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ABSTRACT
Tocotrienol-rich fraction (TRF) is a potent antioxidant capable of counteracting skin aging-related changes. However, 
TRF poses challenges for effective skin delivery. This study aimed to optimize the concentration of terpenes in a 
proniosomal gel (PNG) for TRF delivery and evaluate its physical properties, antioxidant activity, and topical release 
kinetics. The PNGs were prepared using the coacervation-phase separation technique. Various concentrations of 
d-limonene and squalene, as well as combinations of both, were tested to determine their effects on the formulation. 
The antioxidant activities of the sample were analyzed using 2,2-diphenyl-1-picrylhydrazyl radical scavenging assay 
and the in vitro release of TRF was studied through a Franz diffusion cell. All formulations displayed particle size 
ranging from 271.60 to 416.40 nm. The optimized PNG (M5), which is composed of 2.5% d-limonene and 2.5% 
squalene in the PNG, exhibited the highest entrapment efficiency (98.530% ± 0.048%) and antioxidant activity 
(2.951 ± 0.028 mg TE/g sample). A high flow point and shear-thinning flow characteristics were found by rheological 
characterization. Its predominant elastic nature in both amplitude and frequency sweeps demonstrated that the M5 
rheological and stability characteristics were satisfactory. The release profile of M5 showed sustained and controlled 
TRF release by non-Fickian diffusion, while the control formulations showed an immediate release of TRF. The 
study successfully determined the optimal concentration of terpenes in the PNGs with the greatest physical and 
antioxidant properties while outperforming control samples for the TRF release.

INTRODUCTION

Palm tocotrienol-rich fraction

Aging-related changes in skin physiology, including 
diminished functionality and increased oxidative stress, 
enforce the need for effective antioxidant interventions [1,2]. 
Palm tocotrienol-rich fraction (TRF) represents a promising 
natural compound in cosmeceuticals, owing to its significant 
antioxidant and anti-inflammatory properties which make it an 

ideal candidate for anti-aging applications [3]. For example, 
TRF sunscreen in nanostructured lipid carrier has been proven 
for skin photoprotection to delay skin aging [4]. However, its 
practical use in dermatological products is limited due to its 
hydrophobic nature and high molecular weight which pose 
significant challenges for effective skin delivery [5]. Current 
research highlights the difficulty in achieving adequate skin 
penetration of TRF due to the barrier properties of the stratum 
corneum [6,7]. To address this limitation, there is a growing 
interest in developing innovative delivery systems that can 
enhance the topical delivery of TRF.

Proniosomal gel
Among the various strategies explored for enhancing 

topical delivery, the use of proniosomal gel (PNG) has shown 
considerable promise. PNGs are a derivative of niosomes, 
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composed in a gel form, that transform into niosomes upon 
hydration [8,9]. This transformation leverages the structural 
advantages of niosomes, such as the ability to encapsulate 
hydrophobic substances and facilitate their controlled release, 
while offering enhanced stability and ease of application 
characteristic of gel formulations [10]. Recent research has 
revealed the remarkable capabilities of PNG for delivering 
drugs through the skin. For instance, research on naproxen-
loaded PNGs demonstrated a high entrapment efficiency (EE) 
of 92.33% with a formulation that includes Span® 60, lecithin, 
cholesterol, and ethanol developed through the coacervation-
phase separation method [11]. Similarly, another study on PNG 
with active ingredient cilostazol showed controlled drug release 
profiles that significantly enhance drug flux in ex vivo studies 
[12]. Moreover, a study on tramadol-loaded PNGs formed 
stable, optimally-sized vesicles which facilitated prolonged 
drug release, enhancing the drug’s therapeutic effects while 
reducing the need for frequent administration [13].

Terpenes
In addition to the structural benefits of PNGs, the 

integration of chemical penetration enhancers in vesicular 
delivery systems offers further enhancements in drug transport 
through the skin [6]. Natural terpenes like D-limonene 
and squalene are widely recognized as effective chemical 
penetration enhancers. By temporarily disrupting the skin 
barrier, they improve the permeability of active ingredients 
[14]. Moreover, their natural origin ensures minimal irritation 
or toxicity, aligning with the growing consumer demand for 
safe and natural cosmetic ingredients [15].

While the base composition of PNG formulations 
has been well established through previous research, the 
incorporation of terpenes into such systems remains largely 
unexplored. In contrast, terpenes have been extensively 
studied in invasomal systems, where they function as effective 
penetration enhancers by temporarily disrupting the stratum 
corneum to facilitate transdermal drug [16–18]. Addressing 
this research gap, the present study aims to incorporate selected 
terpenes such as d-limonene and squalene PNG formulations 
for the topical delivery of palm TRF. d-limonene and squalene 
were chosen due to their hydrophobic nature, which enhances 
compatibility with lipophilic compounds such as TRF [19]. 

Specifically, the study focuses on determining the optimal 
concentration of terpenes, followed by evaluating the physical 
characteristics, antioxidant activity, in vitro release, and release 
kinetics of the TRF-loaded PNG formulations.

MATERIALS AND METHODS

Materials
Span® 60, soy lecithin, cholesterol, absolute ethanol, 

methanol, squalene, limonene, Transcutol®, and 2,2-diphenyl-
1-picrylhydrazyl (DPPH) were procured from Sigma-Aldrich 
(Munich, Germany). TRF (TRF 96% purity; d-α-Tocopherols, 
d-α-Tocotrienol, d-β-Tocotrienol, d-γ-Tocotrienol, d-δ-
Tocotrienol, and d-α-Tocomonoenol) was obtained from KLK 
Oleo Sdn Bhd (Selangor, Malaysia). Sodium acetate buffer and 
phosphate buffer saline were purchased from Nacalai Tesque 
Inc. (Kyoto, Japan). The cellulose nitrate membrane having 
a size of 25 mm was procured from Whatman (0.45 nm pore 
size; Whatman, UK). The ultrapure water was produced by the 
Sartorius Stedim Biotech Arium 611DI system (Goettingen, 
Germany). Every chemical that was acquired was of analytical 
quality.

