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Abstract: Interest in nanoemulsion technology has increased steadily in recent years for its widespread
applications in the delivery of pharmaceuticals, nutraceuticals, and cosmeceuticals. Rational selection
of the composition and the preparation method is crucial for developing a stable nanoemulsion
system with desired physicochemical characteristics. In the present study, we investigate the influ-
ence of intricate factors including composition and preparation conditions that affect characteristic
parameters and the stability of the nanoemulsion formation prepared by the spontaneous emulsi-
fication method. Octanoic acid, capryol 90, and ethyl oleate were selected to represent oil phases
of different carbon–chain lengths. We explored the impact of the addition mode of the oil–Smix

phase and aqueous phase, vortexing time, Km (surfactant/cosurfactant) ratio, and the replacement of
water by buffers of different pH as an aqueous system. The phase behavior study showed that the
Smix phase had a significant impact on the nanoemulsifying ability of the nanoemulsions composed
of oil phases of varying carbon-chain lengths. The mode of mixing of the oil–Smix phase to the
aqueous phase markedly influenced the mean droplet size and size distribution of the nanoemulsions
composed of oil phases as capryol 90. Vortexing time also impacted the mean droplet size and
the stability of the generated nanoemulsion system depending on the varying carbon-chain length
of the oil phase. The replacement of the water phase by aqueous buffers of pH 1.2, 5.5, 6.8, and
7.4 has altered the mean droplet size and size distribution of the nanoemulsion system. Further,
the Km ratio also had a significant influence on the formation of the nanoemulsion system. The
findings of this investigation are useful in understanding how the formulation composition and
process parameters of the spontaneous emulsification technique are responsible for affecting the
physicochemical characteristics and stability of the nanoemulsion system composed of oil of varying
carbon-chain (C8-C18) length.

Keywords: nanoemulsion; spontaneous-emulsification; vortexing time; droplet size and size
distribution; stability; drug delivery

1. Introduction

Nanoemulsion (NE) has successfully carved out a niche amongst the plethora of
other lipid-based nanoformulations (such as liposomes, solid lipid nanoparticles, and
nanostructured lipid carriers) and polymeric nanoparticle formulations. This success
is attributable to its small droplet size (10–200 nm), kinetic stability, optical clarity, and
substantial ability to improve the dissolution and bioavailability of encapsulated active
ingredients [1,2]. NEs are being explored for the delivery of important therapeutics [3,4],
nutraceuticals [5], and bioactive compounds [6,7] through different routes of administration
for various indications [8]. The preparation of the NE is mainly divided into two major
methods: high-energy and low-energy emulsification [9,10]. The high-energy method
utilizes devices such as high-pressure homogenizers and high-speed homogenizers to
induce disruptive forces to the emulsion system. The more energy applied, the smaller
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droplets are obtained, allowing for the production of NE with higher oil/surfactant ratios.
However, the need for mechanical devices and the high energy consumption to produce
the nano-scaled droplets make it a costly and resource-consuming process. On the other
hand, low-energy methods are simpler, more energy-efficient, and scalable where they
utilize the internal chemical energy of the system components. These methods are classified
based on whether the phase inversion of the curvature surfactant is produced or not during
the emulsification process. Spontaneous emulsification, phase inversion temperature, and
phase inversion composition are examples of such classifications [11].

In spontaneous emulsification, the organic phase that is constituted by oil, surfactant,
and co-surfactant is simply added to the aqueous phase with mild agitation. The surfactant
present in the organic phase has a high affinity for the continuous phase. Therefore, upon
mixing of two phases (organic or dispersed phase and aqueous or continuous phase),
turbulence is produced and surfactant diffuses swiftly towards the aqueous phase and
forms covering/film around the dispersed oil droplet by lowering the interfacial tension
resulting in the spontaneous formation of NE system. Co-surfactant further aids in causing
the turbulence, lowering the interfacial tension between the two immiscible phases and
easing the formation of dispersion by lodging in the unoccupied places around dispersed
oil droplets that are left unguarded by surfactant molecules [12,13]. The screening of sur-
factants for the spontaneous emulsification is based on the hydrophilic–lipophilic balance
(HLB) which is the strength and the size of the hydrophilic and lipophilic moieties of the
surfactant molecule [14,15].

There have been studies that have hinted at the effect of the composition of oil and
aqueous phase, temperature, pH, and stirring speed; however, still there is a substantial
limitation to the access of the literature that establishes the detailed impact of parameters
such as buffers (as a replacement to aqueous phase), Km, vortexing time, and mode of
mixing of oil and aqueous phase on the droplet size of nanoemulsion prepared via spon-
taneous emulsification. A glimpse of the effect of the selected parameters was provided
in different research studies but there has not been any study conducted so far that solely
establishes their role on the characteristics of nanoemulsion. Therefore, this is the first study
that provides the explicit investigation of the effect of essential parameters such as buffers
(as a replacement to the aqueous phase), Km, vortexing time, and mode of mixing of oil
and aqueous phase on the droplet size of nanoemulsion prepared via spontaneous emulsi-
fication. Importantly, critically and rationally optimized placebo formulation systems via
investigating the effect of these selected parameters have the potential to contribute signifi-
cantly to hastening the nanoemulsion-based product development for various applications
(pharmaceutical, nutraceutical, and cosmeceutical) in future research.

Preceding research studies have demonstrated that the formation and properties of the
NE prepared by spontaneous emulsification are dependent on the formulation and process
variables. Saberi and associates have fabricated vitamin E-loaded NEs via the spontaneous
emulsification method and their study outcome highlighted that several factors strongly
impacted the formation and the properties of vitamin E-loaded NEs including the oil
composition (vitamin E to medium-chain triglycerides ratio), surfactant concentration,
aqueous and oil–Smix phase mixing temperature and the stirring speed [16]. In another
study by Komaiko and associates, surfactant to oil ratio, surfactant type, initial surfactant
location, and the oil type were the governing factors that dictated the droplet size of NE
prepared by the spontaneous emulsification method [17].

Therefore, though this procedure of spontaneous emulsification appears simple, sev-
eral crucial factors govern the characteristic properties and the stability of NEs formed by
this low-energy approach. These may include the type and the structure of the oil phase,
the emulsification ability of the surfactant and co-surfactant for different oil phases, the
surfactant–cosurfactant mass ratio (Km ratio), the mode of mixing of oil–Smix phase to the
aqueous phase, vortexing time, and pH of an aqueous phase in replacement of water as an
aqueous buffer. The possible factors that affect the formation and the stability of NE via
spontaneous emulsification are illustrated in Figure 1. This work aims to study in-depth the
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impact of these factors on the formation and stability of NE prepared by the spontaneous
emulsification process.

Bioengineering 2022, 9, x FOR PEER REVIEW 3 of 18 
 

an aqueous buffer. The possible factors that affect the formation and the stability of NE 
via spontaneous emulsification are illustrated in Figure 1. This work aims to study in-
depth the impact of these factors on the formation and stability of NE prepared by the 
spontaneous emulsification process.  

 
Figure 1. Schematic that shows the possible factors that affect the formation and the stability of NE 
via spontaneous emulsification. 

2. Materials and Methods 
2.1. Materials and Preparation of Different Buffers 

Ethyl oleate, octanoic acid, Solutol HS15, and Cremophore EL were procured from 
Sigma-Aldrich, (St. Louis, MO, USA). Tween 80 and Tween 20 were obtained from Merck, 
Schuchardh, Hokenbrunn, Germany. Transcutol HP and Capryol 90 were procured from 
Gattefosse (Saint Priest, France). All chemicals and reagents used in the study were of 
pharmaceutical grade. 

2.1.1. Preparation of Hydrochloric Acid Buffer pH 1.2 
For preparing an acidic buffer of pH 1.2, 50.0 mL of 0.2 M potassium chloride was 

placed in a 200 mL volumetric flask and 85 mL of 0.2 M hydrochloric acid was added, and 
then the volume was made up by adding water.  

2.1.2. Preparation of Phosphate Buffer pH 5.5 
Accurately weighed 13.61 g potassium dihydrogen phosphate was dissolved in dis-

tilled water and the volume was made up to 1000 mL (sol. A). Accurately weighed 35.81 
g of disodium hydrogen phosphate was dissolved in water and the volume was made up 
to 1000 mL (sol. B). Then, 96.4ml of sol. A was mixed with 3.6 mL of sol. B. 

Factors that  
influence the 
formation and 
stability of NE 

by spontaneous 
emulsification 

Structure and 
carbon chain 
length of oil  

Smix ratio 

Nature and pH 
of aqueous 

phase 
Order and  

way of mixing of 
organic phase to 
aqueous phase 

(dropwise or 
instantaneously 

  

Oil to Smix ratio 

HLB value of 
surfactant & 
co-surfactant  

Figure 1. Schematic that shows the possible factors that affect the formation and the stability of NE
via spontaneous emulsification.

