
Original Article 

POLOXAMER-188 BASED CURCUMIN NANOEMULSION: FORMULATION, 
CHARACTERIZATION, AND STABILITY FOR ENTRAPMENT EFFICIENCY 

 

ZULKIFLI B. POMALANGO1,2 , MOHAMAD APRIANTO PANEO3* , MUCHTAR NORA ISMAIL SIREGAR4 , 
ZULFIAYU SAPIUN5 , KARMILA LIHAWA3 , NURAIN THOMAS3  

1Department of Nursing, Faculty of Sports and Health, Universitas Negeri Gorontalo, Gorontalo-96128, Indonesia. 2Doctoral Program in 
Nursing Science, Faculty of Nursing, Universitas Indonesia, Indonesia. 3Department of Pharmacy, Faculty of Sports and Health, Universitas 

Negeri Gorontalo, Gorontalo-96128, Indonesia. 4Faculty of Medicine, Universitas Negeri Gorontalo, Gorontalo-96128, Indonesia. 
5Department of Pharmacy, Health Polytechnic of Gorontalo, Indonesia 

*Corresponding author: Mohamad Aprianto Paneo; *Email: apriyanto07@ung.ac.id 

Received: 28 Oct 2025, Revised and Accepted: 09 Feb 2026 

ABSTRACT 

Objective: This study aimed to develop and characterize a curcumin-loaded nanoemulsion formulation to improve curcumin's solubility and 
bioavailability using poloxamer 188, dimethyl sulfoxide (DMSO), tween-80, and polyethylene glycol 400 (PEG-400) as excipients. 

Methods: Ten curcumin-loaded nanoemulsion formulations were optimized based on excipient combinations. These formulations were subjected 
to freeze-thaw cycles, particle size analysis, polydispersity index (PDI), zeta potential, differential scanning calorimetry (DSC), Fourier transform 
infrared spectroscopy (FTIR), transmission electron microscopy (TEM), high-performance liquid chromatography (HPLC), and entrapment 
efficiency analysis to evaluate stability, solubility, and curcumin encapsulation efficiency. 

Results: The study identified the optimal formulations (F5 to F8) based on their superior physical stability, as evidenced by minimal changes in 
viscosity and pH during freeze-thaw cycles. The entrapment efficiency of curcumin in these formulations ranged from 87.55% to 77.98%, indicating 
effective encapsulation. Characterization techniques, including DSC, HPLC, and FTIR, confirmed the stable incorporation of curcumin into the 
nanoemulsion with only minor structural modifications. The best formulation was demonstrated by Formula 5 with an average particle size of 195.3 
nm, PDI of 0.36, and zeta potential of-16.2 mV. This formula showed uniform particle distribution and moderate colloidal stability among the other 
formulas. The TEM image showed spherical nanoparticles with smooth surfaces and consistent size distribution. Additionally, HPLC analysis of pure 
curcumin and nanoemulsion showed similar chromatographic profiles, confirming the stability and preservation of curcumin during the 
formulation process. 

Conclusion: The optimized curcumin-loaded nanoemulsion demonstrated enhanced solubility and stability, with entrapment efficiency (EE) values 
ranging from 87.55% to 77.98%, indicating effective encapsulation of curcumin within the nanoemulsion system. 
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INTRODUCTION 

Curcumin, the principal bioactive component of Curcuma longa, has 
attracted significant scientific attention owing to its diverse 
pharmacological activities, including antioxidant, anti-inflammatory, 
antimicrobial, anticancer, and neuroprotective effects. These 
therapeutic potentials highlight curcumin as a promising candidate 
for various clinical applications, ranging from chronic inflammatory 
disorders to degenerative diseases [1-3]. 

Despite its broad pharmacological relevance, the clinical application of 
curcumin remains limited due to its inherently poor aqueous 
solubility, rapid metabolism, and low systemic bioavailability. Orally 
administered curcumin typically undergoes extensive first-pass 
metabolism, resulting in minimal plasma concentrations and restricted 
therapeutic outcomes. Consequently, strategies to improve its 
solubility and bioavailability are urgently needed to enable its 
translation into effective pharmaceutical formulations [4-6].  

Among various drug delivery approaches, Nanoemulsion systems, due 
to their unique properties such as large surface area, kinetic stability, 
and improved permeability, have emerged as a promising platform for 
enhancing the solubility and bioavailability of hydrophobic bioactives 
like curcumin. Nanoemulsions consist of oil, surfactant, cosurfactant, 
and aqueous phases organized into droplets at the nanometer scale. 
Their unique characteristics, such as large surface area, kinetic 
stability, and improved permeability, make them suitable for 
delivering poorly soluble bioactives such as curcumin [7-9]. 

Several studies have demonstrated that curcumin nanoemulsions 
significantly enhance drug solubility and gastrointestinal absorption 

compared to conventional formulations. Additionally, 
nanoemulsions protect the active compound from environmental 
degradation, thereby improving stability during storage and 
administration. However, challenges remain in developing a robust 
formulation with optimized droplet size distribution, surface charge, 
and long-term stability [10, 11]. 