Methods

Preparation of PNG
TRF-loaded PNG was formulated utilizing the 

coacervation-phase separation method adapted from the previous 
study by Sakdiset et al. [20] with slight modifications. Table 1 
shows the composition of formulations from Span® 60, soy 
lecithin, cholesterol, and phosphate buffer proposed by Tareen et 
al. [21]. The ratio of Span® 60 to soy lecithin was set at 1:1; the 
ratio of solvent to aqueous phase was 2:1; the ratio of Span® 60 to 
cholesterol was set at 9:1. On the other hand, the concentrations of 
d-limonene and squalene incorporated into the PNG formulations 
were selected based on established literature and the need to 
maintain a balance between efficacy and safety. Terpenes are 
commonly used as chemical penetration enhancers in topical 
formulations at concentrations ranging from 0.4% to 10%, with 
0.5% to 5% being the most frequently used range to minimize 
the risk of skin irritation [22,23]. In this study, each terpene was 
incorporated individually at concentrations of 5% and 10%, 
while combinations of d-limonene and squalene were prepared 

Table 1. Formulations of proniosomal gel.

Formulation code
Proniosomal gel composition (% w/w) Solvent (% w/w) Penetration enhancer  

(% w/w)
MCT oil (% 

w/w)

Span® 60 Soy lecithin Cholesterol Phosphate buffer Ethanol TRF d-limonene Squalene

Plain MCT 5% 22.7 22.7 2.5 20.2 31.5 0.4 - - 5.0

Plain MCT 10% 22.7 22.7 2.5 20.2 31.5 0.4 - - 10.0

D5 22.7 22.7 2.5 20.2 31.5 0.4 5.0 - -

D10 22.7 22.7 2.5 20.2 31.5 0.4 10.0 - -

S5 22.7 22.7 2.5 20.2 31.5 0.4 - 5.0 -

S10 22.7 22.7 2.5 20.2 31.5 0.4 - 10.0 -

M2.5 22.7 22.7 2.5 20.2 31.5 0.4 2.5 2.5 -

M5 22.7 22.7 2.5 20.2 31.5 0.4 5.0 5.0 -
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using 2.5% and 5% of each terpene, respectively, to achieve total 
terpene concentrations of 5% and 10%. This selection falls within 
the recommended safe and effective range. 

TRF was initially dissolved in ethanol using a vortex 
mixer to create a homogeneous solution and the vial was 
closed to prevent the solvent from evaporating. During the 
production of PNG, Span® 60, soy lecithin, and cholesterol 
were mixed in a glass vial with the TRF solution. The mixture 
was heated in a shaking water bath (Memmert WB 22/SV 1422, 
Memmert GmbH & Co. KG, Germany) at 65°C ± 1°C until 
complete solubility was attained. Subsequently, the terpenes 
and phosphate buffer were introduced into the molten mixture. 
The mixture was then placed in the shaking water bath again 
until complete solubility was acquired. The final proniosomal 
dispersion was allowed to cool until it solidified into gels. The 
prepared PNG was stored in the same vial at 4°C for further 
characterization. Similarly, control formulations consisted 
of negative controls [TRF-loaded PNG without terpene but 
replaced with medium chain triglyceride (MCT) (Plain MCT 
5% and Plain MCT 10%)], positive control (Transcutol® 10%), 
and sample control (PNG with terpene but without TRF (Plain 
w/o TRF)) were prepared for comparison purposes.

Reconstitution of PNG into niosomal dispersion
To reconstitute the PNG into niosome for further 

characterization, every 0.1 g sample was reconstituted with 
9.9 ml of ultrapure water in a centrifuge tube [11].

Particle size and polydispersity index
The Zetasizer Nano ZS (Malvern Panalytical, 

Malvern, UK) was used to measure the mean particle size and 
polydispersity index (PDI) using dynamic light scattering at 
25°C. Before the measurements, the PNG was reconstituted 
into niosome with ultrapure water in a 100-fold dilution 
factor. It was subjected to bath sonication for 30 minutes 
(Elmasonic S 180 H, Elma Schmidbauer GmbH, Germany) 
to obtain the homogenous TRF-loaded niosomal solutions. 
A disposable capillary cuvette DTS1060 with electrodes 
(Malvern Panalytical, Malvern, UK) was then used to measure 
the niosome in triplicate [20,24].

Entrapment efficiency
The EE was determined by the centrifugation method 

adapted from El-Enin et al. [25] and Gentili et al. [26] with 
slight modifications. About 0.1 g of PNG was dissolved in 
9.9 ml of ethanol and was then centrifuged using a centrifuge 
(UNIVERSAL 320 centrifuge, Hettich Andreas Hettich 
GmbH  & Co. KG, Germany) with a rotor radius of 8.5 cm, 
generating a relative centrifugal force of approximately 
7692 × g at 9,000 rpm for 30 minutes at 25°C. The supernatant 
was collected and assayed by using a UV-Vis spectrometer 
(Secomam Uviline 9600 UV/Visible spectrophotometer, 
Secomam Aqualabo Group, UK) to measure the absorbance 
at 295 nm. The concentration of the TRF in the samples was 
calculated over a standard curve of TRF in ethanol from the 
concentration range of 0.03–300 ppm with calibration equation 
of y = 7.1829x + 0.0237 with R2 = 0.9999. The samples’ EE was 
determined using the following formula: 

EE% = 
Tt −Tf  
Tt

 × 100 � (1)

where Tt represents the total amount of TRF included 
in the PNG, and Tf denotes the unentrapped TRF amount present 
in the supernatant.

