ternary phase diagram of 
the nanoemulsion formula with an S-mix ratio of 
2:3, in which case the lack of PEG-40 HCO reduced 
the system's ability to form smaller oil droplets, 
thereby reducing the area of the nanoemulsion 
(Mai et al., 2018; Alam et al., 2019). 
 

 
 
Figure 1. Pseudo-ternary phase diagrams of MSO 
nanoemulsion formulas with S-mix ratios of 3:2 
(A), 1:1 (B), and 2:3 (C). 

 
Meanwhile, the pseudo-ternary phase 

diagram of the nanoemulsion formula with the S-
mix ratio of 1:1 illustrates the most optimal ratio of 
PEG-40 HCO to glycerin, where the amount of 
glycerin that was present could loosen the micelle 
structure and increase the flexibility of the PEG-40 
HCO layer around the MSO droplets; the two 
worked together effectively in lowering the 
interface tension and creating a more stable 
structure, enabling the formation of tiny and stable 
oil droplets to occur. As a result, this ratio produced 
the most extensive area of nanoemulsion (Ledet et 
al., 2014).  

 
NE-MO Formulations 

Six formulas were applied to make 
preparations of nanoemulsion with the S-mix ratio 
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of 1:1, as depicted in the pseudo-terniary diagram. 
The factor considered in the formula selection was 
the concentration of MSO. Based on previous 
research, a nanoemulgel preparation containing 
5% moringa oil could provide anti-wrinkle 
properties (Duraivel et al., 2014). Therefore, in this 
study, nanoemulsion preparations using 5%, 7%, 
and 7% MSO were developed, each being varied in 
oil composition and S-mix, resulting in six formula 
variations (Table I). 
 
Table I. Optimized nanoemulsion formulas 
 

Formula Oil/S-mix % Oil % S+CoS % water 
NE-MO1 1:12 5.0 60 35 
NE-MO1 1:12 5.0 60 35 
NE-MO3 1:11 6.0 66 28 
NE-MO3 1:11 6.0 66 28 
NE-MO4 1:10 6.0 60 34 
NE-MO5 1:10 7.0 70 23 
NE-MO6 1: 9 7.0 63 30 
 
Characterization of NE-MO and stability 

The results of the NE-MO formula 
characterization test, including the globule size, 
polydispersity index, and zeta potential after 
manufacture and after the heating-cooling cycle 
stability test for as many as six cycles (Table II). 
Globule Size 

Stable nanoemulsions have small globule 
sizes and are not readily subject to phase 
separation. The size of the globules of 
nanoemulsions ranges from 10 to 100 nm 
(Dinshaw et al., 2021; Gupta et al., 2016). Before the 
heating-cooling cycle stability test, the average 
globule size of the NE-MO formulations ranged 
from 22.33 nm to 40.02 nm, indicating the 
achievement of good nanoemulsion formulas, as it 
was less than 100 nm (Table II). The morphology of 
the nanoemulsions observed using TEM 
micrographs (Figure 2a-b). The NE-MO 
nanodroplets appeared dark, and the surroundings 
were light and round, with various sizes from 20 
nm to 50 nm. The NE-MO globule size was below 
100 nm, according to the results of NE-MO globule 
size measurements. 

The order of NE-MO formulas in terms of 
globule size from the smallest to the largest was 
NE-MO2, NE-MO1, NE_MO3, NE-MO4, NE-M06, and 
NE-MO5. After statistical analysis, the globule sizes 
of NE-MO1, NE-MO2, NE-MO3, and NE-MO4 were 
not significantly different (p > 0.05), and the size of 
the NE-MO5 globules was the largest.  

Based on the test results, it was found that 
small particle sizes were obtained when the 
concentration of MSO ranged from 5% to 6%. An 
increase in the concentration of MSO led to an 
increase in the size of the globules. This result                         
is in line with the research by Sakeena et al.            
(2011), which reported that an increase in oil 
content increased the size of the nanoemulsion 
globules. 