Excipient selection is a critical determinant in the success of 
nanoemulsion systems. Poloxamer-188, a non-ionic block 
copolymer, has been widely used in nanoemulsion systems for its 
stabilizing properties. This excipient helps to reduce interfacial 
tension and provides steric hindrance, preventing droplet 
aggregation. Specifically, its use in curcumin nanoemulsions helps to 
improve both the physical stability and the uniformity of the 
emulsions, critical for maintaining curcumin's solubility and 
bioavailability [12, 13]. 

Dimethyl sulfoxide (DMSO) has been employed as a cosolvent to 
enhance the solubility of hydrophobic drugs. Its amphiphilic nature 
allows curcumin to be solubilized effectively before incorporation 
into the nanoemulsion system. Furthermore, DMSO contributes to 
maintaining drug integrity during the formulation process, reducing 
the risk of precipitation and phase separation [14]. 

Tween-80, a non-ionic surfactant, is another essential excipient in 
nanoemulsion preparation due to its high emulsification efficiency 
and biocompatibility. Its hydrophilic-lipophilic balance (HLB) value 
enables effective stabilization of oil-in-water dispersions, which is 
particularly advantageous in improving curcumin solubilization and 
uniform distribution within the aqueous medium [15, 16]. 
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Polyethylene glycol 400 (PEG-400) serves as a cosolvent and 
solubilizer, contributing to the hydrophilic environment necessary 
for nanoemulsion stability. Its low toxicity and compatibility with 
pharmaceutical formulations make PEG-400 a valuable component 
in enhancing dispersion and maintaining nanoemulsion integrity 
under storage conditions [17, 18]. 

Although previous studies have demonstrated curcumin nanoemulsions' 
effectiveness, our study aims to address the gap by combining 
Poloxamer-188, DMSO, Tween-80, and PEG-400, hypothesizing that this 
specific combination will optimize curcumin’s solubilization, stability, 
and emulsification, offering a more efficient formulation for improving 
curcumin’s bioavailability and therapeutic efficacy [11, 19, 20]. 

Based on this rationale, the present study aims to develop and 
characterize a curcumin nanoemulsion formulated with Poloxamer-
188, DMSO, Tween-80, and PEG-400. Comprehensive 
physicochemical evaluation, including particle size, polydispersity 
index, zeta potential, morphology, encapsulation efficiency, IR 
spectrum, and stability analysis, was performed. The findings of this 
study are expected to provide a strong scientific basis for advancing 
curcumin delivery strategies and contribute to the broader 
development of nanotechnology-based drug delivery systems. 

MATERIALS AND METHODS 

Materials 

Curcumin (≥95% purity) used in this study was sourced from Xi'an 
Prius Biological Engineering Co., Ltd., Xi'an, China. Poloxamer-188, 
was also supplied by Xi'an Prius Biological Engineering Co., Ltd., 
Xi'an, China. Dimethyl sulfoxide (DMSO), Sigma Aldrich, St. Louis, 
USA. Olive oil, Alfa Laval, Gothenburg, Sweden. Tween 80, Sigma 
Aldrich, St. Louis, USA. Polyethylene glycol 400 (PEG-400), Sigma 
Aldrich, St. Louis, USA. Distilled water (Aquadest) Damhil Medical 
Store, Gorontalo, Indonesia. Ethanol 95%, Gorontalo, Indonesia. 

Equipment 

The curcumin nanoemulsion was prepared and characterized using 
a range of analytical and laboratory instruments. Particle size and 

polydispersity index (PDI) were measured using a particle size 
analyzer (Horiba), and zeta potential was determined using the 
same instrument to evaluate colloidal stability. Molecular 
interactions between curcumin and the excipients were assessed by 
Fourier-transform infrared (FTIR) spectroscopy using an FTIR 
spectrometer (Thermo Scientific). Curcumin content and 
encapsulation efficiency were quantified using an ultraviolet-visible 
(UV-Vis) spectrophotometer (Thermo Scientific). Phase separation 
and purification were performed using a Mascot centrifuge, and 
homogenization of the aqueous and organic phases was carried out 
using a Mag HS magnetic stirrer combined with a Mag HS Ultra-
Turrax high-shear homogenizer. Stability studies were conducted 
under controlled temperature conditions using a thermal climatic 
chamber. The rheological properties of the nanoemulsion were 
measured using a Brookfield DV2T viscometer. Thermal behavior 
and crystallinity were evaluated by differential scanning calorimetry 
(DSC) using a Hitachi NEXTA DSC instrument (Japan). Quantification 
by high-performance liquid chromatography (HPLC) was performed 
using an HPLC system (Thermo Scientific). Morphology was 
examined by transmission electron microscopy (TEM) using a 
Hitachi HT7700 (Japan). 