Antioxidant activities
Free radical DPPH was used for assessing the 

antioxidant activity of PNG with protocols according to the 
previously described method [27]. An amount of 0.1 ml of 
diluted sample in denatured ethanol was added into a test 
tube followed by 3.9 ml ethanolic DPPH solution with every 
sample was done in triplicate. Following the addition of 
DPPH, the samples were incubated for 30 minutes. The UV-
Vis spectrophotometer was used to measure the optical density 
at 517 nm against an ethanol blank (Secomam Uviline 9600 
UV/Visible spectrophotometer, Secomam Aqualabo Group, 
UK). The antioxidant activity of the PNG was reported as mg 
Trolox equivalents per gram of sample (mg TE/g sample) over a 
standard curve of Trolox prepared from the concentration range 
of 0.02–0.10 mg/ml with a calibration equation of y = −7.105x 
+ 1.4027 with R2 = 0.9664.

Optimization of the formulation
The formulation that indicated the highest EE for 

TRF and antioxidant activity (M5) was selected to proceed for 
further analyses and compared with the control formulations 
to evaluate the specific contributions of various components. 
Negative control included TRF-loaded PNG without terpenes 
but replaced with MCT (Plain MCT 5% and Plain MCT 10%) 
to assess the effect of terpenes on the encapsulation and activity 
of TRF-loaded PNG. The positive control (Transcutol® 10%) 
was included to compare the effects of a known penetration 
enhancer with the optimized M5 formulation containing 10% 
terpenes. A sample control, PNG with terpenes but without TRF 
(Plain w/o TRF), was also prepared to evaluate the impact of 
terpenes on the formulation independent of TRF.

Fourier-transform infrared spectroscopic analysis
The Fourier-transform infrared (FTIR) analysis was 

performed using Fourier transform infrared spectroscopy 
(Thermo Fisher Scientific, USA) to assess the compatibility 
of PNG’s ingredients and formulations. Thirty-two scans were 
conducted at room temperature with a spectral resolution of 4 
cm−1 in the range of 600–4,000 cm−1 [24].

Rheological behavior
The rheological behavior of the optimized sample 

(M5) and control samples was studied with slightly modified 
protocols following the previously reported method [28]. 
A rheometer (MCR 102e, Anton Paar, Graz, Austria) with 
measuring plate (PP25/SP; D: 25 mm) was used to measure 
the samples’ rheological behavior. The compartment was filled 
with a suitable quantity of sample at the rheometer plate’s 
center with the gap set at 0.5 mm. The rotational test of the 
samples was conducted while scanning the PNG at a shear rate 
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of 0.01–100 s−1. Further, oscillatory tests were conducted over 
a strain sweep of 0.001%–50% strain, at an angular velocity 
of 10 rad/s and 37°C to identify the linear viscoelastic area. 
The elastic modulus (G′) and viscoelastic modulus (G″) of the 
PNG were then measured by performing a frequency sweep of 
0.1–100 rad/s in the linear viscoelastic region with 0.1% strain 
selected. The data were collected and analyzed by RheoCompass 
(Anton Paar, Germany) to determine the non-linear parameters 
to determine the flow and rheological properties, predicting the 
stability of the samples.

Thermal stability and crystallinity
The thermal properties of the ingredients and samples 

were examined using differential scanning calorimetry (DSC) 
(DSC1 STARe System, Mettler Toledo, USA) to detect the 
melting point differences between the pure ingredients and 
the formulation created. The test was conducted according to 
the slightly modified method of Lasó et al. [20]. The precisely 
weighed samples at 10 mg were added to an aluminum pan 
and crimped. The analysis was conducted at temperatures 
between −4°C and 170°C using a uniform heating increment 
rate of 10°C/min under a nitrogen atmosphere with a 20 ml/min 
nitrogen flowing rate [29].

In vitro release profile of palm TRF
The in vitro release profile of TRF was studied using 

the Franz diffusion cell (Diffusion Cell Apparatus Model 
EDC-07, Electrolab, India) following a previously reported 
method [30] with slight modifications. The receptor medium 
was prepared using phosphate-buffered saline (PBS), pH 
5.5, and ethanol at 70:30, v/v. The donor chamber and the 
receptor chamber were separated by a 25 mm cellulose nitrate 
membrane (0.45 nm pore size; Whatman, UK). About 600 
mg of the sample was then placed on the hydrated cellulose 
membrane. To prevent medium evaporation, parafilm was 
used to cover the donor and recipient compartment openings. 
After that, about 600 mg of the sample was placed on the 
moistened cellulose membrane. To stop medium evaporation, 
parafilm was placed over the donor and recipient compartment 
openings. Water was circulated through an external water 
jacket to keep the assembly at 37°C ± 0.5°C, and the receptor 
medium was continuously stirred at 400 rpm. At 0.5, 1, 2, 3, 
4, and 6 hours, 1 ml of the samples was withdrawn from the 
receptor chamber and replenished with 1 ml buffer solution. 
The collected samples were examined in triplicates using the 
microplate reader (SPECTROstar Nano Microplate Reader, 
BMG Labtech, Germany) at 295 nm and the amount of drug 
released was calculated by utilizing the standard curve of TRF 
in the ethanol buffer solution prepared from the concentration 
range of 20–313 ppm with calibration curve y = 0.0006x 
+ 0.0189 with R2 = 0.994. The mean cumulative amount of 
drug release was graphed over time and the release kinetics 
of TRF from PNG was further studied by fitting the data of 
drug release to different kinetic models such as zero-order, 
first-order, Higuchi, Korsmeyer–Peppas, and Hixson–Crowell 
diffusion models using formulas as follows [31]:

Zero-order model: Q = Q0 + kt � (2)

First-order model: Q = Q0  × ekt  � (3)

Higuchi model: Q = k  × t0.5 � (4)

Hixson–Crowell model: Q
1

3 = kt + Q0

1
3 � (5)

Korsmeyer–Peppas model: Q = k  × t n � (6)

where Q denotes the quantity of TRF released in time 
t, Q0 represents the value of Q at zero time, k represents the 
rate constant, n represents the diffusional exponent, a represents 
the time constant, and b represents the shape parameter. The 
coefficient of determination (R2) was used to choose the model 
that best fits the experimental result. The Korsmeyer–Peppas 
kinetic model was used to determine the release mechanism of 
TRF from the PNG based on the value of release coefficient 
(n) calculated by linear regression (n ≤ 0.5 = Fickian diffusion, 
0.5 < n ≤ 0.9 = non-Fickian transport, and n ≤ 0.9 = case-II 
transport) [32].

Statistical analysis
All the measurements were performed in triplicate 

(n = 3) with the results reported as mean ± SD. The results were 
analyzed using a one-way analysis of variance with Tukey’s 
post hoc test to identify any significant differences at a 95% 
confidence interval (CI) (p < 0.05). MINITAB 17 (Minitab, 
Inc., State College, PA) statistical software was used to analyze 
all the results.

RESULTS AND DISCUSSION

Particle size and PDI
The particle size of the proniosomal formulations 

ranged from 271.60 ± 30.10 nm to 416.40 ± 7.62 nm (Table 2). 
Maintaining nanoscale particle sizes is beneficial for topical 
delivery as it promotes closer interaction with the stratum 
corneum and enhances skin permeation [33]. The particle sizes 
were consistent with a previous study from Shah et al. [11] using 
a similar base composition comprising Span 60 (1,800 mg), 
lecithin (1,800 mg), and cholesterol (20 mg). This similarity in 
formulation base suggests that the addition of terpenes in the 
present study did not markedly influence the particle size of the 
proniosomal formulations. The homogeneity of the particle size 
distribution was ascertained by calculating the PDI. The value 
of the PDI typically falls between 0 and 1, with values less than 
0.1 denoting monodispersity and values more than 0.3 denoting 
substantial heterogeneity or polydispersity [11]. Table 2 
indicates that most formulations exhibited intermediate PDI 
values (0.1–0.3) with relatively narrow particle size distribution. 
A few formulations such as M2.5, M5, and plain w/o TRF had 
PDI values slightly exceeding 0.3, indicating a slightly more 
diverse size range. However, there was no significant difference 
in the PDI among the studied formulations with different types 
of terpenes and concentrations used. 

The influence of the addition of terpenes on the particle 
size of formulations was significant (p < 0.05). Terpenes at 5% 
concentration (i.e., D5 and S5) resulted in significantly smaller 
particle sizes compared to Plain MCT 5%. This phenomenon 
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may be attributed to the impacts of d-limonene and squalene 
which can enhance the membrane fluidity and reduce interfacial 
tension. This ultimately prevented droplet agglomeration 
and formed smaller vesicles [34]. Similar observations were 
reported using nanoemulsions with the different concentrations 
of d-limonene [35]. However, this effect was not observed 
at higher concentrations (10%) as both D10 and S10 had no 
significant difference from plain MCT 10%. This may be due 
to competing mechanisms at elevated terpene levels. While 
low terpene concentrations (5%) effectively reduce interfacial 
tension and inhibit droplet coalescence, higher concentrations 
(10%) may increase the solubility of the oil phase, accelerating 
molecular diffusion (Ostwald ripening) and counteracting 
initial particle size reduction. Thus, the lack of further size 
reduction at 10% suggests a threshold beyond which terpenes no 
longer suppress droplet coalescence and may instead promote 
instability mechanisms such as Ostwald ripening [36].

The formulations containing both d-limonene and 
squalene (i.e., M2.5 and M5) had significantly larger particle 
sizes than all other formulations. It is apparent that the particle 
size increased with the increasing EE. Data from Table 2 were 
in good correlation with this observation, as M2.5 and M5 
achieved EE of 98.443% ± 0.031% and 98.471% ± 0.116% 
corresponded to their larger particle size of 416.40 ± 7.62 and 
364.53 ± 2.32 nm, respectively. The larger-sized particles could 
be formed when there was a higher loading of TRF within 
the hydrophobic area of the vesicle which likely caused an 
expansion and subsequent separation of the bilayer molecules. 
This is supported by studies suggesting a direct correlation 
between particle size and EE [11,13].

Entrapment efficiency
Table 2 shows that the overall EE for all formulations 

was within a narrow range of 97.925% ± 0.009%–98.530% 
± 0.048%. This showed the constant high capacity of PNGs 
to capture the TRF. In addition to the effectiveness of the 
formulation, EE reflects the ability of a formulation to retain the 
active compound which can significantly influence the drug’s 
release behavior in which a higher EE contributes to a delayed 

release rate [37]. The in vitro release profile of M5 as shown in 
Figure 4 was in good correlation with this observation. The initial 
release from M5 was low and slow due to the encapsulation of 
TRF within the niosomal bilayers which acted as a strong barrier 
to drug release. This suggests that the formulation allowed for a 
more controlled and steady release over time. The high EE values 
also suggest potential benefits for long-term stability. As most of 
the TRF was retained within the bilayers of the vesicles, it was 
likely protected from environmental factors such as oxidation 
and hydrolysis which in turn can prolong shelf life [38,39].