2. Materials and Methods
2.1. Materials and Preparation of Different Buffers

Ethyl oleate, octanoic acid, Solutol HS15, and Cremophore EL were procured from
Sigma-Aldrich, (St. Louis, MO, USA). Tween 80 and Tween 20 were obtained from Merck,
Schuchardh, Hokenbrunn, Germany. Transcutol HP and Capryol 90 were procured from
Gattefosse (Saint Priest, France). All chemicals and reagents used in the study were of
pharmaceutical grade.

2.1.1. Preparation of Hydrochloric Acid Buffer pH 1.2

For preparing an acidic buffer of pH 1.2, 50.0 mL of 0.2 M potassium chloride was
placed in a 200 mL volumetric flask and 85 mL of 0.2 M hydrochloric acid was added, and
then the volume was made up by adding water.

2.1.2. Preparation of Phosphate Buffer pH 5.5

Accurately weighed 13.61 g potassium dihydrogen phosphate was dissolved in dis-
tilled water and the volume was made up to 1000 mL (sol. A). Accurately weighed 35.81 g
of disodium hydrogen phosphate was dissolved in water and the volume was made up to
1000 mL (sol. B). Then, 96.4ml of sol. A was mixed with 3.6 mL of sol. B.
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2.1.3. Preparation of Phosphate Buffer pH 6.8

To prepare phosphate buffer pH 6.8, 50 mL of 0.2 M potassium dihydrogen orthophos-
phate was placed in a 200 mL volumetric flask, 22.4 mL of 0.2 M sodium hydroxide was
added, and then distilled water was added and the volume was made up. The pH was
checked using a calibrated pH meter.

2.1.4. Preparation of Phosphate Buffer pH 7.4

To prepare phosphate buffer pH 7.4, 50 mL of 0.2 M potassium dihydrogen orthophos-
phate was placed in a 200 mL volumetric flask, 39.1 mL of 0.2 M sodium hydroxide was
added, and then distilled water was added and the volume was made up. The pH was
checked using a calibrated pH meter.

2.2. Screening of Components

Screening of components, including oil phase, surfactant, and co-surfactant, is a crucial
part of the preparation of NE. The oil phases were selected based on their varying chain
length of carbon (C8-C18) atoms to study how this carbon chain length will impact the
mean droplet size, polydispersity index (PDI), and stability of the oil-in-water (o/w) NE.
The surfactant and co-surfactant were selected based on their emulsification abilities as
elucidated in detail in the proceeding sections.

2.2.1. Selection of Oil

Oils of different carbon chain lengths (C8-C18) were utilized in the preparation of NE
through the spontaneous emulsification method [16,18]. Octanoic acid (OA), capryol 90
(C90), and ethyl oleate (EO) were selected as model oil phases in this study. A description of
the oil phase used in the current investigation is provided in the Supplementary Materials.

2.2.2. Selection of Surfactant

The emulsification ability of surfactants by the spontaneous emulsification method
for the different oil phases was investigated [19]. Tween 20, Tween 80, Solutol HS15, and
Cremophore EL were screened as surfactant phase. Surfactants were selected based on
their HLB value, which should ideally be near 15.

2.2.3. Selection of Co-Surfactant

With the addition of a co-surfactant, the bending stress of the interface is reduced and
the interfacial film is sufficiently flexible to adjust as per different curvatures required to
form NE over a broad spectrum of composition [15,20]. Based on the wide reports in the
literature and previous research experience, Transcutol HP (diethylene glycol monoethyl
ether) was considered as a model co-surfactant.

2.3. Emulsifying Efficiency of Smix for OA, C90, and EO

To evaluate the emulsifying efficiency of the Smix phase, the Smix was prepared by
mixing 1 mL of 10% (v/v) surfactant and co-surfactant in a ratio of 1:1 and placed in 5 mL
glass vials [21]. The 5 µL of the chosen oils (OA, C90, and EO) were added repeatedly with
a gentle agitation into the aqueous solution of the Smix phase until the sample mixtures
turned turbid. The transparent samples were allowed to equilibrate for about 24 h followed
by a visual examination for optical clarity [22,23].

Determination of Percentage Transmittance (%T)

After the transparent samples were allowed to equilibrate, they were tested for %T
using a UV spectrophotometer (Shimadzu, Kioto, Japan) at λmax 638.2 nm to assess the
optical clarity and emulsifying ability [15]. The measurements were done in triplicate.
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2.4. Phase Behavior Study

The surfactant with the maximum emulsifying ability for oils was selected for phase
behavior studies for a specific combination of the Smix phase. The ratio of the surfactant and
co-surfactant mixture (Smix) was 1:1 based on pre-experimental trials. The phase diagrams
of the pseudo-ternary system (oil phase, Smix phase, and aqueous phase) were constructed
using the aqueous titration (spontaneous emulsification) method [15,20]. An adequate
quantity of Smix was dissolved in different oil phases in glass vials at room temperature.
Each oil–Smix mixture was titrated drop-wise continuously with double distilled water
using a micropipette by vortex mixing until it turned turbid. The changes in the clarity of
the preparation during the titration were diligently observed. The percentage composition
of the component in each pseudoternary system was determined and the observed results
were plotted on triangular coordinates to construct the phase diagrams.

2.4.1. Determination of Area of Nanoemulsification Region

The calibration plot method was used to determine the region of the nanoemulsifica-
tion in the developed phase diagram. The calibration plot was constructed between the
weight (mg) of graph paper versus its area (cm2). The nanoemulsification region was cut
and sketched on graph paper used in the construction of the calibration plot. The area
sketched on graph paper was cut and weighed and the corresponding area was determined
from the regressed equation of the calibration plot [15].

2.5. Preparation and Optimization of the NE Formulation by Spontaneous Emulsification Method

The NEs were prepared in different compositions from the oil phase as OA, C90, and
EO at a Smix mass ratio (Km) of 1:1 of different concentrations obtained from nanoemulsifi-
cation regions found through phase behavior study [16,18].

The mixing oil–Smix phase to the aqueous phase and vice-versa was performed
in four different modes: (i) Instantaneous mixing of aqueous phase to oil–Smix phase;
(ii) Drop-by-drop mixing of aqueous phase to oil–Smix phase; (iii) Instantaneous mixing of
oil–Smix phase to the aqueous phase, and (iv) Drop-by-drop mixing of oil–Smix phase to the
aqueous phase.

All modes of mixing were subjected to vortexing for 0, 1, 3, and 5 min to investigate
the impact of vortexing time on the mean droplet size, PDI, and the stability of optimized
NE (schematic illustration in Supplementary Figure S1).

The impact of the addition of an aqueous buffer system with oil–Smix as a replacement
for the water on the mean droplet size and PDI was also evaluated. The oil–Smix was mixed
with aqueous buffers of different pHs 1.2, 5.5, 6.8, and 7.4.

Furthermore, the impact of the Smix mass ratio (Km) on the characteristic features of
NE was also investigated by preparing the Smix phase of NE in different mass ratios (such
as 1:1.5, 1:2, 1:3, 1:4, 1.5:1, 2:1, 3:1, and 4:1).

Mean Droplet Size and PDI Determination

The mean droplet size and size distribution in form of PDI of the diluted (1:100)
NE were determined by the dynamic light scattering technique using Zetasizer (Malvern
Instruments, 1000 HS, Malvern, UK) [24] to observe the influence of the mode of preparation
method and different process parameters.

2.6. Stability Testing of NE System

The storage stability of optimized NE systems composed of OA, C90, and EO as oil
phase were evaluated. Samples of different oil–Smix ratios (1:1.5, 1:1.75, 1:2, 1:2.5, 1:3, 1:3.5,
and 1:4) were prepared in Eppendorf tubes and stored for 1 month at 25 ◦C. The effects
of storage conditions on the physical appearance, mean droplet size, and PDI of samples
were evaluated at time intervals of 0, 15, and 30 days [25,26].
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2.7. Statistical Analysis

All of the presented results are expressed as the mean ± standard deviation (SD). Sta-
tistical comparison of results between different groups was performed using the unpaired
t-test and one way ANOVA (GraphPad Prism version 9.3.1.471 for window, GraphPad
Software, San Diego, CA, USA), where p < 0.05 was considered a significant difference
between the compared groups.

3. Results and Discussion
3.1. The Emulsifying Efficiency of the Smix Phase for Different Oil Phases

The emulsification ability of different Smix mixtures (tween 20, tween 80, solutol HS15,
cremophor EL individually mixed with transcutol HP in 1:1) was tested for oil phases of
varying carbon chain length (C8-C18 such as OA, C90, and EO) and lipophilicity. The results
are presented in Table 1. As discussed above, the selection of transcutol HP was based on
previous literature and promising experimental results [15,20,27,28]. The emulsification
ability was assessed based on the volume of that particular oil emulsified [21] in the Smix
phase and the formation of clear dispersion without being very hazy in appearance. The
clarity of formed dispersion was standardized by determining %T which should not be
less than 80% [19].