The size of the globules formed in the NE-MO 
formulas resulted from the equilibrium of MSO, 
PEG-40 HCO, glycerin, and water. NE-MO5 had the 
highest concentration of surfactant and the lowest 
water content, so it had the highest viscosity; this 
could affect the efficiency of mechanical energy 
during emulsification, causing the energy 
distribution for producing tiny droplets to be 
suboptimal (Alliod et al., 2019). Excessive 
surfactant concentrations can lead to the formation 
of micelle structures that disrupt the stability of 
droplets (Algahtani et al., 2022), while low water 
concentrations reduce the interaction process 
between molecules, resulting in large globule sizes 
(Gupta et al., 2016). 

After the heating-cooling cycle stability test, 
it was found that the globule sizes of NE-MO1 and 
NE-MO2 did not change significantly compared to 
the sizes before the test (p > 0.05). However, in NE-
MO2, the average change in globule size and the 
standard deviation were smaller, making it 
reasonable to declare NE-MO2 as the most stable. 
In contrast, NE-MO3, NE-MO4, NE-MO5, and NE-
MO6 showed increases in globule size, especially 
NE-MO5, which more than doubled (Table II). The 
equilibrium between MSO, S-mix, and water 
content in NE-MO2 could minimize changes in 
globule size, making it the most stable formula. On 
the other hand, the instability of NE-MO5 was 
caused by the excessive use of S-mix and the lower 
water content, which could increase the stiffness of 
the interface layer and reduce the mobility of the 
globules, making NE-MO5 more susceptible to 
coagulation during the thermal cycling test cycle 
(Harwansh et al., 2019). 
Polydispersity Index 

The polydispersity index (PDI) is a 
parameter used to describe the particle size 
distribution in a system, such as nanoemulsions. 
Low PDI values indicate relatively uniform particle 
sizes, while high PDI values indicate more signi-
ficant particle size variations (Gupta et al., 2016). 
The PDI values of all NE-MO formulas, with average 
values    ranging   from  0 .129   to   0.205  (Table II).  
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These results indicate that the NE-MO 
formulas were relatively mono-dispersive because 
they were in the value range of 0.1–0.3 (Danaei et 
al., 2018). The order of NE-MO formulas in terms of 
PDI from the smallest to the largest was NE-MO1, 
NE-MO3, NE-MO4, NE-MO6, NE-M02, and NE-MO5. 
After statistical analysis of globule size, it turned 
out that there was no significant difference for all 
formulas (p > 0.05).  

This uniformity of PDI values of the NE-MO 
formulas could be attributed to the compatibility 
between MSO, PEG-40 HCO, glycerin, and water,            
as well as the speed and duration of stirring          
during the formulation process. These factors 
contributed to the relatively uniform formation of 
globules (Algahtani et al., 2022). Low PDI values 
provide various advantages, such as increased 
stability, bioavailability, physical properties,                
and efficiency of interaction with biological targets, 
thus positively impacting the overall effectiveness 
of nanoemulsion formulations (Campolo et al., 
2020; Mohammed et al., 2020; Sun et al., 2024). 

Based on the results of the heating-cooling 
cycle stability test, it was found that the PDI value 
of NE-MO1 increased by 29.9%, the PDI value of 
NE-MO2 decreased by 29.0%, the PDI value of NE-
MO3 increased by 49.8%, the PDI value of NE-MO4 
decreased by 13.8%, the PDI value of NE-MO5 
increased by 65.84%, and the PDI value of NE-MO6 
increased by 8.6%. In conclusion, NE-MO6 was the 
most stable. However, after statistical analysis, it 
was found that NE-MO1, NE-MO2, NE-MO3, NE-
MO4, and NE-MO6 had PDI values that were not 
significantly different from the previous values (p > 
0.05), and only NE-MO5 experienced a significant 
increase (p < 0.05), with a PDI value of more than 
0.3, indicating that there was a tendency for 
nanoemulsion system instability.  

