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Abstract: Curcuminoids derived from Curcuma longa possess potent biological 
activities; however, their therapeutic utility is severely restricted by poor aqueous 
solubility and low bioavailability. This study aimed to establish an integrated and 
optimized protocol for the ultrasonic-assisted extraction (UAE) of curcuminoids 
and the subsequent fabrication of stable Tween 80-based nano-micelles (MCs). 
The extraction parameters were optimized using 96 % ethanol at a solid-to-solvent 
ratio of 1:50 (w/v) and 60 °C for 60 min, assisted by ultrasonication at  
525 W for 90 seconds, achieving a high extraction efficiency of 76.9 %. Regarding 
the formulation of nano-micelles, the optimal conditions were identified as a 3 %  
Tween 80 concentration coupled with ultrasonic homogenization at 450 W for 150 
seconds. The resulting MCs were characterized by a spherical morphology, a 
narrow particle size distribution ranging from 50 to 80 nm, and a Zeta potential of 
-16.7 mV, indicating colloidal stability governed by steric hindrance. Remarkably, 
the micellar formulation enhanced the apparent aqueous solubility of curcuminoids 
to 3.8 g/L, representing a massive improvement compared to the negligible 
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solubility of native curcumin (~11 ng/L). These findings demonstrate a highly 
efficient and scalable method to produce water-soluble curcuminoid formulations 
with enhanced physicochemical stability. 

Keywords: Curcuma longa; curcuminoids; ultrasonic-assisted extraction; nano-micelles; 
Tween 80; solubility enhancement. 

Introduction 

Curcuminoids, a group of natural polyphenolic compounds primarily 

extracted from the rhizomes of Curcuma longa (turmeric), have garnered 

significant scientific interest over recent decades due to their diverse and 

potent biological activities.1,2 The principal components of curcuminoids 

include curcumin (diferuloylmethane), demethoxycurcumin, and 

bisdemethoxycurcumin, with curcumin constituting the highest proportion 

(approximately 70–80 %) and being the most extensively studied bioactive 

compound.3 Numerous in vitro and in vivo studies have demonstrated that 

curcuminoids exhibit anti-inflammatory properties through the inhibition of 

the NF-κB pathway and pro-inflammatory cytokines, potent antioxidant 

activity via free radical neutralization, and anticancer potential by inducing 

apoptosis and suppressing tumor cell proliferation.4 Additionally, 

curcuminoids have been reported to possess neuroprotective, antimicrobial, 

and therapeutic effects in managing chronic conditions such as diabetes and 

metabolic disorders.5 

However, despite these promising therapeutic benefits, the clinical 

and pharmaceutical application of curcuminoids faces significant 

limitations. Their poor aqueous solubility (approximately 11 ng/mL for pure 

curcumin) results in drastically low bioavailability,6 while instability under 

light, heat, and alkaline conditions, coupled with rapid hepatic and intestinal 

metabolism, further diminishes their therapeutic efficacy.7 To address these 

physicochemical challenges, advanced formulation strategies have been 
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extensively developed, including nanoemulsion systems,8,9 liposomes,10 

cyclodextrin complexes,11 gelatin-based carriers,12 and notably, surfactant-

based micellar systems.13 

Among these strategies, micellar systems, which self-assemble from 

surfactant molecules in aqueous solutions above the critical micelle 

concentration (CMC), have emerged as a particularly effective approach to 

enhance the solubility, stability, and absorption of hydrophobic compounds 

like curcuminoids.14 Regarding surfactant selection, Tween (a polysorbate) 

is widely favored due to its high safety profile, stable micelle formation, and 

ability to facilitate cellular membrane permeability. Specifically, Tween 80 

(polysorbate 80) is commonly selected for its ability to form small micelle 

sizes (< 20 nm), maintain structural stability in physiological environments, 

and exhibit excellent biocompatibility.15 The mechanism of Tween-

curcuminoid micelles involves encapsulating curcuminoid molecules within 

the hydrophobic core, thereby shielding them from degradation and 

improving aqueous solubility. Furthermore, micelles can enhance intestinal 

epithelial transport and prolong systemic circulation time.16 Previous studies 

have reported that Tween-curcuminoid micellar systems not only 

significantly improve solubility (up to hundreds of times compared to free 

curcuminoids) but also maintain or enhance bioactivity while reducing 

cellular toxicity. 3,6 

 To date, while substantial research has focused on formulating 

micelles from pure commercial curcumin, limited attention has been given 

to developing an integrated process that starts directly from the extraction of 

curcuminoid-rich turmeric. In this study, we aim to establish a 

comprehensive optimized protocol ranging from the ultrasonic-assisted 

extraction of curcuminoids from Curcuma longa to the subsequent 
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preparation and characterization of stable Tween-curcuminoid nano-

micelles. By systematically optimizing both extraction and formulation 

parameters, this work demonstrates a scalable method to significantly 

enhance the aqueous solubility and physicochemical stability of 

curcuminoid extracts. 