Table 1. Volume of oil (OA, C90, and EO) emulsified and % transmittance (%T) of dispersion system
consisting of oil emulsified in 10% aqueous Smix (1:1) system.

Oil Phase Type of Smix Vol. of Oil
Emulsified (µL) %T ± SD

Octanoic acid
(OA)

Tween 20 and transcutol HP 30.0 88.84 ± 0.366
Tween 80 and transcutol HP 40.0 83.83 ± 0.660

Solutol HS15 and transcutol HP 28.0 81.89 ± 0.606
Cremophore EL and transcutol HP 70.0 84.26 ± 0.113

Capryol 90
(C90)

Tween 20 and transcutol HP 14.0 88.74 ± 0.581
Tween 80 and transcutol HP 15.0 87.95 ± 0.890

Solutol HS15 and transcutol HP 9.0 87.75 ± 0.711
Cremophore EL and transcutol HP 24.0 88.74 ± 0.911

Ethyl oleate
(EO)

Tween 20 and transcutol HP 7.0 85.74 ± 1.101
Tween 80 and transcutol HP 11.0 81.83 ± 1.807

Solutol HS15 and transcutol HP 9.0 85.02 ± 1.378
Cremophore EL and transcutol HP 21.0 87.70 ± 1.850

In general, the Smix phase was prepared to have more emulsification efficiency for
OA than the oil phase, followed by the C90 and EO, respectively. For all three types of oil
phases, the Smix phase of cremophore EL showed the maximum emulsification efficiency
followed by the Smix phase of tween 80 and then tween 20, respectively, while the Smix
phase of solutol HS15 showed minimum emulsification efficiency (Table 1). Although the
utilization of cremophore EL in the pharmaceutical formulation is common at specified
concentration and its safety limit is already defined by the regulatory agency for human
use in pharmaceutical or nutraceutical products. It was observed that samples of all these
tested dispersion systems exhibited considerable % transmittance (>80%) as shown in
Table 1.

The reason for the higher solubilization efficiency of the Smix phase for OA as an oil
system is attributed to the fact that it has shorter carbon chain and lower lipophilicity (HLB
value approaching 10) compared with C90 and EO, which has a longer carbon chain and
higher lipophilicity (HLB value approaching towards 1) [14]. Therefore, the length of the
carbon chain needs to be taken into consideration while designing a NE system, as the
increase in the carbon chain length of the oil phase reduces the emulsification ability of the
surfactant/Smix phase.
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3.2. Pseudoternary Phase Diagram Study

The phase behavior study was performed according to the procedure described in
Section 2.4 and the NE region was calculated as per the procedure elaborated in Section 2.4.1.
The NE region obtained in Figure 2 depicts that the maximum NE region obtained in the
case of colloidal dispersion consists of OA as the oil phase. The size of the NE region
obtained in the phase behavior study follows the order of OA > C90 > EO.
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(c) ethyl oleate as oil phase at Smix ratio 1:1.

The HLB value of the oil phase consisting of OA is greater than the HLB value of the
oil phase consisting of EO, signifying that the low lipophilicity of the oil phase consisting
of OA [15] has more affinity for the aqueous system as compared with C90 and EO. It is
ultimately responsible for the greater NE region obtained in the phase behavior study in
the case of OA compared to EO. The phase diagrams (Figure 2) depict that the chosen
Smix concentration was able to considerably increase the dispersion entropy, reduce the
interfacial tension, increase the interfacial area and lower the free energy of the system to a
minimum possible value, resulting in the formation of substantial NE regions for the oil
phase consist of OA, C90, and EO [14,29].

The pseudoternary diagrams depict the influence of each component (oil, Smix, and
water) in the formation and stabilization of the formulated NE prepared through the
spontaneous emulsification method [22,23]. It has been observed that the greater the
HLB value of the Smix system, the greater its emulsification efficiency; the HLB value of
Cremophore EL is approximately 13.5 and that of Tanscutol HP is 4.2. The role of Transcutol
HP as a co-emulsifier along with surfactant having HLB between 12 to 15 in the preparation
and stability of NE is well established. The presence of Transcutol HP also contributes
significantly to the formation of a stable colloidal dispersion of NE by imparting flexibility
to the surfactant film and overcoming the repulsive forces and fluidity of the respective
aqueous and oil phases [15,20,27,28].

The HLB value is the dictating factor in governing the amalgamation of the aqueous
and oil phases in the course of the transformation into the NE system. Therefore, a greater
HLB value in the surfactant system would have imparted more hydrophilicity and affinity
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towards the aqueous phase, resulting in optimal NE regions for colloidal dispersion system
consisting of OA, C90, and EO as oil phase. [17,29].

3.3. Preparation and Optimization of NE Formulation by Spontaneous Emulsification Method

Series of NEs were prepared by the spontaneous emulsification method as described
in Section 2.5. The droplet size, PDI, and %T were determined for different formulations
compositions of %oil, %Smix, and %water as shown in Table 2. These key parameters of NE
are going to affect the bulk properties, product performance, appearance, and stability [30].

Table 2. Percentage composition of NEs prepared by spontaneous emulsification method and the
impact on the formulation droplet size, PDI, and the stability (mean ± SD).

Oil Phase %Oil %Smix %Water %T Size
(nm) PDI Stability

(24 h)

OA

5.56 9.45 84.99 91.25 ± 2.76 38.78 ± 0.15 0.210 ± 0.03 Stable
26.67 45.33 28.0 98.33 ± 1.96 47.65 ± 0.43 a 0.497 ± 0.02 Stable
5.56 45.33 49.11 96.94 ± 0.68 20.45 ± 0.07 0.321 ± 0.05 Stable

26.67 9.45 63.88 81.23 ± 1.24 177.7 ± 1.95 a 0.125 ± 0.04 Stable
16.11 27.39 56.5 98.01 ± 0.94 56.35 ± 0.39 0.172 ± 0.02 Stable
16.11 45.33 38.56 98.23 ± 2.06 46.90 ± 0.21 0.111 ± 0.04 Unstable

C90

16.67 35.33 48.0 97.43 ± 1.73 34.47 ± 0.18 0.093 ± 0.001 Stable
23.26 46.51 30.23 98.99 ± 0.88 48.37 ± 0.66 b 0.056 ± 0.003 Stable
16.67 46.51 36.82 93.61 ± 1.65 58.98 ± 0.72 0.072 ± 0.003 Unstable
23.26 35.33 41.41 97.39 ± 1.79 136.9 ± 2.75 b 0.527 ± 0.03 Stable
19.96 45.92 34.12 83.01 ± 0.53 116.9 ± 1.05 0.550 ± 0.01 Unstable
19.96 46.51 33.53 94.51 ± 1.01 142.7 ± 1.64 0.537 ± 0.04 Unstable

EO

13.70 41.10 45.2 15.29 ± 0.08 919.9 ± 23.93 0.135 ± 0.05 Unstable
18.69 56.07 25.24 10.26 ± 0.03 194.17 ± 2.71 0.589 ± 0.04 Unstable
13.70 56.07 30.23 97.28 ± 1.26 29.64 ± 0.04 0.336 ± 0.05 Stable
18.69 41.10 40.21 10.35 ± 0.18 104.4 ± 1.08 0.383 ± 0.05 Unstable
16.20 48.58 35.22 11.96 ± 0.29 127.5 ± 1.92 c 0.432 ± 0.06 Unstable
16.20 56.07 27.73 97.43 ± 1.74 28.04 ± 0.02c 0.112 ± 0.01 Stable

a Droplet size significantly (p < 0.05) decreased upon increase in concentration of %Smix in the case of NE
composition containing OA as oil phase. b Droplet size significantly (p < 0.05) decreased upon increase in
concentration of %Smix in the case of NE composition containing C90 as oil phase. c Droplet size significantly
(p < 0.05) decreased upon increase in concentration of %Smix in the case of NE composition containing EO as
oil phase.

Out of the six formulations formulated for each oil type (Table 2), five formulations
from OA as oil phase, three formulations from C90 as oil phase, and two formulations
from EO as oil phase had a droplet size below 100 nm (Table 2). The smallest droplet size
(20.45 nm) was obtained from the formulation consisting of 5.5% OA, 45.33% Smix, and
49.11% water. Despite the use of the same oil% (5.5) of OA, the droplet size nearly doubled
(38.78 nm) when the Smix decreased to 9.45%. The same was noticed for NE formulations
consisting of 26.67% oil of OA, where the droplet size significantly (p < 0.05) decreased
from 177.7 nm to 47.65 nm when the Smix% increased from 9.45% to 45.33%.

In the case of C90 as the oil phase, the impact of Smix% on the droplet size is significant.
For example, in NE formulations that consist of 16.67 % of oil, the increase in the Smix %
from 35.33% to 46.51% has resulted in an increase in droplet size from 34.47 nm to 58.98 nm
and get unstable after 24h. Similarly for NE formulations having 23.26% of the oil phase of
C90, the increase in the Smix% from 35.33% to 46.51% has resulted in a significant (p < 0.05)
decrease in droplet size from 136.9 nm to 48.37 nm and remained stable even after 24 h
(Table 2).