Optimization of nanoemulsion base 

The preparation of the nanoemulsion base began by formulating 10 
different variations of the formulation with distinct combinations of 
excipients. The purpose of these different combinations was to 
determine which formulation yielded a transparent and stable 
physical structure. Stability was assessed using centrifugation at 
3000 RPM, 7000 RPM, 8000 RPM, and 12000 RPM to evaluate the 
effect of shear force on the formulations. Furthermore, the 
formulations were subjected to freeze-thaw stability tests at 4 °C 
and 40 °C with a relative humidity (RH) of 75%, conducted over 7 
cycles with 48 h intervals. The stability tests were performed in a 
controlled temperature chamber (Climatic Chamber) to ensure 
consistent conditions throughout the process. The best qualifying 
formula will be supplemented with 10 mg of curcumin [21, 34, 35]. 
The details of the 10 formulation variations are presented in table 1 
below.

 

Table 1: Optimization of nanoemulsion base variations 

Material Formula (%) 
F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 

Olive oil 5 5 5 5 5 5 5 5 5 5 
Tween-80 10 12.5 15 17.5 20 22.5 25 27.5 30 32.5 
PEG-400  7.5 10 12.5 15 17.5 20 22.5 25 27,5 30 
Poloxamer-188 2 2 2 2 2 2 2 2 2 2 
Dimetilsulfoksida 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Aquadest Ad 100 

 

Preparation of curcumin nanoemulsion formula 

The preparation of the curcumin nanoemulsion formula began with 
the preparation of the nanoemulsion base. Olive oil, curcumin, and 
Tween-80 were mixed using a magnetic stirrer at 100 RPM for one 
hour. Subsequently, a mixture of PEG-400 and Dimethyl Sulfoxide 
(DMSO) was slowly added to the previous mixture. Poloxamer-188 
was then dissolved in an appropriate amount of water and introduced 
into the mixture. The resulting mixture was titrated with distilled 
water at a rate of one drop every 20 seconds. Once a transparent 
nanoemulsion was formed, the mixture was subjected to sonication at 
40 kHz for 1 h, followed by centrifugation at 12,000 RPM [38]. 

Physical stability testing of curcumin nanoemulsion 

The physical stability of the curcumin nanoemulsion was evaluated using 
a freeze-thaw protocol, where the samples were alternated repeatedly 
between 4 °C and 40 °C. The freeze-thaw test was performed by 
alternating storage at 4 °C and 40 °C. One cycle was defined as 24 h at 4 
°C followed by 24 h at 40 °C (48 h per cycle). The relative humidity (RH) 
was maintained at 75% during the freeze-thaw cycles [26]. 

Wavelength analysis of curcumin nanoemulsion 

The λ max of curcumin in the nano emulsion was found to be 430 nm, 
consistent with the known absorption characteristics of curcumin. A 

series of standard concentrations ranging from 2 ppm to 8 ppm were 
prepared to construct a calibration curve. The absorbance values were 
recorded for each concentration, and the corresponding wavelength of 
the nanoemulsion was analyzed based on the absorption peak within the 
specified wavelength range [20-23, 28]. 

High-performance liquid chromatography (HPLC) analysis of 
curcumin stability 

To evaluate the stability of curcumin in the nanoemulsion over time, 
the curcumin concentration was monitored using high-performance 
liquid chromatography (HPLC). A reverse-phase HPLC system was 
used for the analysis. The HPLC method employed a C18 column (4.6 
mm × 150 mm, 5 µm) with a mobile phase composed of acetonitrile 
and water (80:20, v/v) at a flow rate of 1.0 ml/min. 

Particle size, polydispersity index and zeta potential analysis 

The particle size, polydispersity index (PDI), and zeta potential of 
the curcumin nanoemulsion were determined using a particle size 
analyzer (PSA). The particle size distribution was measured in the 
range of 20-500 nm. A PDI value of less than 0.5 was considered 
indicative of a narrow particle size distribution, suggesting 
uniformity of the emulsion. The zeta potential was measured to 
assess the colloidal stability of the nanoemulsion, with values 
approximately close to ±30 mV indicating good stability [21, 24, 25]. 
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Thermal characterization using differential scanning 
calorimetry (DSC) 

The thermal properties of curcumin, the nanoemulsion base, and the 
curcumin nanoemulsion were analyzed by differential scanning 
calorimetry (DSC) over a temperature range of 50 °C to 410 °C. This 
analysis was performed to evaluate the heat capacity and to assess 
any thermal transitions such as melting, crystallization, or other 
phase changes in the materials. The DSC thermograms were 
recorded to provide insights into the thermal behavior and stability 
of both the curcumin and the formulated nanoemulsion. 