The influence of the type and concentration of 
terpenes used on the EE of the formulations was significant (p 
< 0.05). Formulations comprising only  d-limonene (i.e., D5 
and D10) consistently showed better EE than those containing 
only squalene or MCT oil. This phenomenon could be due to 
the presence of d-limonene (C10H16) is a monoterpene that has 
a small cyclic molecule. It can easily integrate into the lipid 
bilayer, thus increasing the membrane fluidity and reducing the 
surface tension in the vesicle. This resulted in better retention of 
TRF within the vesicles leading to the high EE in D5 and D10 
samples (Table 2) [35,40].

On the other hand, squalene being a triterpene (C30H50) 
that has a larger and more complex linear structure showed 
reduced EE compared to both d-limonene formulations and plain 
MCT, particularly at higher concentrations. Unlike d-limonene, 
squalene’s bulky structure may not integrate as effectively into 
the bilayer. Instead, its presence could create molecular packing 
disruptions in the vesicle structure, potentially leading to 
increased void spaces and reduced TRF retention capacity [41]. 
Formulations with higher concentrations of both d-limonene and 
squalene at higher concentrations (i.e., M5) exhibited higher 
EE than the Plain MCT 10% sample, while this effect was not 
evident at lower concentrations (i.e., M2.5). This suggests that 
while squalene can cancel the positive impact of d-limonene 
at lower concentrations, higher levels of d-limonene are 
capable of overcoming these destabilizing effects. The positive 
control Transcutol® 10% sample was found to have the lowest 
EE, suggesting that d-limonene and squalene were superior 
penetration enhancers for enhancing EE in comparison to the 
positive control.

Table 2. Particle size, PDI, EE and antioxidant activities of the proniosomal gels.

Formulation Particle size (nm) PDI EE (%) Antioxidant activities  
(mg TE/g sample)

Plain MCT 5% 354.30 ± 31.20bc 0.198 ± 0.092a 98.328 ± 0.024b 0.193 ± 0.014e

Plain MCT 10% 272.57 ± 12.29d 0.203 ± 0.023a 98.081 ± 0.013cd 0.215 ± 0.002e

D5 271.60 ± 30.10d 0.142 ± 0.152a 98.530 ± 0.048a 2.112 ± 0.035c

D10 318.90 ± 24.60cd 0.269 ± 0.214a 98.442 ± 0.002ab 2.059 ± 0.035c

S5 314.83 ± 16.03cd 0.180 ± 0.050a 98.161 ± 0.038c 2.262 ± 0.042c

S10 282.23 ± 0.90d 0.190 ± 0.022a 98.006 ± 0.030e 2.122 ± 0.049c

M2.5 416.40 ± 7.62a 0.311 ± 0.069a 98.443 ± 0.031ab 2.647 ± 0.035b

M5 364.53 ± 2.32bc 0.382 ± 0.016a 98.471 ± 0.116a 2.951 ± 0.028a

Plain w/o TRF 398.07 ± 1.85ab 0.354 ± 0.022a - -

Transcutol® 10% 380.80 ± 3.15ab 0.284 ± 0.030a 97.925 ± 0.009e 0.648 ± 0.283d

Data were presented as means ± SD (n = 3). Different superscript letters (a,b,c,d,e,f,g) indicate significant differences (Tukey, p < 0.05; 
CI: 95%) within each column.
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Antioxidant activities
The high EE of all formulations indicates that the 

majority of the TRF was successfully encapsulated within the 
PNG matrices. Despite the high and similar EE values across 
all formulations, there was a notable difference in antioxidant 
activity. This suggests that factors beyond EE have a greater 
impact on the antioxidant properties of the formulations. For 
instance, D5 (98.53% EE) and M5 (98.47% EE) showed 
comparable encapsulation but differed markedly in antioxidant 
activity (2.112 and 2.951 mg TE/g; p < 0.05). Table 2 
demonstrates that all formulations with terpenes exhibited 1.4- to 
2.2-fold higher antioxidant activity than plain PNG controls with 
statistically significant differences (p < 0.05 for all comparisons 
against control). The plain PNGs, which were formulated with 
TRF but without terpenes, served as the control to evaluate the 
baseline antioxidant activity of TRF. The observed enhancement 
in antioxidant activity in the terpene-containing formulations may 
be attributed to the intrinsic antioxidant chemical properties of 
the terpenes which likely act synergistically with TRF to improve 
the overall antioxidant capacity of the formulation. For instance, 
d-limonene acts as a good antioxidant agent by donating hydrogen 
atoms or electrons to neutralize free radicals [42], while squalene 
also acts a potent antioxidant by quenching singlet oxygen and 
preventing lipid peroxidation [43]. The formulations comprising 
a mix of d-limonene and squalene (i.e., M2.5 and M5) exhibited 
the best antioxidant activity of all formulations likely due to their 
synergistic effects. These terpenes have different mechanisms 
of antioxidant action and can result in a cumulative antioxidant 
effect. Similar findings were reported by Ortiz et al. [44] that 
proved the combinations of essential oil terpenes can exhibit 
enhanced antioxidant activity compared to individual terpenes.