In the case of EO as oil phase, the increase of Smix% resulted in a decrease in the
droplet size. For example, in NE formulations that consist of 13.7% of oil, the increase
in the Smix% from 41.10 to 56.07% resulted in a significant (p < 0.05) decrease in droplet
size from 919.9 nm to 29.69 nm and remained stable after 24h (Table 2). Similarly, for NE
formulations that have 16.20% of oil, the increase in the Smix% from 48.58% to 56.07%
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resulted in a significant (p < 0.05) decrease in droplet size from 127.5 nm to 28.04 nm and
remained stable after 24 h (Table 2).

For the impact of Smix% on the PDI, results showed that an increase in the Smix%
resulted in an increase in PDI in the case of NE consisting of OA and EO as oil phase. For
example, in NE formulations that consist of 5.56% of the oil phase of OA, the increase in
the Smix% from 9.45% to 45.33% resulted in a significant (p < 0.05) increase in PDI from
0.210 to 0.321. Similarly, for NE formulations that have 26.67% of oil of OA, the increase
in the Smix% from 9.45% to 45.33% has resulted in a significant (p < 0.05) increase in PDI
from 0.125 to 0.497 (Table 2). In addition, in NE formulations that consist of 13.7% of the
oil phase of EO, the increase in the Smix% from 41.10% to 56.07% resulted in a significant
(p < 0.05) increase in PDI from 0.135 to 0.336, while in NE formulations that have 18.69% of
the oil phase of EO, the increase in the Smix% from 41.10% to 56.07% resulted in a significant
(p < 0.05) increase in PDI from 0.383 to 0.589 (Table 2).

In the case of C90 as the oil phase, the increase of Smix% resulted in a decrease in the
PDI. For example, in NE formulations that consist of 16.67% of the oil phase of C90, the
increase in the Smix% from 35.33% to 46.51% resulted in a decrease in PDI from 0.093 to
0.072 while in NE formulations that have 23.26% of the oil phase of C90, the increase in
the Smix% from 35.33% to 46.52% has resulted in significant (p < 0.05) decrease in PDI from
0.527 to 0.056 (Table 2).

Out of the six NE formulations prepared for each oil type (Table 2), five formulations
from OA as oil phase, three formulations from C90 as oil phase, and only two formulations
from EO as oil phase demonstrated stability after 24 h. In NE formulations consisting of
OA as oil phase, stability was affected when the Smix% increased from 27.39% to 45.33% in
only one case of NE consisting of 16.11% oil (Table 2). In NE formulations consisting of
C90 as the oil phase, the impact of Smix% on the two NE formulations having the same oil%
was quite different. For example, in the case of an NE formulation that has 16.67% of oil,
the increase in the Smix% from 35.33% to 46.51% resulted in an unstable NE formulation
while in NE formulations that have 23.26% of oil, the increase in the Smix% from 35.33% to
46.51% has not affected the formulation stability (Table 2). In NE formulations consisting of
EO as oil phase, an increase of Smix% from 41.10% to 56.07% was needed to obtain a stable
NE consisting of 13.7% of oil. Further, in the formulation consisting of 16.20% of oil, an
increase of Smix% from 48.58% to 56.07% was needed to obtain a stable NE system.

Smix% has shown a remarkable impact on the droplet size, PDI, and stability of NE.
The increase in the Smix% is expected to decrease the droplet size in the case of OA, C90, and
EO as the oil phase. Further, the increase in the Smix% is expected to increase the PDI in NE
consisting of OA and EO as oil phase, while expected to decrease the PDI in NE consisting
of C90 as oil phase. The stability of NE formulation might be affected when the Smix%
increased in the same amount of oil%. Our results clearly show that the stability behavior
of NE formulation consisting of oil phase as OA, C90, and EO is quite different. The reason
behind such an observation could be the increased lipophilicity with the increase in the
length of the carbon chain which would require greater energy or Smix concentration to
lower the interfacial tension and generate a stable NE system [31,32]. However, these
observations also suggest that the increase in Smix concentration beyond a critical point at
which the preparations are highly stabilized would lead to disruption of the stability and
therefore, excess Smix concentration should be avoided [33,34].

There is a negative correlation between %T and the mean droplet size of OA-based,
C90-based, and EO-based NE systems with R2 > 0.99 as shown in Supplementary Figure S2.
The correlation shows that the decrease in the %T is associated with the increase in the
droplet size, which corroborates results from previous literature [15,29].

3.4. The Impact of Different Variables on the Mean Droplet Size, PDI, and the Stability of NE

For investigation of the impact of different formulation and process factors on the
mean droplet size, PDI and stability of NE system composed of OA, C90, and EO as oil
phases were freshly prepared and investigated.
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3.4.1. Mode of Mixing of Aqueous Phase to Oil–Smix Phase and Vice-Versa

Four different modes of mixing were used to prepare NE systems containing OA, C90,
and EO as oil phases, including: (i) Instantaneous mixing of aqueous phase to oil–Smix
phase; (ii) Drop-by-drop mixing of aqueous phase to oil–Smix phase; (iii) Instantaneous
mixing of oil–Smix phase to the aqueous phase, and (iv) Drop-by-drop mixing of oil–Smix
phase to the aqueous phase. The effect of mode of mixing of aqueous to oil–Smix and
vice versa was investigated for (1) NE system composed of OA as oil to Smix ratio 1:3 and
optimized composition as 300 µL oil phase, 900 µL Smix phase, and 800 µL water; (2) NE
system composed of C90 as oil to Smix ratio 1:3 and optimized composition as 300 µL oil
phase, 900 µL Smix phase, and 800 µL water; and (3) NE system composed of EO as oil to
Smix ratio 1:4 and optimized composition as 300 µL oil phase, 1200 µL Smix phase, and
500 µL water. From the results presented in Table 3, it can be seen that mode of mixing
of NE components had no significant (p > 0.05) influence on mean droplet size, PDI, and
%T in the case of OA-based NE and EO-based NE. However, in the case of C90, the NEs
prepared by drop-wise mixing mode exhibited significantly (p < 0.05) smaller droplet size
as compared to those NEs prepared by instantaneous mixing of aqueous phase to oil–Smix
phase (nanoemulsion formulations prepared through drop-wise mixing mode are shown
in Supplementary Figure S2). Therefore, drop-by-drop mixing is preferable to get a smaller
droplet size in the case of NE consisting of a C90-based NE system.

Table 3. Effect of mode of mixing of aqueous phase to Oil–Smix phase and vice-versa on OA-based,
C90-based, and EO-based NE system.

NE System Composed of OA as Oil to Smix Ratio 1:3 *

Mode of Mixing Mean droplet size (nm) PDI %T
Instantaneous mixing of aqueous phase to oil–Smix phase 55.47 ± 0.31 0.360 ± 0.031 96.36 ± 0.12
Drop-by-drop mixing of aqueous phase to oil–Smix phase 55.69 ± 0.28 0.261 ± 0.015 96.25 ± 0.04

Instantaneous mixing of oil–Smix phase to the aqueous phase 51.92 ± 0.68 0.248 ± 0.001 96.74 ± 0.25
Drop-by-drop mixing of oil–Smix phase to the aqueous phase 52.29 ± 0.43 0.213 ± 0.014 96.27 ± 0.26

NE system composed of C90 as oil to Smix ratio 1:3 *
Mode of Mixing Mean droplet size (nm) PDI %T

Instantaneous mixing of aqueous phase to oil–Smix phase 157.49 ± 1.09 0.321 ± 0.012 93.72 ± 0.607
Drop-by-drop mixing of aqueous phase to oil–Smix phase 120.20 ± 1.08 0.324 ± 0.004 95.30 ± 0.188

Instantaneous mixing of oil–Smix phase to the aqueous phase 156.45 ± 0.65 0.321 ± 0.006 93.00 ± 0.445
Drop-by-drop mixing of oil–Smix phase to the aqueous phase 125.51 ± 1.45 0.338 ± 0.007 93.38 ± 0.404

NE system composed of EO as oil to Smix ratio 1:4 #

Mode of Mixing Mean droplet size (nm) PDI %T
Instantaneous mixing of aqueous phase to oil–Smix phase 26.37 ± 0.198 0.145 ± 0.006 98.05 ± 0.035
Drop-by-drop mixing of aqueous phase to oil–Smix phase 26.54 ± 1.126 0.142 ± 0.004 97.98 ± 0.130
Instantaneous mixing of oil–Smix phase to aqueous phase 26.69 ± 0.850 0.133 ± 0.017 97.80 ± 0.531
Drop-by-drop mixing of oil–Smix phase to aqueous phase 27.23 ± 0.145 0.175 ± 0.006 98.18 ± 0.219

* Optimized composition as 300 µL oil, 900 µL Smix phase, and 800 µL water (Supplementary Figure S2).
# Optimized composition as 300 µL oil, 1200 µL Smix phase, and 500 µL water (Supplementary Figure S2).