 
 

Zeta Potential 
Zeta potential is a measure of the electrical 

charge on the surface of colloidal particles and is an 
important indicator in determining the stability of 
a dispersion system. This potential describes how 
much repulsion force the particles in the system 
have, which affects the colloid system's stability 
(Lunardi et al., 2021). Zeta potential values in the 
range of −5 mV to +5 mV indicate the occurrence of 
rapid aggregation. Meanwhile, values around −20 
mV or +20 mV indicate moderate stability. 
Nanoemulsions that have zeta potential values 
above +30 mV or below −30 mV are considered 
stable, and those with excellent stability have zeta 
potential values higher than +60 mV or lower than 
−60 mV (Lunardi et al., 2021; Marzuki et al., 2019).  

The average zeta potential of the NE-MO 
formulas was between -13.73 mV and -22.57 mV, 
which indicates moderate stability (Table II). No 
formula reached a high stability threshold (±30 
mV). The order of the NE-MO formulas in terms of 
average zeta potential absolute values from the 
smallest to the largest was NE-MO4, NE-MO6, NE-
MO5, NE-MO3, NE-MO2, and NE-MO1. However, 
statistical analysis revealed that the zeta potential 
values of all the NE-MO formulas were not 
significantly different (p > 0.05). These results 
show that the variation in the composition of oil, 
surfactant, cosurfactant, and water in the NE-MO 
formulas did not significantly affect the zeta 
potential obtained. PEG-40 HCO and glycerin             
were the main components in the S-mix  (55–70%) 
and were likely to dominate in determining                      
the zeta potential. In other words, small  changes         
in the formula composition did not provide  
significant variations. These results align                        
with previous research by Rachmawati et al.                     
(2017),  which  used  PEG-40  HCO  as  a  surfactant.  
  

Table II. Nanoemulsion characterization of moringa seed oil 
 

Formula 
Before the Heating-Cooling Cycle Stability Test After the Heating-Cooling Cycle Stability Test 

Z-average PDI Zeta Potential Z-average PDI Zeta Potential 
NE-MO1 22.538±0.279 0.129±0.011 -22.57±10.56 26.274±1.425 0.168±0.064 -13.45±3.72 
NE-MO2 22.336±0.445 0.175±0.081 -21.14±4.96 22.574±0.447 0.124±0.017 -13.89±0.25 
NE-MO3 24.464±1.407a 0.137±0.048 -20.00±8.33 47.350±1.894a 0.206±0.003 -9.92±0.98 
NE-MO4 25.067±0.461b 0.145±0.026 -13.73±1.36 28.697±1.044b 0.125±0.005 -11.05±2.20 
NE-MO5 40.018±1.976c 0.205±0.019e -18.56±3.50 114.189±2.609c 0.336±0.037e -12.24±1.43 
NE-MO6 27.902±1.163d 0.149±0.019 -17.64±2.33f 38.988±2.780d 0.161±0.010 -11.48±0.76f 

 
The same notification shows a significant difference at  = 0.05 
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As PEG-40 HCO is anonionic surfactant, although 
not charged, it can produce negative zeta potential 
values. The mechanism of nonionic surfactants to 
produce negative zeta potential involves a 
combination of adsorption of OH⁻ ions, interaction 
of polar groups with water, influence of medium 
pH, and steric effects of surfactant molecular 
distribution (Ibrahim et al., 2015).  

After the heating-cooling cycle stability test, 
the average absolute value of zeta potential of the 
NE-MO formulas decreased. The mean decrease in 
the absolute value of zeta potential of NE-MO1 was 
-9.11 mV, that of NE-MO2 was -7.25 mV, that of NE-
MO3 was -10.08 mV, that of NE-MO4 was -2.68 mV, 
that of NE-MO5 was -6.32 mV, and that of NE-MO6 
was -6.16 mV. From these results, it can be seen 
that NE-MO4 experienced the least decrease. 
However, the statistical test results revealed that 
NE-MO1, NE-MO2, NE-MO3, and NE-MO4 were not 
significantly different from the previous values (p > 
0.05). In contrast, NE-MO5 and NE-MO6 
experienced significant decreases in zeta potential 
values (p < 0.05).  