 Materials and methods 

  Chemicals and equipment 

Curcumin (99 % purity, Sigma-Aldrich) and polysorbate 80 

(Tween® 80, Xylong, China) were used as primary materials. Acetic acid 

and acetonitrile (HPLC grade, Merck Chemicals and Thermo Fisher 

Scientific), ethanol (96 %), and double-distilled water, along with other 

necessary reagents, were employed in the experiments.   

 Key analytical instruments included a high-performance liquid 

chromatography system with diode-array detection (HPLC-UV, Agilent 

1260, USA), a dynamic light scattering particle size analyzer (Horiba  

SZ-100, Japan), and an ultrasonic processor (VCX 750, USA) for sample 

preparation and characterization. 

 Quantitation of curcumin 

 The total curcuminoids content was quantified by dissolving the 

sample in ethanol, homogenizing it via vortexing, and filtering through a 

0.45 µm membrane before HPLC analysis. An Agilent 1260 HPLC system 

with a UV detector and an Eclipse Plus C18 column (4.6 × 250 mm, 5 µm; 

Agilent) was employed. The mobile phase, composed of acetonitrile and 2 

%  acetic acid (70:30, v/v), was delivered at a flow rate of 0.8 mL/min. 

Detection was performed at 425 nm with an injection volume of 20 µL.   
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Preparation for turmeric extract 

 Turmeric rhizomes were procured from traditional markets in Chanh 

Hưng Ward, Ho Chi Minh City, Vietnam. After thorough washing and 

peeling, the inner flesh was thinly sliced and dried at 60 °C to a constant 

weight, followed by grinding and sieving to obtain turmeric powder.   

 The extraction procedure was adapted from the method described in 

our previous study with minor modifications.17 The general protocol is 

described as follows (specific parameters were varied during optimization 

as detailed in the Results section): Typically, 1.0 g of turmeric powder was 

suspended in 96 % ethanol at a solid-to-solvent ratio of 1:50 (w/v). The 

mixture was first subjected to ultrasonic treatment using a probe-type 

processor (VCX-750) at 525 W for 90 seconds to disrupt cell structures, 

followed by maceration in a temperature-controlled bath at 60 °C for  

60 min. After extraction, the mixture was centrifuged twice at 10.000 rpm 

for 5 min to collect the supernatant. To enhance purity, the extract was 

passed through a silica gel chromatography column. Finally, the purified 

curcuminoids solution was concentrated under reduced pressure using a 

rotary evaporator until a Brix value of 20 was achieved. The total 

curcuminoid content was quantified via the HPLC-UV method detailed in 

Section 2.2. 

 The extraction yield (ER, %) was calculated as the percentage ratio 

of extracted curcuminoids content to the total curcuminoids content in the 

turmeric powder (determined by exhaustive Soxhlet extraction). Factors 

influencing extraction efficiency, including solid-to-solvent ratio, solvent-

to-water ratio, maceration time, maceration temperature, and ultrasonic 

power and duration, were systematically investigated to identify optimal 

extraction conditions. 
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Preparation of curcuminoids-loaded nano-micelles (MCs) 

A 3 % Tween 80 aqueous solution was prepared by dissolving 3.0 g 

of Tween 80 in 100 mL of distilled water under heating at 50 °C with 

magnetic stirring at 300 rpm until complete dissolution. Subsequently, 1.0 g 

of the curcuminoids extract (Section 2.3) was gradually introduced into the 

Tween 80 solution. The mixture was then sonicated using a probe-type 

ultrasonic processor (VCX-750) at 450 W for 150 s, with temperature 

controlled by immersing the container in an ice-water bath. Finally, the 

dispersion was centrifuged at 5000 rpm for 5 min to remove any coarse 

aggregates, yielding the curcuminoid-loaded nano-micelles (MCs).   

Key factors influencing the average particle size (Z-average), 

including Tween concentration (0.5- 4.0 %), ultrasonic power (150-600 W), 

and sonication duration (30- 180 s), were systematically investigated to 

determine optimal preparation conditions. 