3.4.2. Impact of Vortexing Time on the Droplet Size, PDI, and the Stability of the NE

To investigate the impact of vortexing duration, NEs of oil phases OA and C90 were
prepared with 300 µL oil phase, 900 µL Smix phase, and 800 µL water. NE of oil phase as
EO was prepared with 300 µL oil phase, 1200 µL Smix phase, and 500 µL water. A higher
concentration of the Smix was needed to prepare the NE containing EO, as the oil phase
because of the high lipophilicity of EO (low HLB value) compared to the OA and C90. The
freshly prepared NE systems were vortexed for 0 (no vortexing), 1, 3, or 5 min. The impact
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of the vortexing time on the droplet size, and PDI (storage duration 0, and 15 days) of the
OA-based, C90-based, and EO-based NE systems is presented in Figure 3a–f.
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The influence of vortexing duration was found to be directly related to the mean
droplet size and PDI in the case of the OA-based NE system, where the increase in mean
droplet size and PDI were statistically significant (p < 0.05) with the increase of the vortexing
duration (Figure 3a,b). On another side, vortex’s duration was found to be inversely related
to mean droplet size and PDI in the case of C90-based, and EO-based NE systems, where
the mean droplet size and PDI were significantly (p < 0.05) decreased with the increase of
the vortexing duration (Figure 3c–f).

Interestingly, the stability profile (any changes observed in mean droplet size and
PDI of the NE system upon storage for 15 days) of all three types (OA-based, C90-based,
and EO-based) of the NE system are affected almost to an equal extent by increasing the
duration of vortexing. The stability of the prepared NE system was consistent under no
vortexing conditions. However, following 15 days of storage, the values of mean droplet
size and PDI remained relatively constant for OA-based NE for vortex times of 1 and 3 min,
whereas these values increased slightly for C90-based and EO-based NE systems for vortex
durations of 1 and 3 min. The increase in the duration of vortexing up to 5 min resulted in
a significant (p < 0.05) increase in mean droplet size and PDI of OA-based, C90-based, and
EO-based NEs after 15 days of storage. These results indicate that the stability of all the
freshly prepared NE systems by spontaneous emulsification is greatly influenced by the
increase in vortex duration upon storage for 15 days. The mean droplet size and PDI of the
freshly prepared NE system no longer remained constant upon storage. The study results
suggest that preparation of the NE system by spontaneous emulsification without vortexing
is a preferable condition for maintaining longer stability of the NE system consisting of OA,
C90, and EO as oil phase (Figure 3a–f).
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3.4.3. Effect of the Buffer as Aqueous Phase (pH 1.2, 5.5, 6.8, 7.4)

The use of buffer as the aqueous phase in NE holds significant importance, particularly
in the case of sensitive drug candidates, such as ramipril, which is very sensitive to the
pH of the aqueous phase and is prone to degradation in the presence of moisture and
alkaline pH [35,36]. In a research study conducted by Shafiq et al., the aqueous phase of
NE was replaced by a standard buffer of pH 5, which significantly affected the stability of
ramipril loaded in the NE system [24]. Therefore, in the present investigation, the impact of
buffers of different pHs on the mean droplet size and PDI of the NE system was explored
to decipher how different pH values (1.2, 5.5, 6.8, and 7.4) affect the characteristic response
parameter of the NE system composed of oil phases of different carbon chain lengths, such
as OA, C90, and EO. The NEs of oil phases such as OA and C90 were prepared with 300 µL
oil phase, 900 µL Smix phase, and 800 µL water. The NE of oil phase as EO was prepared
with 300 µL oil phase, 1200 µL Smix phase, and 500 µL water.

It was observed that the impact of buffers of different pH as an aqueous phase influ-
ences the mean droplet size and PDI of the NE system consisting of OA, C90, and EO as
oil phases (Figure 4). The effect of the buffer as an aqueous phase was more pronounced,
particularly in the case of OA-based NE. The smallest mean droplet size (48.07 nm) and
low PDI (0.056) were observed at pH 6.8 in the NE system consisting of OA as the oil
phase (Figure 4a). It was observed that the mean droplet size (152.1 nm) and PDI (0.154) of
OA-based NE system was significantly increased in the buffer of acidic pH 1.2 compared to
NE system at pH 6.8 (p < 0.05) (Figure 4a). OA-based NE formulation contains a carboxyl
group as a pH-responsive group, which upon pH changes resulted in the protonation
or deprotonation of the responsive group in the formulation system [37]. A pKa value
of 4.89 of OA indicates that it will exist almost entirely in the anion form at pH values
of 5–9 [38] and get protonated upon a change in pH to acidic pH 1.2. This switching of
the responsive group between deprotonated to protonated state due to the change in pH
of the aqueous phase is responsible for contributing to the pH-responsive nature of the
NE [37] and results in an increase in mean droplet size of OA-based NE formulation at
pH 1.2. On the contrary, it was observed that the mean droplet size (210.1 nm) of C90-based
NE system was significantly larger in a buffer of pH 6.8 compared to the mean droplet size
(153.5 nm) of C90-based NE system at pH 1.2 (p < 0.05) (Figure 4b). In addition, the impact
of buffers of different pH (5.5, 6.8, and 7.4) on the change in mean droplet size of EO-based
NE systems was not statistically significant (p > 0.05). Indeed, the largest mean droplet size
(45.53 nm) and maximum PDI (0.231) were observed in the case of EO-based NE system
consisting of a buffer of pH 1.2 as an aqueous phase (Figure 4c).

The result suggested that, in the NE system having OA, C90, and EO as the oil phase,
the smallest droplet size and low PDI can be achieved by replacing water as the aqueous
phase with the buffers of optimum pH as per the suitability of applications.

3.4.4. Effect of Km Ratio (Surfactant Co-Surfactant Mass Ratio)

It is of note that the difference in Km ratio significantly influences mean droplet size
and PDI in the case of the NE system consisting of OA, C90, and EO as oil phases (Figure 5).
The NEs of oil phases such as OA and C90 were prepared with 300 µL oil phase, 900 µL
Smix phase, and 800 µL water. The NE of oil phase as EO was prepared with 300 µL oil
phase, 1200 µL Smix phase, and 500 µL water. The Km ratio effect is the most pronounced in
the case of the NE system composed of EO as the oil phase.

In the case of the OA-based NE system, it was evident that the increase in the
co-surfactant concentration in the Km ratio gradually increases the mean droplet size
(Figure 5a). The smallest mean droplet sizes were observed when the surfactant concentra-
tion was slightly higher than the co-surfactant concentration in the Km ratios of 3:2 and 2:1
(Figure 5a). Interestingly, the mean droplet size increases with the increase of surfactant
concentration to the co-surfactant concentration in the Km ratios 3:1 and 4:1 (Figure 5a).
The smallest droplet size (41.02 nm) and low PDI (0.096) were achieved at an optimal Km
ratio of 2:1 in the case of the OA-based NE system (Figure 5a).
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The impact of the Km ratio on mean droplet size and PDI was significant in the case
of the C90-based NE system. The mean droplet size and PDI were significantly (p < 0.05)
increased from (150.3 to 585.0 nm) when the co-surfactant concentration increased gradually
to the surfactant concentration in Km ratios 1:1.5 to 1:4 (Figure 5b). Conversely, the mean
droplet size and PDI decreased significantly (p < 0.05) when the surfactant concentration
gradually increased to the co-surfactant concentration in Km ratios (1.5:1 to 4:1) (Figure 5b).
The smallest mean droplet size (35.7 nm) was observed with the Km ratio of 4:1 and the
lowest PDI (0.298) was observed with the Km ratio of 2:1 in the case of the C90-based NE
system (Figure 5b).

Further, the impact of the Km ratio was significant regarding the mean droplet size
and PDI in the case of the EO-based NE system. The mean droplet size and PDI were
significantly (p < 0.05) decreased to reach 20.71 nm and 0.046, respectively, when the
surfactant concentration increased to the co-surfactant concentration in the Km ratios 3:2
to 4:1 (Figure 5c). Conversely, there was a gradual increase in the mean droplet size and
PDI when the co-surfactant concentration increased to the surfactant concentration in the
Km ratios 1:1.5 to 1:4 (Figure 5c). The smallest droplet size (20.71 nm) and the lowest PDI
(0.046) were found at the Km ratio of 4:1. In addition, the Km ratio (1:2) minimizes the PDI
(Figure 5c).

The study findings indicate that the mean droplet size and PDI of OA-based, C90-
based, and EO-based NE systems are greatly influenced by the Km ratio and the concentra-
tion of the surfactant plays a major role in the reduction of the mean droplet size compared
to the concentration of the co-surfactant. Su et al. has also reported the influence of the
Km ratio in reducing the mean droplet size of NE prepared through the phase-inversion
composition (PIC) technique [39].
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3.5. Stability of NE System Composed of OA, C90, and EO as Oil Phase

The stability study of the NE system composed of OA, C90, and EO as oil phases
was performed as per the procedure provided in Section 2.6. The NE formulations of all
three categories of oil phases were prepared at a specific oil–Smix ratio. The results of the
stability study revealed that the NE system composed of OA as oil phase (with oil–Smix
ratio 1:3; 1:3.5, and 1:4) remained consistent (in respect of mean droplet size, PDI, and %T)
throughout the 30 days storage duration (Table 4).