In general, temperature changes have a 
meaningful effect on the zeta potential of 
nanoemulsions. An increase in temperature can 
decrease the zeta potential value due to increased 
particle motion and weakened electrostatic 
interactions. In contrast, lower temperatures 
stabilize these systems better by maintaining 
higher zeta potential values and reducing 
aggregation tendencies (Bhatt et al., 2011; Rahman 
et al., 2024). However, the zeta potential values of 
the NE-MO1, NE-MO2, NE-MO3, and NE-MO4 
formulas did not change significantly after the 
stability test. The formulations already had good 
strength, with a strong stabilizer and consistent 
load distribution, leading to resistance to stress 
induced by temperature changes. This study's 
results align with the research by Khalid et al. 
(2023), which reported that the increase in 
temperature did not change the zeta potential 
value of a vitamin D nanoemulsion enriched with 
canola oil. 

On the other hand, the high oil content in  
NE-MO5 and NE-MO6 could potentially                    
increase the oil-water interface voltage. The                
high content of S-mix, especially in NE-MO5,                     
led to oversaturation, thereby decreasing the 
system's stability due to particle agglomeration. 
Another contributing factor was the low water 
content  in  NE-MO5,  which increased the system's                  

viscosity, ultimately affecting the particles' 
dynamic stability in the nanoemulsion (de Oca-
Ávalos et al., 2017). 
Morphology 

TEM micrographs represent NE-MO on a 
microscopic scale. The NE-MO nanodroplets 
appeared dark, while the surroundings were light, 
spherical in shape, and with size variations from 20 
nm to 50 nm (Figure 2a and 2b). The NE-MO 
globule size range was below 100 nm, meeting the 
globule size requirements of nanoemulsions 
(Gupta et al., 2016).  
 

 
 
Figure 2. NE-MO TEM displays on the 100 nm (a) 
and 50 nm (b) scales; the appearance of freshly 
formulated NE-MO (c), NE-MO stored at room 
temperature for one month (d), and NE-MO 
subjected to heating-cooling stability testing (e) is 
presented sequentially from left to right as NE-
MO1, NE-MO2, NE-MO3, NE-MO4, NE-MO5, and NE-
MO6. 
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FTIR analysis results 
ATR-FTIR analysis was carried out to test 

the success of the formation of nanoemulsions. The 
MSO, PEG-40 HCO, glycerin, and nanoemulsion 
spectra were recorded at 400–4000 cm−1 using             
an ATR-FTIR spectrometer (Shimadzu, Japan) 
(Figure 3).  
 

 
 
Figure 3. The FTIR spectra from top to bottom are 
MSO, PEG-40 HCO, Glycerin, and NE-MO mixtures 
of constituent materials. 