On the other hand, there were no significant differences 
observed in antioxidant activity between different types of 
terpenes and concentrations when they were used alone. The 
lack of significant differences in antioxidant activity with 
individual use of terpenes at higher concentrations suggested 
that each terpene might have reached a saturation point, beyond 
which increasing its concentration further did not significantly 
increase the antioxidant capacity The saturation effect can be 
explained by several mechanisms: (1) limited solubility or 
incorporation capacity of the vesicle system, (2) potential self-
aggregation of terpene molecules at high concentration that 
reduces their effective surface area for antioxidant activity, and 
(3) limited availability of reactive oxygen species to interact 
with the antioxidants at higher terpene concentrations [45–
47]. Thus, the results suggested that the increased antioxidant 
activity in the terpenes-added formulations could be due to the 
intrinsic and synergistic properties of d-limonene and squalene, 
with higher concentrations enhancing effects until a saturation 
point is reached. The positive control with 10% Transcutol® had 
lower antioxidant activity than the terpene-added formulations, 
implying that both terpenes had greater antioxidant capabilities 
than the positive control.

FTIR spectroscopic analysis
The spectra of all formulations using various raw 

materials are shown in Figure 1a–d. The FTIR analysis of Span® 
60 showed characteristic peaks at 3,395 cm−1 of –OH stretching 

of carboxyl group, at 2,915 and 2,848 cm−1 of –CH stretching of 
alkane, and in 1,730 and 1,467 cm−1 of –C=O bond of ester as 
functional groups. The cholesterol showed peaks at 3,423 cm−1 
of carboxyl group, at 2,930 and 2,865 cm−1 of –CH stretching of 
alkane, and at 1,647 cm−1 of variable alkene –C=C stretching. TRF 
showed plenty of prominent FTIR peaks, including 3,410 cm−1 
of–OH stretching of carboxyl group, 2,923 and 2,853 cm−1 of –
CH stretching of alkane, 1,618 and 1,716 cm−1 of –C=C stretching, 
1,448 cm−1 of –CH bend, and 1,376 cm−1 of –C–C stretch.

As shown in Figure 1c and d, all the formulated samples 
also had similar characteristic bands in the spectra region, 
indicating that the base components of the PNG and TRF were 
successfully incorporated in all samples. For instance, peaks 
associated with –OH stretching (~3,423, ~3,410, ~3,300 cm−1) 
in the ethanol, TRF, and cholesterol were consistently detected 
in all samples. Similarly, characteristic peaks corresponding to 
–C=O bonds (~1,730, ~1,647 cm−1) in Span® 60 were present in 
all formulations except D10 and S5. Setiadi and Hidayah [48] 
reported the FTIR equipment is capable of demonstrating the 
removal of a single fatty acid chain from the structure. They 
identified the fatty acids from the lecithin structure at wave 
numbers of 3,605 cm−1 of –OH stretching of carboxyl group, 1,619 
cm−1 of alkene –C=C stretching, 1,088 cm−1 of –C–C stretching 
and 657 cm−1 of –CH bending. All formulated samples showed 
similar characteristic peaks of soy lecithin –C–C stretching and 
–CH bend indicating no breaking of a single fatty acid chain.

The FTIR spectra analysis of the proniosomal 
formulations showed significant shifts in the −OH stretching 
bands, particularly in formulations with squalene (i.e., S5, S10, 
M2.5, and M5). Notably, the –OH peak of TRF (3,410 cm−1) 
showed a 12 cm−1 redshift in d-limonene containing formulations 
(D5/D10) versus only 5 cm−1 in squalene containing samples (S5/
S10), suggesting preferential H-bonding between d-limonene 
and TRF’s phenolic groups that may enhance the oxidative 
stability of TRF. This effect can be attributed to squalene’s 
integration into the midplane of the lipid bilayer, where it 
disrupts intermolecular hydrogen bonding networks [41]. 
d-limonene in D5 and D10 primarily formed hydrogen bonding 
interactions with other components in the formulations. When 
hydrogen bonding occurred, the −OH group was no longer free 
and led to a lengthening of the −OH bond and a corresponding 
decrease in the stretching frequency [49]. On the other hand, the 
high  concentration of d-limonene in D10 could lead to a very 
fluid and disordered membrane structure, which would cause 
the −C=O bonds to vanish from the spectra and produce the 
greatest shifts of −OH peaks. The absence of the −CH bending 
peak in D10 implied that the large d-limonene concentration 
exceeded the lipid bilayer’s saturation capacity which can induce 
complete fluidization of lipid membrane causing alterations in 
the acyl chain packing which eliminate symmetric −CH bending 
vibrations [50]. Furthermore, the FTIR study showed no major 
new peaks or bond formations after encapsulation, suggesting 
that the encapsulated TRF maintained its molecular structure 
without any major chemical changes [51]. 

Rheological behavior
As shown in Figure 2a, the rheological analysis of 

all the PNG formulations revealed a non-Newtonian, shear-
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Figure 1. FTIR spectra for (a, b) raw materials and (c, d) samples. D5 = PNG produced from 5% d-limonene; D10 = PNG produced from 5% d-limonene; M2.5 = 
PNG produced from a mixture of 2.5% d-limonene and 2.5% squalene; M5 = PNG produced from a mixture of 5% d-limonene and 5% squalene; MCT = medium 
chain triglyceride; S5 = PNG produced from 5% squalene; S10 = PNG produced from 10% squalene; TRF = tocotrienol-rich fraction.

(a)

(b)

(c)

(d)
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Figure 2. (a) Effect of different proportions of PNGs on samples’ viscosity; (b) elastic modulus (G′) and viscous modulus (G″) of samples under 0.01%–100% strain 
conditions; (c) elastic modulus (G′) and viscous modulus (G″) of samples at 0.1–10 Hz. M5 = PNG produced from a mixture of 5% d-limonene and 5% squalene; MCT = 
medium chain triglyceride; TRF = tocotrienol-rich fraction.