Functional group analysis using fourier transform infrared 
spectroscopy (FTIR) 

The prepared grids were then analyzed using a Transmission 
Electron Microscope (TEM) (TEM HT7700) at magnifications of 
10000x, 15000x, 50000x and 70000x to observe the morphology 
and size distribution of the curcumin nanoemulsion droplets. Images 
were captured at each magnification to examine the nanoscale 
structure of the emulsion droplets and confirm their uniformity 

Entrapment efficiency determination using dialysis bag 

Entrapment efficiency (EE) of curcumin-loaded nanoemulsions was 
evaluated using a dialysis bag method, which indirectly reflects EE 
by measuring curcumin released through the membrane. A 12,000 
Da MWCO dialysis bag containing 1 ml nanoemulsion was immersed 
in 100 ml PBS (pH 7.4) and incubated at 37 °C with agitation (50 
rpm). Samples were collected at 10, 20, 40, 60, 120, and 180 min, 
and curcumin in the external medium was quantified by UV-Vis at 
425 nm. This approach may overestimate EE because it cannot fully 
differentiate free from encapsulated curcumin [30, 31].  

Data analysis 

Data analysis was performed using the statistical software SPSS 
(Statistical Package for the Social Sciences) version 30. To test the 

differences between groups on the pH and viscosity variables, One-
Way ANOVA was used. This method allows for the comparison of 
means between more than two independent groups. In this study, 
One-Way ANOVA was applied to evaluate the differences in pH and 
viscosity across various nanoemulsion formulations tested during 
multiple freeze-thaw cycles. If the One-Way ANOVA results indicated 
a significant difference between groups (p<0.05), the analysis was 
followed by post-hoc Tukey HSD (Honest Significant Difference) 
testing. The Tukey HSD test was used to determine which specific 
groups differed significantly in terms of pH and viscosity. All 
statistical tests were conducted at a significance level of 5% (α = 
0.05). The data used in the analysis included the mean pH and 
viscosity values for each formulation, which were presented in 
tables and graphs to illustrate the differences between groups and 
trends observed during the freeze-thaw cycles. 

RESULTS AND DISCUSSION 

Optimization of nanoemulsion base variations 

The optimization of the nanoemulsion base variations was carried 
out by preparing 10 different formulations with varying 
combinations of excipients. Upon visual inspection, Formulas 1 to 4 
exhibited a cloudy appearance, indicating instability or improper 
emulsification. In contrast, Formulas 5 through 8 displayed a clear, 
transparent appearance, suggesting successful emulsification and 
improved stability, However, formulas 9 to 10 are very thick. These 
results highlight the importance of optimizing the composition of 
excipients to achieve the desired physical properties and stability of 
the nanoemulsion. Fig. 1. Physical appearance of formulations F1-
F10, showing the visual clarity and homogeneity of each 
formulation. Formulations F1-F4 exhibit cloudiness, indicating 
instability, while formulations F5-F8 are clear, fig. 2. Phase 
separation and stability of formulations F1-F10 observed after 
freeze-thaw cycles. Formulations F5-F8 demonstrate minimal phase 
separation, suggesting good physical stability, while F1-F4 show 
visible phase separation, indicating poor stability. 

 

 

Fig. 1: Nanoemulsion base variations 

 

 

Fig. 2: Nanoemulsion with curcumin 10 mg 

 

Ten formulations were prepared to optimize curcumin-loaded 
nanoemulsions using different excipient combinations. Formulations 
F1-F4 were cloudy (unstable), whereas F5-F8 were transparent and 
remained stable during centrifugation and freeze-thaw testing, with 
minimal changes in appearance, viscosity, and pH. F9-F10 were 
overly viscous. After curcumin loading, F5-F8 stayed clear, 
supported by the roles of Poloxamer 188, Tween 80, PEG 400, and 
DMSO in emulsification and solubilization. Thus, F5-F8 were 
selected for further characterization; future studies should assess 
long-term stability, release, and in vivo performance [19, 36, 37, 39]. 

Physical stability testing of curcumin nanoemulsion 

The physical stability of the four selected curcumin nanoemulsion 
formulations (Formulas 5, 6, 7 and 8) was evaluated over seven 
freeze-thaw cycles, with each cycle lasting 48 h. The samples were 
subjected to temperatures of 4 °C and 40 °C with a relative humidity 
(RH) of 75% using a Claimitic Chamber. During each cycle, 
parameters including viscosity and pH were monitored. The detailed 
results for color, viscosity, emulsion type, and pH across all cycles 
are summarized in fig. 3, fig. 4 and table 2. 
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Fig. 3: Freeze-thaw stability testing of curcumin nanoemulsions, showing changes in viscosity after seven cycles of alternating between 4 
°C and 40 °C 

 

 

Fig. 4: Freeze-thaw stability testing of curcumin nanoemulsions, showing changes in pH after seven cycles of alternating between 4 °C and 40 °C 

 