The stability profile of the NE system composed of C90 and EO as oil phases was
found to remain consistent during the 30 days storage duration at oil–Smix ratios of 1:3 and
1:4, respectively (Table 4).

At the oil–Smix ratio of 1:3, the NE system composed of OA and C90 showed consistent
results in terms of mean droplet size, PDI, and %T, whereas a significant (p < 0.05) change
in these physical attributes was observed in the case of the NE system composed of EO
(Table 4) [40].

At the oil–Smix ratio of 1:2 and 1:2.5, the NE system composed of all of the three oil
phases (OA, C90, and EO) showed significant (p < 0.05) changes in the mean droplet size
and PDI during the 30 days storage duration. The results of the stability study investigation
support and align with the literature report that NE composed of OA-based, and C90-based
NE systems were found to be more stable in comparison to EO-based NE systems [41–44].
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Table 4. Stability study of OA, C90, and EO-based NE system.

Stability Study of NE Composed of Octanoic Acid as Oil Phase at Smix Ratio 1:1

S. No O/S Ratio
0 Days 15 Days 30 Days

Droplet Size PdI %T Droplet Size PdI %T Droplet Size PdI %T

i. 1:1.5 408.64 ± 3.09 0.372 ± 0.051 90.13 ± 0.477 437.94 ± 1.86 0.607 ± 0.021 89.44 ± 1.08 455.51 ± 4.13 0.655 ± 0.029 88.72 ± 0.457

ii. 1:1.8 327.66 ± 3.30 0.366 ± 0.089 86.13 ± 0.320 369.07 ± 16.79 0.478 ± 0.098 84.47 ± 0.480 411.75 ± 10.19 0.572 ± 0.110 91.14 ± 2.10

iii. 1:2 127.86 ± 6.43 0.335 ± 0.013 88.09 ± 0.574 150.64 ± 9.10 0.339 ± 0.019 84.34 ± 0.196 184.39 ± 12.39 0.384 ± 0.017 82.74 ± 0.542

iv. 1:2.5 44.43 ± 0.98 0.077 ± 0.018 97.28 ± 0.196 89.20 ± 2.14 0.230 ± 0.031 94.10 ± 0.111 98.79 ± 3.49 0.229 ± 0.024 94.06 ± 0.075

v. 1:3 50.69 ± 1.88 0.207 ± 0.008 97.54 ± 0.215 52.41 ± 1.10 0.230 ± 0.004 97.29 ± 0.140 54.20 ± 0.439 0.216 ± 0.009 97.14 ± 0.061

vi. 1:3.5 82.02 ± 1.82 0.430 ± 0.016 97.83 ± 0.036 80.26 ± 0.91 0.387 ± 0.012 96.74 ± 0.444 83.62 ± 1.10 0.393 ± 0.004 96.88 ± 0.304

vii. 1:4 96.33 ± 0.30 0.352 ± 0.059 97.55 ± 0.460 95.45 ± 1.17 0.252 ± 0.144 97.37 ± 0.149 97.05 ± 0.538 0.210 ± 0.088 97.10 ± 0.10

Stability Study of NE Composed of Capryol 90 as Oil Phase at Smix Ratio 1:1

S. No. O/S Ratio
0 days 15 days 30 days

Droplet Size PdI %T Droplet Size PdI %T Droplet Size PDI %T

i. 1:1.5 329.95 ± 26.62 0.853 ± 0.031 86.74 ± 0.480 677.49 ± 193.3 0.963 ± 0.045 85.56 ± 1.31 742.1 ± 216.7 0.996 ± 0.005 88.21 ± 0.714

ii. 1:1.8 39.88 ± 0.830 0.103 ± 0.001 99.30 ± 0.212 58.27 ± 5.88 0.226 ± 0.026 98.69 ± 0.411 59.24 ± 5.35 0.256 ± 0.015 98.72 ± 0.143

iii. 1:2 51.76 ± 0.364 0.290 ± 0.012 98.60 ± 0.172 70.30 ± 5.01 0.350 ± 0.038 97.65 ± 0.421 73.59 ± 6.83 0.319 ± 0.009 97.85 ± 0.398

iv. 1:2.5 140.24 ± 0.668 0.545 ± 0.003 88.77 ± 0.145 150.05 ± 4.82 0.545 ± 0.040 86.58 ± 0.410 150.89 ± 4.90 0.563 ± 0.015 86.07 ± 0.413

v. 1:3 132.07 ± 1.40 0.367 ± 0.052 92.79 ± 0.061 133.21 ± 2.26 0.337 ± 0.044 92.37 ± 0.223 133.95 ± 1.85 0.230 ± 0.095 92.33 ± 0.144

Stability Study of NE Composed of Ethyl Oleate as Oil Phase at Smix Ratio 1:1

S. No. O/S Ratio
0 days 15 days 30 days

Droplet Size PdI %T Droplet Size PdI %T Droplet Size PdI %T

i. 1:2.5 164.07 ± 0.701 0.616 ± 0.009 84.59 ± 0.850 204.59 ± 2.68 0.626 ± 0.059 82.13 ± 1.93 251.32 ± 26.41 0.590 ± 0.019 87.85 ± 3.74

ii. 1:2.8 140.86 ± 0.905 0.128 ± 0.001 83.36 ± 1.49 168.29 ± 3.13 0.217 ± 0.026 81.49 ± 0.405 270.05 ± 17.20 0.295 ± 0.072 80.20 ± 0.234

iii. 1:3 114.92 ± 0.402 0.251 ± 0.009 93.39 ± 0.721 152.12 ± 4.53 0.313 ± 0.027 91.82 ± 0.340 250.14 ± 8.95 0.315 ± 0.052 92.85 ± 0.254

iv. 1:3.5 45.02 ± 3.45 0.549 ± 0.108 89.91 ± 0.461 71.63 ± 4.07 0.618 ± 0.110 90.50 ± 0.125 86.17 ± 9.09 0.549 ± 0.101 90.40 ± 1.38

v. 1:4 27.76 ± 0.276 0.173 ± 0.026 98.88 ± 0.176 27.22 ± 0.199 0.191 ± 0.011 98.81 ± 0.533 27.01 ± 0.115 0.192 ± 0.002 98.46 ± 0.015

4. Conclusions

The study demonstrates important observations regarding the formation and the
characteristic features of NE systems composed of oil phases of varying carbon chain
(C8-C18) lengths prepared by the spontaneous emulsification method. The vortexing
duration, mode of addition of oil–Smix to the aqueous phase, the replacement of water
phase with aqueous buffers, and Km value have substantially affected the characteristic
features of the NE such as mean droplet size and size distribution. Furthermore, the
stability profile of the NE system composed of OA and C90 had consistent results in
terms of mean droplet size, PDI, and %T at a lower oil–Smix ratio compared to the NE
system composed of EO. This is due to the low lipophilicity (higher HLB value) of OA,
and C90 as an oil phase compared to the EO as an oil. Taken together, these data have to
be implemented to broaden the preformulation understanding on NE systems prepared
through spontaneous emulsification technique and helpful to hasten the NE-based product
development for different.
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//www.mdpi.com/article/10.3390/bioengineering9080384/s1, Figure S1: Schematic illustration
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Correlation between %T and mean droplet size of NE system consisting of octanoic acid, capryol 90,
and ethyl oleate as oil phase; Figure S3: Optimized composition of nanoemulsion prepared through
drop-by-drop mixing of aqueous phase to oil–Smix phase (a) NE system composed of OA as oil
having 300 µL oil, 900 µL Smix phase, and 800 µL water, (b) NE system composed of C90 as oil having
300 µL oil, 900 µL Smix phase, and 800 µL water, (c) NE system composed of EO as oil having 300 µL
oil, 900 µL Smix phase, and 800 µL water.