The MSO FTIR spectrum had a peak at wave 
numbers 2922.31 cm-1 and 2852 cm-1, which are 
symmetrical and asymmetrical stretches of the C-H 
connection in the CH2 group present in fatty acids, 
respectively (Bouchareb et al., 2021). The peak at 
the wave number of 1744 cm−1 is caused by the 
vibrations of the carbonyl group (C=O), indicating 
the presence of fatty acids in MSO (Bouchareb et al., 
2021). The peak at the wave number of 1161 cm-1 
represents the combined asymmetrical stretching 
of the (C–C(=O)–O) and (OC–C) bonds (Timilsena et 
al., 2017). The most intensive peak at the lower end 
of the spectrum, centred at 722 cm−1, is associated 
with shaking vibration and out-of-field methylene 
deformation in the substituted cis olefin (Fu et al., 
2021). These results are similar to the research by 
Irnawati et al. (2024).  The PEG-40 HCO spectrum 
had a weak peak at the wave number of 3507 cm-1, 
which illustrates the presence of an OH group in the 
PEG-40 HCO compound. The band has a strong 
peak at the wave numbers of 2922 cm-1 and 2857 
cm-1, which are symmetrical and asymmetrical 
stretches of the C-H connection in the CH2 group 
present in PEG 40 HCO, respectively. The peak at 
the wave number of 1733 cm−1 is caused by the 
vibrations of the carbonyl group (C=O), and the 
peak at the wave number of 1097 cm-1 is a 
combination of (C–C(=O)–O) and (OC–C) 
asymmetrical stretches. The peak between 995.50 
cm-1 and 723 cm-1 is an intense stretch of C-H from 
alkenes (Timilsena et al., 2017; Skoog et al., 2017).  

The glycerol FTIR spectrum shows the 
stretch of OH at 3293 cm-1, while the stretch of CH 
is indicated by the peak in the region between 2932 
cm-1 and 2880 cm-1. Bending of the C-O-H group 
was observed in the area of 1413 cm-1, and 
stretching of the primary alcohol C-O was observed 
at the peak of 1108 cm-1. These results are similar 
to the study by Danish et al. (2017).  

The FTIR domains of interest in 
nanoemulsions are 3600–3100 cm-1 (O–H 
vibration), 3000–2800 cm-1 (C–H stretch vibration), 
and 1800–1600 cm-1 (C=O vibration). In the 3600–
3100 cm-1 range, the relevant band is a large 
absorption band with a peak at 3349 cm-1, which is 
associated with O-H stretch vibrations from water 
molecules, PEG 40 HCO, and glycerin. The 
symmetrical and asymmetrical stretch vibrations 
of methylene (–CH2) of the aliphatic chain give rise 
to absorption bands with peaks at 2925 cm-1 and 
2857 cm-1. The band with a peak at 1736 cm-1 is 
caused by the vibrations of the carbonyl bonds 
(C=O) of MSO and PEG 40 HCO. The presence of 
water molecules produces an absorption band at 
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1644 cm-1, resulted from the bending vibration of 
H–O–H (Vasylieva et al., 2018). The absorption 
band at 1100 cm-1 is associated with the asym-
metrical stretching of carboxylic acids and esters 
(Skoog et al., 2017). Finally, the NE-MO FTIR spectra 
show an insignificant shift in the number of waves 
and no new peak bands formed, proving that the 
materials that made up NE-MO were compatible.  
The physical stability properties of NE-MO   

The results of the physical property test               
of the six NE-MO formulas include pH, viscosity, 
and percent transmittance after manufacture               
and one-month storage at room temperature, as 
well as after the heating-cooling cycle stability test        
(Figure 4). 
pH test results 

The NE-MO which stored for one month at 
room temperature had an average pH between 6.73 
and 7.32 (Figure 4a). The order of NE-MO formulas 
in terms of pH from the lowest to the highest was 
NE-MO2, NE-MO1 = NE-MO4 (p < 0.05), NE-MO3, 
NE-MO6, and NE-MO5. Data analysis showed that, 
after one month of storage at room temperature, 
each formula had a relatively stable pH (p > 0.05). 
The stability was supported by the inert properties 
of PEG-40 HCO, a nonionic surfactant with minimal 
chemical reaction with active ingredients, making 
pH change less likely. This result aligns with the 
research by Khalid et al. (2023), which showed that 
the pH of nanoemulsions did not change during 
storage at room temperature.  