Table 2: Physical stability testing of curcumin nanoemulsion 

Cycle Parameters Results 
F5 F6 F7 F8 

1  Viscosity (Cps) 
pH 

107 
7.3 

132 
7.1 

148 
7.2 

164 
7.6 

2 Viscosity (Cps) 
pH 

107 
7.1 

132 
7.0 

148 
7.2 

162 
7.3 

3 Viscosity (Cps) 
pH 

106 
7.1 

132 
7.0 

146 
7.2 

161 
7.3 

4 Viscosity (Cps) 
pH 

104 
7.0 

131 
6.9 

145 
7.1 

161 
7.3 

5 Viscosity (Cps) 
pH 

103 
6.8 

130 
6.8 

143 
7.1 

160 
7.0 

6 Viscosity (Cps) 
pH 

103 
6.7 

129 
6.8 

 142 
7.1 

160 
6.8 

7 Viscosity (Cps) 
pH 

103 
6.7 

129 
6.8 

142 
7.0 

159 
6.8 

SD Viscosity ±1.75 ±1.28 ±2.42 ±1.51 
SD pH ±0.21 ±0.11 ±0.07 ±0.28 

Note: Cps: centipoise, SD: standard deviation, Sample size: n = 3 

 

Freeze-thaw testing showed a slight, gradual decrease in viscosity for 
formulations F5-F8 (F5: 107→103 Cps; F6: 132→129 Cps; F7: 148→142 
Cps; F8: 164→160 Cps) and only minor pH fluctuations (F5: 7.3-6.7; F6: 

7.1-6.8; F7: 7.2-7.0; F8: 7.6-6.8). Overall, the formulations remained 
physically stable across cycles, supported by low standard deviations for 
viscosity and pH. The results are presented in fig. 3-4 and table 2. 

 

Table 3: Data analysis ANOVA of viscosity 

ANOVAof viscosity 
 Sum of squares df Mean square F Sig. 
Between Groups 11958.393 3 3986.131 1066.354 <.001 
Within Groups 89.714 24 3.738   
Total 12048.107 27    
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Table 4: Multiple comparisons (Post-hoc) of viscosity 

Multiple comparisons of viscosity 
Tukey HSD 
(I) Formula (J) Formula Mean difference (I-J) Std. Error Sig. 95% confidence interval 

Lower bound Upper bound 
Formula 5 Formula 6 -26.0000* 1.0335 <.001 -28.851 -23.149 

Formula 7 -40.1429* 1.0335 <.001 -42.994 -37.292 
Formula 8 -56.2857* 1.0335 <.001 -59.137 -53.435 

Formula 6 Formula 5 26.0000* 1.0335 <.001 23.149 28.851 
Formula 7 -14.1429* 1.0335 <.001 -16.994 -11.292 
Formula 8 -30.2857* 1.0335 <.001 -33.137 -27.435 

Formula 7 Formula 5 40.1429* 1.0335 <.001 37.292 42.994 
Formula 6 14.1429* 1.0335 <.001 11.292 16.994 
Formula 8 -16.1429* 1.0335 <.001 -18.994 -13.292 

Formula 8 Formula 5 56.2857* 1.0335 <.001 53.435 59.137 
Formula 6 30.2857* 1.0335 <.001 27.435 33.137 
Formula 7 16.1429* 1.0335 <.001 13.292 18.994 

 

Table 5: ANOVA of viscosity 

ANOVA of pH 
 Sum of squares df mean square F Sig. 
Between Groups .310 3 .103 2.535 .081 
Within Groups .977 24 .041   
Total 1.287 27    

 

Table 6: Multiple comparisons (Post-hoc) of pH 

Multiple comparisons of pH 
Tukey HSD 
(I) Formula (J) Formula Mean difference (I-J) Std. error Sig. 95% Confidence Interval 

Lower bound Upper bound 

Formula 5 Formula 6 .0429 .1079 .978 -.255 .340 
Formula 7 -.1714 .1079 .403 -.469 .126 
Formula 8 -.2000 .1079 .274 -.498 .098 

Formula 6 Formula 5 -.0429 .1079 .978 -.340 .255 
Formula 7 -.2143 .1079 .221 -.512 .083 
Formula 8 -.2429 .1079 .138 -.540 .055 

Formula 7 Formula 5 .1714 .1079 .403 -.126 .469 
Formula 6 .2143 .1079 .221 -.083 .512 
Formula 8 -.0286 .1079 .993 -.326 .269 

Formula 8 Formula 5 .2000 .1079 .274 -.098 .498 
Formula 6 .2429 .1079 .138 -.055 .540 
Formula 7 .0286 .1079 .993 -.269 .326 

ANOVA showed a significant effect of formulation on viscosity (F = 1066.354, p<0.001), and Tukey HSD indicated several significant pairwise 
differences (p<0.05), with Formula 4 having the highest viscosity and differing most from the others. In contrast, pH did not differ significantly 
among formulations (ANOVA: F = 2.535, p = 0.081; Tukey: non-significant). Overall, viscosity distinguishes formulations, whereas pH remains 
relatively stable. Results are presented in tables 3-6. 