Author Contributions: Conceptualization, M.S.A. and J.A.; Formal analysis, M.Z.A. and J.A.; Fund-
ing acquisition, M.S.A.; Investigation, M.S.A., M.Z.A. and J.A.; Methodology, M.Z.A. and J.A.; Project
administration, M.S.A.; Software, M.Z.A. and J.A.; Supervision, M.S.A. and J.A.; Validation, M.Z.A.
and J.A.; Visualization, M.S.A. and J.A.; Writing—original draft, J.A.; Writing—review & editing,
M.S.A., M.Z.A. and J.A. All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/bioengineering9080384/s1
https://www.mdpi.com/article/10.3390/bioengineering9080384/s1


Bioengineering 2022, 9, 384 16 of 17

Funding: This research was funded by Deanship of Scientific Research at Najran University, Saudi
Arabia under grant number NU/-/MRC/10/371.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors are thankful to the Deanship of Scientific Research at Najran University
for funding this work under the General Research Funding program, grant code NU/-/MRC/10/371.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Roy, A.; Nishchaya, K.; Rai, V.K. Nanoemulsion-based dosage forms for the transdermal drug delivery applications: A review of

recent advances. Expert Opin. Drug Deliv. 2022, 19, 303–319. [CrossRef] [PubMed]
2. Singh, Y.; Meher, J.G.; Raval, K.; Khan, F.A.; Chaurasia, M.; Jain, N.K.; Chourasia, M.K. Nanoemulsion: Concepts, development

and applications in drug delivery. J. Control. Release 2017, 252, 28–49. [CrossRef]
3. Barkat, M.A.; Rizwanullah, M.; Pottoo, F.H.; Beg, S.; Akhter, S.; Ahmad, F.J. Therapeutic nanoemulsion: Concept to delivery. Curr.

Pharm. Des. 2020, 26, 1145–1166. [CrossRef] [PubMed]
4. Zhang, Z.; Kuo, J.C.; Zhang, C.; Huang, Y.; Zhou, Z.; Lee, R.J. A Squalene-Based Nanoemulsion for Therapeutic Delivery of

Resiquimod. Pharmaceutics 2021, 13, 2060. [CrossRef] [PubMed]
5. Li, G.; Zhang, Z.; Liu, H.; Hu, L. Nanoemulsion-based delivery approaches for nutraceuticals: Fabrication, application, characteri-

zation, biological fate, potential toxicity and future trends. Food Funct. 2021, 12, 1933–1953. [CrossRef]
6. Donsì, F.; Sessa, M.; Mediouni, H.; Mgaidi, A.; Ferrari, G. Encapsulation of bioactive compounds in nanoemulsion-based delivery

systems. Procedia Food Sci. 2011, 1, 1666–1671. [CrossRef]
7. Li, Y.; Zheng, J.; Xiao, H.; McClements, D.J. Nanoemulsion-based delivery systems for poorly water-soluble bioactive compounds:

Influence of formulation parameters on polymethoxyflavone crystallization. Food Hydrocoll. 2012, 27, 517–528. [CrossRef]
8. Tayeb, H.H.; Sainsbury, F. Nanoemulsions in drug delivery: Formulation to medical application. Nanomedicine 2018, 13, 2507–2525.

[CrossRef]
9. Kotta, S.; Khan, A.W.; Ansari, S.H.; Sharma, R.K.; Ali, J. Formulation of nanoemulsion: A comparison between phase inversion

composition method and high-pressure homogenization method. Drug Deliv. 2015, 22, 455–466. [CrossRef]
10. Asadinezhad, S.; Khodaiyan, F.; Salami, M.; Hosseini, H.; Ghanbarzadeh, B. Effect of different parameters on orange oil

nanoemulsion particle size: Combination of low energy and high energy methods. J. Food Meas. Charact. 2019, 13, 2501–2509.
[CrossRef]

11. Pavoni, L.; Perinelli, D.R.; Bonacucina, G.; Cespi, M.; Palmieri, G.F. An Overview of Micro- and NEs as Vehicles for Essential Oils:
Formulation, Preparation and Stability. Nanomaterials 2020, 10, 135. [CrossRef] [PubMed]

12. Polychniatou, V.; Tzia, C. Study of Formulation and Stability of Co-surfactant Free Water-in-Olive Oil Nano- and Submicron
Emulsions with Food Grade Non-ionic Surfactants. J. Am. Oil Chem. Soc. 2014, 91, 79–88. [CrossRef]

13. Gupta, A.; Eral, H.B.; Hatton, T.A.; Doyle, P.S. Nanoemulsions: Formation, properties and applications. Soft Matter 2016, 12,
2826–2841. [CrossRef]

14. Weerapol, Y.; Limmatvapirat, S.; Nunthanid, J.; Sriamornsak, P. Self-Nanoemulsifying Drug Delivery System of Nifedipine:
Impact of Hydrophilic–Lipophilic Balance and Molecular Structure of Mixed Surfactants. AAPS PharmSciTech. 2014, 15, 456–464.
[CrossRef] [PubMed]

15. Ahmad, J.; Mir, S.R.; Kohli, K.; Amin, S. Effect of oil and co-surfactant on the formation of Solutol HS 15 based colloidal drug
carrier by Box–Behnken statistical design. Colloids Surf. A Physicochem. Eng. Asp. 2014, 453, 68–77. [CrossRef]

16. Saberi, A.H.; Fang, Y.; McClements, D.J. Fabrication of vitamin E-enriched nanoemulsions: Factors affecting particle size using
spontaneous emulsification. J. Colloid Interface Sci. 2013, 391, 95–102. [CrossRef]

17. Komaiko, J.; McClements, D.J. Low-energy formation of edible nanoemulsions by spontaneous emulsification: Factors influencing
particle size. J. Food Eng. 2015, 146, 122–128. [CrossRef]

18. Gulotta, A.; Saberi, A.H.; Nicoli, M.C.; McClements, D.J. Nanoemulsion-based delivery systems for polyunsaturated (ω-3) oils:
Formation using a spontaneous emulsification method. J. Agric. Food Chem. 2014, 62, 1720–1725. [CrossRef]

19. Algahtani, M.S.; Ahmad, M.Z.; Nourein, I.H.; Albarqi, H.A.; Alyami, H.S.; Alyami, M.H.; Alqahtani, A.A.; Alasiri, A.; Algahtani,
T.S.; Mohammed, A.A.; et al. Preparation and Characterization of Curcumin Nanoemulgel Utilizing Ultrasonication Technique
for Wound Healing: In Vitro, Ex Vivo, and In Vivo Evaluation. Gels 2021, 7, 213. [CrossRef]

20. Shakeel, F.; Baboota, S.; Ahuja, A.; Ali, J.; Aqil, M.; Shafiq, S. NEs as vehicles for transdermal delivery of aceclofenac. AAPS
PharmSciTech. 2007, 8, E104. [CrossRef]

21. Xi, J.Q.; Chang, C.K.; Chan, Z.Y.; Meng, G.N.; Wang, J.B.; Sun, Y.T.; Wang, Y.T.; Tong, H.H.; Zheng, Y. Formulation development
and bioavailability evaluation of a self-nanoemulsified drug delivery system of oleanolic acid. AAPS PharmSciTech. 2009, 10,
172–182. [CrossRef] [PubMed]

http://doi.org/10.1080/17425247.2022.2045944
http://www.ncbi.nlm.nih.gov/pubmed/35196938
http://doi.org/10.1016/j.jconrel.2017.03.008
http://doi.org/10.2174/1381612826666200317140600
http://www.ncbi.nlm.nih.gov/pubmed/32183664
http://doi.org/10.3390/pharmaceutics13122060
http://www.ncbi.nlm.nih.gov/pubmed/34959344
http://doi.org/10.1039/D0FO02686G
http://doi.org/10.1016/j.profoo.2011.09.246
http://doi.org/10.1016/j.foodhyd.2011.08.017
http://doi.org/10.2217/nnm-2018-0088
http://doi.org/10.3109/10717544.2013.866992
http://doi.org/10.1007/s11694-019-00170-z
http://doi.org/10.3390/nano10010135
http://www.ncbi.nlm.nih.gov/pubmed/31940900
http://doi.org/10.1007/s11746-013-2356-3
http://doi.org/10.1039/C5SM02958A
http://doi.org/10.1208/s12249-014-0078-y
http://www.ncbi.nlm.nih.gov/pubmed/24452500
http://doi.org/10.1016/j.colsurfa.2014.04.008
http://doi.org/10.1016/j.jcis.2012.08.069
http://doi.org/10.1016/j.jfoodeng.2014.09.003
http://doi.org/10.1021/jf4054808
http://doi.org/10.3390/gels7040213
http://doi.org/10.1208/pt0804104
http://doi.org/10.1208/s12249-009-9190-9
http://www.ncbi.nlm.nih.gov/pubmed/19224372


Bioengineering 2022, 9, 384 17 of 17

22. Hua, L.; Weisan, P.; Jiayu, L.; Ying, Z. Preparation, evaluation and NMR characterization of vinpocetine microemulsion for
transdermal delivery. Drug Dev. Ind. Pharm. 2004, 30, 657–666. [CrossRef] [PubMed]

23. Shakeel, F.; Haq, N.; El-Badry, M.; Alanazi, F.K.; Alsarra, I.A. Ultra fine super self-nanoemulsifying drug delivery system
(SNEDDS) enhanced solubility and dissolution of indomethacin. J. Mol. Liq. 2013, 180, 89–94. [CrossRef]

24. Shafiq, S.; Shakeel, F.; Talegaonkar, S.; Ahmad, F.J.; Khar, R.K.; Ali, M. Development and bioavailability assessment of ramipril
NE formulation. Eur. J. Pharm. Biopharm. 2007, 66, 227–243. [CrossRef]