The NE-MO2 formula, which had the lowest 
S-mix level, showed the lowest pH, while the NE-
MO5 formula, which had the highest S-Mix level, 
had the highest pH. Meanwhile, the NE-MO1 and 
NE-MO4 formulas, which shared an S-Mix level, 
showed no meaningful pH difference. This 
variation in pH between formulas was due to the 
differences in the concentrations of PEG-40 HCO 
and glycerin as S-Mix, where the higher the S-Mix 
level the higher the pH. PEG-40 HCO is known to 
have a pH ranging from 6 to 7 at specific 
concentrations. At high concentrations, the 
interaction between PEG-40 HCO molecules and 
water can produce hydroxide ions (OH⁻) that 
increase pH. In addition, high concentrations of 
glycerin can also affect the balance of ions in 
solution by binding to H⁺ ions, thereby increasing 
the concentration of OH⁻ , which contributes to the 
increase in pH (Wulansari & Umarudin, 2020).   

The heating-cooling cycle stability test 
showed consistent results (Figure 4b). None of the 
NE-MO formulas experienced a statistically 
significant change in pH. Nanoemulsions 

formulated with nonionic surfactants such as PEG-
40 HCO often show a stable pH after stability tests 
at various temperatures due to several factors. 
Nonionic surfactants are chemically stable and 
have no ionic charge, so they are resistant to pH 
changes and variations in ionic strength. These 
surfactants also resist temperature-induced 
hydrolysis, thereby reducing the formation of by-
products that can alter pH (Wulansari & Umarudin, 
2020). In addition, NE-MO contains glycerin, which 
has a natural buffering capacity that helps stabilize 
pH. The use of deionized or purified water also 
increases the stability of the system. Characteristics 
like these make nonionic-surfactant-based 
nanoemulsions highly resistant to pH fluctuations 
under thermal stress (Gurpreet & Singh, 2018). 

Generally, the NE-MO formulas’ pH range 
was above the skin's natural pH range in the 
stratum corneum, that is from 4.1 to 5.8 (Proksch, 
2018). However, the skin still tolerates this pH 
range of NE-MO because it was below the safe limit, 
that is 8 (SNI, 1996). Based on the test results, it is 
known that the pH of NE-MO2 was the closest to the 
pH of the skin (6.73).  
Viscosity test results 

Viscosity measurement is one of the most 
important parameters in evaluating the quality and 
physical stability of nanoemulsions (Sharma et al., 
2016). The order of preparations from the lowest 
to the highest in terms of viscosity was NE-MO2, 
NE-MO1 = NE-MO4 (p > 0.05), NE-MO6, NE-MO3, 
and NE-MO5 (Figure 4c). After one month of 
storage, the viscosity of NE-MO1, NE-MO2, NE-
MO3, NE-MO4, and NE-MO6 did not change (p > 
0.05). These results prove that nanoemulsions with 
the right composition have good physical stability, 
which is in line with the explanation by de Oca-
Ávalos et al. (2017). On the other hand, NE-MO5 
experienced an increase in viscosity (p < 0.05). The 
occurrence of droplet aggregation in NE-MO5 was 
a factor causing the increase in viscosity.  

The variance in viscosity of the NE-MO 
formulas was influenced by the concentration of S-
mix, which consisted of PEG-40 HCO and glycerin. 
The formula with the highest S-mix content, NE-
MO5 (70%), had the highest viscosity. In contrast, 
the formula with the lowest S-mix content, NE-MO2 
(55%), had the lowest viscosity. Increased 
concentrations of surfactant and cosurfactant 
encourage stronger intermolecular interactions 
and the formation of more complex 
microstructures. The dense and uniform 
nanoemulsion structure increases the viscosity 
(Nuryanti et al., 2018). 
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The results of the viscosity test of the NE-MO 
formulations after the heating-cooling cycle 
stability test showed that the viscosity of NE-MO2 
decreased significantly (p < 0.05), while the other 
NE-MO formulas, NE-MO1, NE-MO3, NE-MO4, NE-
MO5, and NE-MO6, did not change significantly (p > 
0.05) (Figure 4d). This study's results align with the 
research by Alam et al. (2012), which reported that 
the viscosity of betamethasone nanoemulsions 
remained stable after stability tests. The decrease 
in viscosity in NE-MO2 was likely due to the 

formula's high moisture content and low S-mix 
content.   