 

 

Fig. 5: UV-Vis spectrum of the curcumin nanoemulsion used for curcumin quantification 
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Fig. 6: UV-Vis spectra of standard curcumin solutions: (A) 2 ppm, (B) 4 ppm, (C) 6 ppm, and (D) 8 ppm 

 

Qualitative test with spectrofotometer uv-vis 

UV-Vis scanning showed a maximum absorbance at 431 nm for the 
curcumin nanoemulsion, while standard curcumin solutions (2-8 
ppm) exhibited peaks at 430-433 nm (Fig. 3-4). Physical stability 
was evaluated by freeze-thaw testing for seven cycles alternating 4 
°C and 40 °C (75% RH), assessing color, viscosity, emulsion type, and 
pH. Formulations F5-F8 remained transparent and maintained an 
O/W emulsion type throughout the cycles, with only a slight, gradual 
decrease in viscosity, indicating no major aggregation or phase 
separation [29]. Formulation F5 showed only a slight viscosity 
decrease (107 to 103 cps) from cycle 1 to cycle 7, with similar trends 
for F6-F8, indicating stable flow properties. The pH remained 
relatively constant across cycles (approximately 6.7-7.3), suggesting 
no meaningful chemical change. Overall, the freeze-thaw results 
indicate that formulations F5-F8 were physically stable under 
simulated storage conditions, with minimal changes in viscosity, pH, 
and emulsion type. 

Particle size analysis of formulations F5-F8 measured particle size, 
polydispersity index (PDI), and zeta potential. All formulations were 
within the nano-size range with PDI<0.5, indicating a relatively 
uniform distribution. Zeta potential values (−16.2 to −25.6 mV) 
suggest moderate colloidal stability, likely supported by steric 
stabilization from non-ionic surfactants (Poloxamer 188 and Tween 
80) rather than electrostatic repulsion alone. Results are shown in 
fig. 7-8 and table 7 [30, 31]. 

Particle size analysis of nanoemulsion formulations 

Formulations F5-F8 were evaluated by particle size analysis for 
particle size, polydispersity index (PDI), and zeta potential. All were 
in the nano-size range with PDI<0.5, indicating a relatively uniform 
distribution. Zeta potential values (−16.2 to −25.6 mV) suggest 
moderate colloidal stability, likely aided by steric stabilization from 
non-ionic surfactants (Poloxamer 188 and Tween 80). Results are 
shown in fig. 7-8 and table 7. 

 

 

Fig. 7: Graph of diameter dan frequency of curcumin nanoemulsion using particle size analysis. A. F5 (195.3 nm), B. F6 (304.8 nm), C. F7 
(514.1 nm) and D. F8 (703.7 nm) 
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Table 7: Analysis nanoemulsion particle size, polydispersity index (PDI), and zeta potential 

Formula Z-Average (nm) (PDI) Zeta potential (mV) 
F5 195.3±2.1 0.366± 0.05 -16.2± 0.5 
F6 304.8± 2.0 0.702± 0.02 -25.6± 0.1 
F7 514.1± 2.3 0.715± 0.03 -6.7± 0.7 
F8 703.7± 2.4 0.738± 0.07 -22.0± 0.3 

Note: PDI = Polydispersity Index, Z-average = Z-average diameter, mV = Millivolts 
 

 

Fig. 8: Graph of intensity and zeta potential of curcumin nanoemulsion using particle size analysis. A. F5 (-16.2 mV), B. F6 (-25.6 mV), C. F7 
(-6.7 mV) and D. F8 (-22.0 mV) 

 

Particle size analysis of formulations F5-F8 (DLS, n = 3; mean±SD) 
showed sizes of 195.3±2.1 to 703.7±8.5 nm, with PDI 0.36±0.05 to 
0.738±0.04 and zeta potential −16.2±0.5 to −25.6±0.8 mV, indicating 
moderate stability. Droplet size increased in F6-F8 with higher 
surfactant/cosurfactant ratios. Based on particle size, distribution, 
and zeta potential, F5 was selected for further characterization (DSC, 
FTIR, and entrapment efficiency). 

Thermal characterization using differential scanning 
calorimetry (DSC) 

DSC of pure curcumin (fig. 9A) showed a melting peak at 177.69 °C 
(onset 176.32 °C; endset 179.76 °C) with a heat change of −39.71 J/g, 
consistent with a crystalline structure. In the curcumin 
nanoemulsion (F5; fig. 9B), the main peak occurred at 177.34 °C with 
a markedly lower heat change (−11.87 J/g), suggesting partial 
conversion to an amorphous or molecularly dispersed state. A 
secondary transition near 87.05 °C was also observed, likely related 

to excipient thermal events (e. g., Poloxamer 188). F5 was selected 
for further analysis based on its favorable particle size, PDI, and zeta 
potential [27]. 

Functional group analysis using Fourier transform infrared 
spectroscopy (FTIR) 

Fourier Transform Infrared (FTIR) spectroscopy was performed to 
evaluate the chemical structure and functional groups of curcumin, 
the nanoemulsion base (Formula 5), and the curcumin-loaded 
nanoemulsion (Formula 5). The FTIR spectra enabled the 
identification of characteristic absorption bands of curcumin and the 
assessment of potential interactions between curcumin and the 
excipients within the nanoemulsion system. The results provide 
insight into the chemical integrity of curcumin after incorporation 
into the nanoemulsion. The FTIR spectra of all samples are 
presented in fig. 10, and the detailed peak assignments are 
summarized in table 8. 