25. Iradhati, A.H.; Jufri, M. Formulation and physical stability test of griseofulvin microemulsion gel. Int. J. Appl. Pharm. 2017, 9,
23–26. [CrossRef]

26. Park, H.; Mun, S.; Kim, Y.R. UV and storage stability of retinol contained in oil-in-water NEs. Food Chem. 2019, 272, 404–410.
[CrossRef]

27. Gao, Z.G.; Choi, H.G.; Shin, H.J.; Park, K.M.; Lim, S.J.; Hwang, K.J.; Kim, C.K. Physico-chemical characterization and evaluation
of a microemulsion system for oral delivery of cyclosporin A. Int. J. Pharm. 1998, 161, 75–86. [CrossRef]

28. Wang, Z.; Sun, J.; Wang, Y.; Liu, X.; Liu, Y.; Fu, Q.; Meng, P.; He, Z. Solid self-emulsifyingnitrendipine pellets: Preparation and
in vitro/in vivo evaluation. Int. J. Pharm. 2010, 383, 1–6. [CrossRef]

29. Algahtani, M.S.; Ahmad, M.Z.; Ahmad, J. Nanoemulgel for Improved Topical Delivery of Retinyl Palmitate: Formulation Design
and Stability Evaluation. Nanomaterials 2020, 10, 848. [CrossRef]

30. Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F.; Javanmard, R.; Dokhani, A.; Khorasani, S.; Mozafari, M.R.
Impact of particle size and polydispersity index on the clinical applications of lipidic nanocarrier systems. Pharmaceutics 2018, 10,
57. [CrossRef]

31. Warisnoicharoen, W.; Lansley, A.B.; Lawrence, M.J. Nonionic oil in watermicroemulsions: Effect of oil type on phase behavior. Int.
J. Pharm. 2000, 198, 7–27. [CrossRef]

32. Rang, M.J.; Miller, C.A. Spontaneous emulsification of oils containing hydrocar-bon, nonionic surfactant, and oleyl alcohol.
J. Colloid Interface Sci. 1999, 209, 179–192. [CrossRef] [PubMed]

33. Chuesiang, P.; Siripatrawan, U.; Sanguandeekul, R.; McLandsborough, L.; McClements, D.J. Optimization of cinnamon oil NEs
using phase inversion temperature method: Impact of oil phase composition and surfactant concentration. J. Colloid Interface Sci.
2018, 514, 208–216. [CrossRef] [PubMed]

34. Chuesiang, P.; Siripatrawan, U.; Sanguandeekul, R.; Yang, J.S.; McClements, D.J.; McLandsborough, L. Antimicrobial activity and
chemical stability of cinnamon oil in oil-in-water NEs fabricated using the phase inversion temperature method. LWT Food Sci.
Technol. 2019, 110, 190–196. [CrossRef]

35. Hanysova, L.; Vaclavkova, M.; Dohnal, J.; Klimes, J. Stability of ramipril in the solvents of different pH. J. Pharm. Biomed. Anal.
2005, 24, 335–342.

36. Hogan, B.L.; Williams, M.; Idiculla, A.; Veysoglu, T.; Parente, E. Development and validation of a liquid chromatographic method
for the determination of the related substances of ramipril in Altace capsules. J. Pharm. Biomed. Anal. 2000, 23, 637–651. [CrossRef]

37. Ren, G.; Li, B.; Ren, L.; Lu, D.; Zhang, P.; Tian, L.; Di, W.; Shao, W.; He, J.; Sun, D. pH-Responsive Nanoemulsions Based on a
Dynamic Covalent Surfactant. Nanomaterials 2021, 11, 1390. [CrossRef]

38. Octanoic Acid. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/Octanoic-acid#section=Environmental-Fate
(accessed on 26 May 2022).

39. Su, R.; Yang, L.; Wang, Y.; Yu, S.; Guo, Y.; Deng, J.; Zhao, Q.; Jin, X. Formulation, development, and optimization of a novel
octyldodecanol-based NE for transdermal delivery of ceramide IIIB. Int. J. Nanomed. 2017, 12, 5203–5221. [CrossRef]

40. Dantas, M.G.; Reis, S.A.; Damasceno, C.M.; Rolim, L.A.; Rolim-Neto, P.J.; Carvalho, F.O.; Quintans-Junior, L.J.; Almeida, J.R.
Development and evaluation of stability of a gel formulation containing the monoterpene borneol. Sci. World J. 2016, 2016,
7394685. [CrossRef]

41. Borrin, T.R.; Georges, E.L.; Brito-Oliveira, T.C.; Moraes, I.C.F.; Pinho, S.C. Technological and sensory evaluation of pineapple ice
creams incorporating curcumin-loaded NEs obtained by the emulsion inversion point method. Int. J. Dairy Technol. 2018, 71,
491–500. [CrossRef]

42. Borrin, T.R.; Georges, E.L.; Moraes, I.C.F.; Pinho, S.C. Curcumin-loaded NEs produced by the emulsion inversion point (EIP)
method: An evaluation of process parameters and physico-chemical stability. J. Food Eng. 2016, 169, 1–9. [CrossRef]

43. Ghiasi, Z.; Esmaeli, F.; Aghajani, M.; Ghazi-Khansari, M.; Faramarzi, M.A.; Amani, A. Enhancing analgesic and anti-inflammatory
effects of capsaicin when loaded into olive oil NE: An in vivo study. Int. J. Pharm. 2019, 559, 341–347. [CrossRef] [PubMed]

44. Zhang, L.; Zhang, F.; Fan, Z.; Liu, B.; Liu, C.; Meng, X. DHA and EPA NEs prepared by the low-energy emulsification method:
Process factors influencing droplet size and physicochemical stability. Food Res. Int. 2019, 121, 359–366. [CrossRef] [PubMed]

http://doi.org/10.1081/DDC-120039183
http://www.ncbi.nlm.nih.gov/pubmed/15285339
http://doi.org/10.1016/j.molliq.2013.01.008
http://doi.org/10.1016/j.ejpb.2006.10.014
http://doi.org/10.22159/ijap.2017.v9s1.22_27
http://doi.org/10.1016/j.foodchem.2018.08.076
http://doi.org/10.1016/S0378-5173(97)00325-6
http://doi.org/10.1016/j.ijpharm.2009.08.014
http://doi.org/10.3390/nano10050848
http://doi.org/10.3390/pharmaceutics10020057
http://doi.org/10.1016/S0378-5173(99)00406-8
http://doi.org/10.1006/jcis.1998.5865
http://www.ncbi.nlm.nih.gov/pubmed/9878151
http://doi.org/10.1016/j.jcis.2017.11.084
http://www.ncbi.nlm.nih.gov/pubmed/29257975
http://doi.org/10.1016/j.lwt.2019.03.012
http://doi.org/10.1016/S0731-7085(00)00342-3
http://doi.org/10.3390/nano11061390
https://pubchem.ncbi.nlm.nih.gov/compound/Octanoic-acid#section=Environmental-Fate
http://doi.org/10.2147/IJN.S139975
http://doi.org/10.1155/2016/7394685
http://doi.org/10.1111/1471-0307.12451
http://doi.org/10.1016/j.jfoodeng.2015.08.012
http://doi.org/10.1016/j.ijpharm.2019.01.043
http://www.ncbi.nlm.nih.gov/pubmed/30710660
http://doi.org/10.1016/j.foodres.2019.03.059
http://www.ncbi.nlm.nih.gov/pubmed/31108758

	Introduction 
	Materials and Methods 
	Materials and Preparation of Different Buffers 
	Preparation of Hydrochloric Acid Buffer pH 1.2 
	Preparation of Phosphate Buffer pH 5.5 
	Preparation of Phosphate Buffer pH 6.8 
	Preparation of Phosphate Buffer pH 7.4 

	Screening of Components 
	Selection of Oil 
	Selection of Surfactant 
	Selection of Co-Surfactant 

	Emulsifying Efficiency of Smix for OA, C90, and EO 
	Phase Behavior Study 
	Determination of Area of Nanoemulsification Region 

	Preparation and Optimization of the NE Formulation by Spontaneous Emulsification Method 
	Stability Testing of NE System 
	Statistical Analysis 

	Results and Discussion 
	The Emulsifying Efficiency of the Smix Phase for Different Oil Phases 
	Pseudoternary Phase Diagram Study 
	Preparation and Optimization of NE Formulation by Spontaneous Emulsification Method 
	The Impact of Different Variables on the Mean Droplet Size, PDI, and the Stability of NE 
	Mode of Mixing of Aqueous Phase to Oil–Smix Phase and Vice-Versa 
	Impact of Vortexing Time on the Droplet Size, PDI, and the Stability of the NE 
	Effect of the Buffer as Aqueous Phase (pH 1.2, 5.5, 6.8, 7.4) 
	Effect of Km Ratio (Surfactant Co-Surfactant Mass Ratio) 

	Stability of NE System Composed of OA, C90, and EO as Oil Phase 

	Conclusions 
	References