 
Percent transmittance (%T) test results 

The percent transmittance (%T) of 
nanoemulsion formulas is directly related to the 
clarity of the emulsions. The clarity of a 
nanoemulsion is determined by the size of the 
droplets and the emulsion system's homogeneity 
and stability. Nanoemulsions with a high percent 
transmittance (close to 100%) have good 

 
 
Figure 4. The pH values of the NE-MO formulas after one month of storage at 25°C (a) and a comparison of 
pH values before and after the heating-cooling cycling test (b); the viscosity of the NE-MO formulas after 
one month of storage at 25°C (c) and a comparison of viscosity before and after the heating-cooling cycling 
test (d); the percent transmittance of the NE-MO formulas after one month of storage at 25°C (e) and a 
comparison of percent transmittance before and after the thermal cycling test (f); the antioxidant activity 
of NE-MO, NE-MO base, and MSO (g).  
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transparency, which generally reflects the small 
size and even distribution of the droplets (Laxmi et 
al., 2015). Data showed that the percent 
transmittance of the NE-MO formulas after one 
month of storage at room temperature, with an 
average range of 94.40–98.30% (Figure 4c). At the 
beginning of storage, the order of formulas from 
the lowest to the highest in terms of percent 
transmittance was NE-MO3, NE-MO5, NE-MO2, NE-
MO6, NE-MO1, and NE-MO4. However, after 
analysis, it was figured out that the percent 
transmission of NE-MO1, NE-MO2, NE-MO4, and 
NE-MO6 did not differ significantly (p > 0.05), 
higher than that of NE-MO3 and NE-MO5, which 
was not significantly different from each other (p > 
0.05). All the NE-MO formulas appeared clear 
(Figure 3c). Furthermore, after one month of 
storage, it was found that the percent 
transmittance of NE-MO1 and NE-MO4 was stable 
(p > 0.05), while NE-MO2 and NE-MO3 experienced 
a slight increase (p < 0.05). However, the percent 
transmittance of NE-MO5 and NE-MO6 decreased 
(p < 0.05), with NE-MO5 especially experiencing a 
drastic decrease (p < 0.05), depicting significant 
instability. The percent transmittance of NE-MO1, 
NE-MO2, NE-MO3, NE-MO4, and NE-MO6 was not 
significantly different (p > 0.05). From these 
results, it was found that NE-MO4 was the best 
formula because it had the highest and most stable 
percent transmittance. Despite these percent 
transmittance findings, the globule size data are 
still considered more accurate. The appearance of 
NE-MO formulas after one month of storage were 
clear except the NE-MO5 is cloudy (Figure 2d). 

Formulation factors such as the ratio of oil to 
S-Mix, oil content, and process parameters (e.g., 
homogenization conditions) play an important role 
in determining the stability of nanoemulsions (de 
Oca-Ávalos et al., 2017). The equilibrium of the 
composition of MSO, S-Mix, and water in NE-MO1, 
NE-MO2, NE-MO3, and NE-MO4 resulted in stable 
percent transmittance over one month of storage at 
room temperature, as reported by de Oca-Avalos et 
al. (2017).  

The results of the percent transmittance test 
of the NE-MO formulas after going through the 
heating-cooling cycle stability test showed that the 
NE-MO1, NE-MO4 did not change significantly (p > 
0.05), while NE-MO2, NE-MO3, NE-MO5, and NE-
MO6 experienced significant decreases in percent 
transmittance (p < 0.05) (Figure 4f). The decrease 
in percent transmittance was very sharp, especially 
in NE-MO5. These results prove that the 

compositions of NE-MO1, NE-MO2, NE-MO3, NE-
MO4, and NE-MO6 were optimal.  