(a)

(b)

(c)
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thinning behavior which is characterized by a decreasing 
viscosity with the increasing shear rate. This flow behavior of 
PNG is favorable as it facilitates easy application including 
smooth spreading on the skin surface and squeezing the product 
out of the packaging [52]. Similar shear-thinning flow behavior 
was also observed in other studies on PNGs [22,53]. According 
to the result from regression analysis focused on fitting the 
data to various rheological models, the data fitted best into the 
Herschel–Bulkley equation with the highest R2 value of 0.9999. 
The data retrieved from the model were consistent with the 
shear-thinning flow that is observed when a stress exceeded 
the yield stress, and the results were consistent with a previous 
study [12]. The addition of d-limonene and squalene in M5 
sample contributed to the lowest initial viscosity compared to 
all other control formulations. This could be attributed to the 
presence of d-limonene and squalene in M5 which can fluidize 
the lamellar structure of PNG and reduce the rigidity of the lipid 
bilayer resulting in lower viscosity [54]. Lasó et al. [20] reported 
similar findings, where lower viscosity was observed for PNGs 
containing d-limonene compared to plain PNG formulations.

Figure 2b shows the changes in the elastic modulus 
(G′) and viscous modulus (G″) of the samples which determined 
the conditions for frequency scanning. In the linear viscoelastic 
range, all PNG samples behaved predominantly like solids 
with the elastic modulus (G′) being greater than the viscous 
modulus (G″), which further indicated the samples exhibited 
the characteristics of a viscoelastic solid and possessed a certain 
level of physical stability when at rest. As the strain increased, 
G′ and G″ decreased and eventually intersected at a crossover 
strain beyond which the point, strain G″ exceeded G′, indicating 

a dominant viscous response. Two more parameters were 
acquired from amplitude sweep in Figure 2b: (1) yield stress, 
as the last shear stress value of at the limit of non-destructive 
linear viscoelastic (LVE) range that is the range beyond which 
the system begins to flow and (2) flow point, as the shear stress 
value where G′ = G″, indicating the transition from solid-like 
to liquid-like behavior. These measurements control product 
performance, in which an optimal yield stress allowing product 
stays stable in storage yet dispenses easily with gentle pressure, 
and an ideal flow point ensures smooth spreadability upon 
application [55]. M5 sample (0.005%) exhibited the lowest 
yield point value than those of Plain MCT 10% (0.016%) and 
Plain w/o TRF (0.016%) and Transcutol® 10% (0.106%). This 
may be attributed to the molecular changes resulting from the 
addition of terpenes in the M5 sample which can affect the 
intermolecular networks in the gel structure [35]. Despite its 
low yield point, the M5 sample had a relatively high flow point 
at 3.204%, which was higher than those of Transcutol® 10% 
(1.017%) and the Plain w/o TRF sample (2.215%) but was lower 
than Plain MCT 10% with flow point observed at 3.894%. This 
means that even though M5 began to deform at a low strain, it 
did not switch to fluid-like behavior until a greater strain was 
attained. The mechanism of the structural deformation was not 
examined in this study. However, the observation suggested that 
the network structure formed with terpenes (M5) could be more 
resilient, allowing the gel to withstand greater deformation 
before significant flow occurs. This combination implies that 
M5 is easy to spread under user pressure yet stable enough to 
maintain its structure during storage. This resilience might come 

Figure 3. DSC patterns of the raw materials and samples. M5 = PNG produced from a mixture of 5% d-limonene and 5% squalene; MCT = medium chain triglyceride; 
TRF = tocotrienol-rich fraction.
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from the ability of terpenes to stabilize the gel system through 
hydrophobic interactions or other molecular mechanisms. 

The frequency sweeps, which describe the time-
dependent behavior in the LVE range, were employed in 
addition to characterize the internal structure at rest and both the 
short- and long-term storage stability of the developed PNGs 
[52,55]. Given that frequency is the reciprocal of time, greater 
frequencies reveal the short-term dispersion characteristics, 
such as rapid motion during transportation. On the other hand, 
lower frequencies provide information about the long-term 
behavior, such as stability against sedimentation, flotation, 
syneresis, and phase separation during storage [56]. Figure 2c 
illustrates the changes in the storage modulus (G′) and loss 
modulus (G″) across a range of frequencies. G′ consistently 
exceeds G″ in all samples suggesting the existence of three-
dimensional network forces and indicates the building of the 
physical network structure [55]. All tested samples could be 
characterized by a relatively constant structural change with no 

crossover observed at both the lowest and highest frequency. 
These observations further presumed good structural rigidity 
at rest and both the short- and long-term storage stability. 
Specifically, the G′ value of M5 sample and Plain MCT 10% 
sample remained relatively constant with decreasing frequency 
suggesting their greater stability at rest or long-term storage 
stability than the plain PNGs formulations that contained 
without TRF (i.e., Plain w/o TRF) and the positive control 
sample that included 10% Transcutol® (i.e., Transcutol). This 
comparable observation between M5 and Plain MCT 10% 
formulation also showed that the addition of d-limonene and 
squalene did not affect the long-term stability of the PNGs.

DSC analysis
The DSC thermograms of the raw materials, M5 sample, 

as well as control samples including Transcutol® 10%, Plain 
MCT 10%, and Plain w/o TRF samples are presented in Figure 
3. The melting points of Span® 60, ethanol, and cholesterol were 

Table 3. Summarized drug-release kinetics modelling data for M5, Transcutol® 10%, and Plain MCT. 