 

 

Fig. 9: Peak temperature using differential scanning calorimetry (DSC). A. curcumin, B. formula 5 (F5) nanoemulsion curcumin 
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Fig. 10: Spectrum using fourier transform infrared spectroscopy FTIR curcumin (blue line) and formula 5 (F5) nanoemulsion curcumin 
(red line) 

 

Table 8: Interpretation of FTIR spectrum of curcumin and nanoemulsion curcumin 

No Wavelength (cm⁻¹) Band Interpretation 

1 944.92 C-O bond Characteristic of phenolic groups; slight intensity variation between pure curcumin and 
nanoemulsion. 

2 1033.37 C-O vibration Indicates interaction with emulsion components. 

3 1083.71 C-O absorption Present in both curcumin and nanoemulsion, confirming consistency in structure 

4 1249.02 C-O-C vibration Stable functional groups present in both curcumin and nanoemulsion. 

5 1296.74 C-H vibration in phenyl group Consistent structure in both curcumin and nanoemulsion, confirming aromatic integrity. 

6 1349.06 CH₂ vibration Maintained in both curcumin and nanoemulsion, indicating the preservation of molecular 
structure. 

7 1456.22 C-H vibration in phenyl ring Small changes suggesting slight structural modification after nanoemulsion formulation. 

8 1646.53 C=C vibration in aromatic ring Core structure remains stable in both curcumin and nanoemulsion. 

9 2920.92 C-H vibration in aliphatic chains Indicates the presence of emulsifier components in the nanoemulsion. 

10 3375.40 O-H vibration Retained hydroxyl groups, consistent in both curcumin and nanoemulsion, suggesting 
stability. 

 

FTIR spectra of pure curcumin and the curcumin-loaded nanoemulsion 
showed the characteristic curcumin bands (e. g., C-O at 944.92 cm⁻¹ and 
aromatic C-H at 1296.74 cm⁻¹), indicating preserved structural features. 
In the nanoemulsion, slight shifts and intensity changes (e. g., C-O to 

969.77 cm⁻¹) suggest interactions with excipients, likely hydrogen 
bonding, consistent with molecular dispersion. Additional bands around 
2920.92 cm⁻¹ reflect contributions from the emulsifier components, 
supporting curcumin incorporation into the nanoemulsion [21]. 

 

 

Fig. 11: TEM image of curcumin-loaded nanoemulsion (F5 formulation) showing spherical nanoparticles with a smooth surface and 
uniform size distribution. The particle size is approximately 195.3 nm as observed at 50,000x magnification. Scale bar represents 500 nm 

(Panel A and B), 200 nm (Panel C) and 100 nm (Panel D) 
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Analysis of transmission electron microscopy (TEM) imaging of 
curcumin nanoemulsion 

TEM images showed well-dispersed, spherical nanoparticles with 
minimal aggregation across all magnifications (10,000×-70,000×), 

indicating a uniform and stable nanoemulsion. Higher 
magnifications confirmed smooth particle surfaces and consistent 
morphology, supporting successful formulation for potential 
pharmaceutical applications. Can be seen in fig. 11. 

 

Table 9: Calibration standard of curcumin 

No Injection (ppm) Ret. time* min Area mAU*min Height mAU Amount 
1 10 1.333 26.721 49.297 15.996 
2 25 1.367 27.561 48.743 16.249 
3 50 1.280 26.571 47.354 15.950 
4 75 1.323 56.189 106.14 24.868 
5 100 1.292 120.68 235.82 44.288 
Average  1.319 
Standard deviation 0.031 
% RSD 2.34 
R-Square 0.99 

Note: RSD = Relative standard deviation  

 

 

Fig. 12: High-performance liquid chromatography (HPLC) chromatograms of curcumin confirming the stability and integrity of curcumin 
in the nanoemulsion 

 

 

Fig. 13: High-performance liquid chromatography (HPLC) chromatograms of curcumin-loaded nanoemulsion, confirming the stability and 
integrity of curcumin in the nanoemulsion 

 

Table 10: Retention time poloxamer 188-based curcumin nanoemulsion 

No Replication Ret. Time*min Rel Area % 

1 Replication 1  1.288  100 
2 Replication 2  1.285  100 
3 Replication 3  1.292  97.87 
Average   1.29  99.29 
Standard deviation 0.0029 1.004 
% RSD 0.26% 1.24 

Note: n = 3, RSD = Relative standard deviation 
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High-performance liquid chromatography (HPLC) analysis of 
curcumin stability 

HPLC chromatograms showed a well-defined curcumin peak at ~1.3 
min in the pure standard (fig. 12) and a comparable peak in the 
nanoemulsion (fig. 13) across three injections, with no meaningful 
shift in retention time or peak loss, suggesting curcumin remains 
chemically intact after formulation with Poloxamer 188. The HPLC 
method was validated with good linearity (R²>0.99) and acceptable 
accuracy/precision, with RSD 2.34% (standard) and 0.26% 
(nanoemulsion) (<5%). To strengthen the stability claim, we added 
chromatograms of stressed samples (heat, light, and pH challenge) 
to demonstrate the method’s ability to detect degradation products 
and monitor formulation changes over time. 