The decreases in percent transmittance and 
turbidity in NE-MO5 after the heating-cooling cycle 
stability test were likely due to the high 
concentration of MSO (7%) and S-mix ratio (70%), 
which increased the risk of droplet coagulation. In 
addition, the low water phase (23%) reduced the 
hydration of the surfactant layer. A repeated 
heating-cooling cycle can damage the stability of an 
emulsion, leading to greater magnification of 
droplets and light scattering (Uluata et al., 2016) 
(Figure 3e).   

 
Thermodynamic stability test results 
Centrifugation test 

The principle of a centrifugation test is to use 
centrifugal force to accelerate the separation of 
components in a NE-MO formula based on the 
difference in the density of each component 
(Fitriani et al., 2016). Observations at a 
centrifugation speed of 5000 rpm for 30 minutes 
indicated that all freshly prepared NE-MO 
formulations remained stable, exhibited no phase 
separation, and retained their clarity. Similarly, NE-
MO formulations subjected to heating-cooling 
stability testing exhibited no phase separation, and 
NE-MO3 and NE-MO5 were still cloudy.  

 
Antioxidant activity 

Examination of the MSO antioxidant activity 
resulted in an IC50 value of 56.64 mg/mL, with 
vitamin C as a control, which had an IC50 value of 
1.80 g/mL. This result shows that the antioxidant 
activity of MSO was relatively weak. However, this 
result is better than the study by Athikomkulchai et 
al. (2021), which obtained an MSO IC50 value of 
121.9 mg/mL. The order of NE-MO formulas from 
the lowest to the highest in terms of percent 
inhibition was NE-MO1, NE-MO3, NE-MO4 = NE-
MO5, NE-MO2, and NE-MO6 (ANOVA,  = 0.05) 
(Figure 4g). At the same MSO level, the NE-MO 
formulas’ percent inhibition was higher than that of 
MSO inhibition. NE-MO has a tiny particle size, 
which increases the surface area and allows for 
better dispersion of MSO in methanol solvents; the 
larger surface area increases interaction between 
the antioxidant compounds in MSO and DPPH free 
radicals, thereby increasing antioxidant activity. 
This study's results align with previous research, 
which found that the antioxidant activity of 
nanoemulsion forms is higher than that of pure oil 
forms (Santos et al., 2021).  
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CONCLUSION 
This study successfully formulated and 

evaluated MSO nanoemulsions (NE-MO) using 
PEG-40 HCO as a surfactant and glycerin as a co-
surfactant. The pseudo-ternary diagrams created 
in this study show that the S-Mix ratio of 1:1 was 
the most optimal composition, resulting in the 
broadest area of nanoemulsion with a stable 
droplet structure. Of the six formulas developed, 
NE-MO2 proved to be the most physically and 
thermodynamically stable, with the smallest 
globule size (22.33 nm), showing no significant 
changes after stability tests. A low PDI value (≤ 0.2) 
indicates a uniform particle size distribution, while 
a zeta potential value of -13.73 to -22.57 mV 
indicates moderate stability. 

The NE-MO formulas showed a stable pH 
in the range of 6.7–7.3, which was still within the 
safe limit for topical applications. The high percent 
transmittance (≥ 94%) in most formulas confirms 
the transparency of the nanoemulsions, while the 
increased antioxidant activity of NE-MO compared 
to pure MSO confirms the superiority of 
nanoemulsions in enhancing bioactivity. The 
results of the thermodynamic stability test show 
that the NE-MO formula with a balanced 
composition of oil, S-Mix, and water could maintain 
its stability against thermal stress. In contrast, the 
formula with high concentrations of oil and S-Mix 
(NE-MO5) had significant instability. 

Overall, the NE-MO formula with an S-Mix 
ratio of 1:1, NE-MO2, is the optimal formula for 
physically and chemically stable topical 
applications and has better antioxidant activity 
potential than pure oils. 
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