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

R2 R2 R2 R2 R2 n

M5 0.9387 0.7720 0.9877 0.8383 0.9645 -

Transcutol® 10% 0.8814 0.7945 0.9468 0.8326 0.9742 0.6632

Plain MCT 10% 0.2910 0.2910 0.4111 0.2910 0.5579 0.0826

Bold values denote the highest R² values across all models.

Figure 4. Comparison of percentage of TRF release from optimized sample and control samples. M5 = PNG produced from a mixture of 
5% d-limonene and 5% squalene; MCT = medium chain triglyceride; TRF = tocotrienol-rich fraction
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Figure 5. TRF release kinetics and mechanism from optimized sample and control samples. M5 = PNG produced from a mixture of 5% d-limonene and 5% squalene; 
MCT = medium chain triglyceride; TRF = tocotrienol-rich fraction.
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at 56.33°C, 80.17°C, and 148.28°C, respectively. No distinct 
endothermic peaks were observed for MCT oil, d-limonene, 
squalene, TRF, and soy lecithin. This could be attributed to their 
liquid nature at room temperature, and thus they did not exhibit 
significant thermal transitions under the tested conditions. The 
thermograms of all the formulated samples showed significant 
broadening and shifting of endothermic peaks in comparison to 
the raw materials. The shifted melting endotherm of cholesterol 
in all tested samples signified that all the lipid components 
interact with each other to a great extent while forming the lipid 
bilayer. These results confirmed the formation of the double-
layer structure of the vesicle [22]. The broadening typically 
resulted from the formation of a molecular dispersion. The results 
confirmed that the components are integrated at the molecular 
level within the bilayer, leading to a range of melting points rather 
than a single sharp peak [57]. Both d-limonene and squalene 
are terpenes known for their ability to disrupt lipid bilayers and 
enhance permeability. Their presence in the M5 sample likely led 
to significant disruption of the crystalline structure of the lipid 
components, resulting in a lower melting point at 49.87°C due 
to decreased intermolecular forces. This aligns with the findings 
of Schreier and Bouwstra [54], which observed that increased 
concentrations of limonene in dipalmitoyl phosphatidylcholine 
liposomes gradually lowered the melting peak temperature (Tm) 
and widened the peak.

In vitro release of TRF
Figure 4 compares the cumulative percentage of TRF 

released at different time intervals from the M5 sample and the 
control samples including Plain MCT 10% and Transcutol® 
10%. At 0.5 hour, the descending order of TRF release was 
Plain MCT 10% followed by M5 and lastly Transcutol® 10%. 
The descending order then changed at 6 hour with M5 followed 
by Transcutol® 10 % and finally Plain MCT 10%. The optimized 
sample (M5) containing both d-limonene and squalene at 5% 
had an initial release of 7.72% and was continued to increase 
release for an additional 5.5 hour and finally achieved the 
highest drug release of 43.85% at 6 hour. This phenomenon 
could be attributed to the inverse relationship between TRF 
release and EE. EE is a metric that demonstrates the capacity 
of a formulation to retain the drug, and hence a higher EE 
theoretically indicates a delayed release rate [37]. Data from 
Table 2 were in good correlation with this observation, as M5 
achieved the highest EE of 98.471% ± 0.116% among all the 
samples. The initial release from M5 was low and slow due to 
the encapsulation of TRF within the niosomal bilayers which 
acted as a strong barrier to drug release. The high EE entrapped a 
significant amount of TRF within the structure, thus preventing 
rapid diffusion and resulting in a slower initial release.

Table 3 summarizes the correlation coefficients (R2) and 
the release exponent (n). Figure 5 shows plots of the release kinetics 
of TRF from the PNG formulations. The data of the M5 sample 
fitted best to Higuchi’s diffusion model since it has the highest 
R2 value of 0.9877 when compared to other models. Therefore, 
the release of TRF from M5 was based on the Higuchian matrix 
diffusion-controlled mechanism, in which the release of drug from 
this matrix possibly was influenced by diffusion of the matrix [11]. 
The release of TRF from M5 increased steadily over time due to 

controlled diffusion through the swollen niosomal bilayers, fitting 
well with the Higuchi diffusion model. This sustained release 
behavior was preferred as it minimized the need for frequent 
application and improved patient compliance by maintaining 
therapeutic drug levels over an extended period [31].

CONCLUSION
In conclusion, the study highlighted that the types 

and concentrations of enhancers loaded in PNG could be 
optimized to obtain the enhanced drug release effect of the 
drug encapsulated in the PNG formulations. The optimal PNG 
formulation was identified to be the combination of both 5% 
d-limonene and 5% squalene. All the PNGs with semisolid 
forms exhibited pseudoplastic flow behavior with high EE and 
antioxidant property of the TRF. The FTIR spectra and DSC 
thermogram confirmed the encapsulation of TRF into the PNGs 
and their thermal stability. Niosomes prepared from PNG M5 
showed the greatest TRF release as compared to the control 
samples including plain without TRF, plain MCT 10% and 
Transcutol® 10% which acted as the positive control. While 
the study presents promising results for the topical delivery of 
TRF using terpene-loaded PNGs, it did not directly evaluate the 
anti-aging effects of TRF. Although TRF is widely recognized 
for its antioxidant potential, its specific impact on skin aging 
was not investigated. Therefore, future studies should explore 
this aspect through in vitro and in vivo models focused on 
anti-aging outcomes. Clinical trials in human subjects are 
also recommended to assess the safety, pharmacokinetics, 
and therapeutic efficacy of these formulations for potential 
dermatological or cosmeceutical applications.
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