Furthermore, the consistency observed across the three tests 
highlights the reproducibility and stability of the nanoemulsion 
formulation. The absence of degradation or significant peak area 

fluctuation suggests that the curcumin encapsulated in the 
nanoemulsion retains its integrity even after being subjected to the 
formulation process. This finding supports the hypothesis that 
nanoemulsions, specifically those stabilized with Poloxamer-188, can 
effectively preserve the bioactive properties of curcumin, making it a 
promising carrier system for improving the solubility and 
bioavailability of curcumin in therapeutic applications. Calibration 
Standard of Curcumin can be seen in table 9, Chromatograms of 
curcumin can be seen in fig. 12, and Chromatograms of curcumin-
loaded nanoemulsion can be seen in fig. 13. 

Entrapment efficiency analysis of curcumin nanoemulsion 

The entrapment efficiency of curcumin nanoemulsion was evaluated 
at different time intervals. As shown in table 10 and fig. 14, the 
entrapment efficiency was observed to be high across all time points, 
indicating the successful encapsulation of curcumin in the 
nanoemulsion.

 

Table 10: Entrapment efficiency (EE) of curcumin-loaded nanoemulsions determined by the dialysis bag method (mean±SD, n = 3) 

No Time (Min) Entrapment efficiency (%) 

1 10 87.55 
2 20 85.22 
3 40 83.12 
4 60 80.45 
5 80 79.23 
6 120 77.98 

 

The entrapment efficiency of curcumin in the nanoemulsion 
formulations was evaluated over time (mean±SD, n = 3), with 
values ranging from 87.55% to 77.98% across the sampling points 
(10, 20, 40, 60, 80, and 120 min). At the early time points (10 and 
20 min), high entrapment efficiencies (87.55% and 85.22%) 
indicate effective encapsulation of curcumin within the 

nanoemulsion droplets, which supports stability and minimizes 
premature release. The gradual decrease in entrapment efficiency, 
particularly after 80 min, may reflect curcumin leakage or 
partitioning from the nanoemulsion matrix due to diffusion and/or 
progressive destabilization over the test duration. Can be seen ini 
table 10 and fig. 14 [33, 41]. 

 

 

Fig. 14: Entrapment efficiency analysis of curcumin nanoemulsion 

 

As the time progressed (from 10 to 120 min), a gradual decline in 
entrapment efficiency was observed, ranging from 87.55% to 
77.98%. This reduction can be attributed to the natural tendency of 
nanoemulsions to release encapsulated substances over time, 
especially when exposed to conditions such as temperature 
fluctuations or physical stress. Although dialysis is a common 
method for measuring entrapment efficiency (EE), it is not without 
limitations. The method does not fully separate encapsulated 
curcumin from free curcumin, which could lead to overestimation of 
EE. To ensure more accurate and validated results, future studies 
will implement ultrafiltration or centrifugation with a membrane 
cut-off for direct separation of encapsulated and free curcumin. The 
results also highlight the dynamic nature of nanoemulsions, where, 

although the encapsulation efficiency remains relatively high, it may 
not remain constant. These findings emphasize the need for further 
optimization of formulation parameters, such as surfactant 
concentration and emulsion preparation techniques, to ensure that 
the nanoemulsion remains stable and retains high encapsulation 
efficiency over extended periods. Further investigations into the 
stability under different storage conditions could provide more 
insights into the long-term release characteristics and potential 
applications in therapeutic delivery systems [34, 42]. 

CONCLUSION 

This study successfully developed and characterized a curcumin-
loaded nanoemulsion, with optimized formulations (F5-F8) 
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demonstrating excellent physicochemical properties. The optimized 
formulations exhibited uniform droplet size (195.3 nm) and a low 
polydispersity index (PDI of 0.36), indicating moderate emulsion 
stability. Entrapment efficiency was high, ranging from 87.55% to 
77.98%, though the method used for quantification could benefit 
from further validation. The current study demonstrates that 
curcumin can be effectively encapsulated within the nanoemulsion 
system, with high EE values observed. However, to further improve 
the reliability of these results, we plan to validate the entrapment 
efficiency method by incorporating more accurate techniques, such 
as ultrafiltration and centrifugation with membrane cut-off, in future 
research. The formulations showed acceptable physical stability 
across freeze-thaw cycles, with minimal changes in viscosity and pH. 
Differential scanning calorimetry (DSC) analysis indicated that 
curcumin may be molecularly dispersed within the nanoemulsion, 
suggesting enhanced solubility and stability. These findings provide 
a strong basis for further development of curcumin nanoemulsions 
in pharmaceutical applications. 
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