 Characterization of MCs 

Particle size and Zeta potential analysis 

The average droplet diameter (Z-average) and PDI of the MCs 

systems were determined using dynamic light scattering (DLS; Horiba  

SZ-100, Japan). Due to the transparency of the final MCs systems, 

measurements were based on laser beam scattering intensity-time 

fluctuations. All analyses were conducted at 25 °C with a 90 ° scattering 

angle. To ensure reliability and avoid dilution-induced artifacts, samples 

were analyzed undiluted. Zeta potential, a key indicator of colloidal 

stability, was also measured using the same instrument.   
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Transmission electron microscopy (TEM) 

The morphology and precise particle size of the MCs droplets were 

visualized and validated using transmission electron microscopy (Hitachi H-

8100, Japan). Samples were diluted 10-fold, and a droplet was placed on a 

carbon-coated 300-mesh copper grid, air-dried for 30 seconds, and 

negatively stained with phosphotungstic acid for 10 seconds. The grid was 

dried overnight prior to imaging to ensure clear structural resolution. 

Results and discussion 

Validated the quantitation method of curcuminoids 

 A validated quantitative method, referenced from previous studies, 
18–21 was applied for curcuminoids determination, incorporating parameters 

such as limit of detection, recovery, and precision. The calibration curve, 

constructed over a concentration range of 2.0 - 20 mg/L, exhibited excellent 

linearity (y = 141.32x - 69.124; R² = 0.9973). The limit of detection (LOD) 

was 0.5 mg/L. Recovery rates ranged from 98.5 % to 103.2 %, confirming 

high accuracy. Precision, assessed through intra-day and inter-day relative 

standard deviation (RSD), yielded values of 2.3 % and 4.5 %, respectively. 

These results demonstrate the method’s reliability for accurate curcuminoids 

quantification. 

Factors affecting extraction efficiency 

 Effect of solid-to-solvent ratio 

 In solid-liquid extraction, the solid-to-solvent ratio critically 

influences extraction efficiency, as the dissolution of target compounds is 

governed by physical diffusion processes. Increasing the solvent volume 

enhances the concentration gradient between the solid matrix and the 
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solvent, thereby accelerating mass transfer and improving yield. Particle 

size reduction (e.g., via grinding) further amplifies this effect by increasing 

surface area and facilitating solvent permeation. Higher solvent ratios also 

reduce extraction time due to improved solute solubility and kinetics.22 

However, beyond a certain threshold, the yield plateaus as the system 

approaches saturation, diminishing the concentration gradient and reducing 

incremental gains. This limitation can be mitigated through multi-stage or 

discontinuous extraction strategies.23 

 As shown in Figure 1A, curcumin (CUR) extraction efficiency 

increased from 39.5 % to 62.8 % as the solid-to-solvent ratio rose from 1:20 

to 1:60 (w/v). The most significant improvement (23.3 %) occurred between 

ratios 1:20 and 1:50, while further increasing to 1:60 yielded only a 

marginal gain, indicating near-saturation conditions. The minimal increase 

at 1:60 may stem from co-extraction of impurities (e.g., polysaccharides, 

cellulose, proteins, or resins).17 Comparatively, Bagchi et al. 24 reported a 

lower CUR yield (30.6 %) at a 1:15 ratio over 90 min, while other studies 

demonstrated superior efficiency at ratios of 1:40–1:60.25 Consequently, a 

ratio of 1:50 was selected for subsequent studies to reach the maximum 

yield while minimizing unnecessary solvent use and impurity co-extraction. 

 Effect of ethanol concentration 

 Ethanol concentration significantly influences extraction efficiency, 

as varying concentrations alter solvent polarity, thereby affecting the 

solubility of target compounds. Optimizing ethanol concentration reduces 

solvent consumption, minimizes environmental impact, and enhances 

selectivity for desired solubles. As shown in Figure 1B, ER increased 

substantially from 7.1 %   to 61.3 %   as ethanol concentration rose from  

20 % to 100 % (v/v). The most notable improvement (32.4 %) occurred 
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between 40 %   and 100 %   ethanol, with the highest yield (61.3 %) 

achieved at 100 % ethanol. This trend is attributed to solvent polarity, 

governed by dielectric constant and hydrogen bonding capacity. High-

polarity solvents (e.g., low ethanol concentrations) promote ion dissociation 

but are less effective for non-polar compounds like curcumin. Conversely, 

reduced polarity at higher ethanol concentrations enhances CUR solubility 

due to its hydrophobic nature.26,27 Statistical analysis confirmed significant 

differences (p < 0.05) among all ethanol concentrations tested (20 - 100 %), 

underscoring the solvent’s critical role in extraction efficiency. Supporting 

these findings, Our previous study. reported a strong correlation between 

ethanol concentration and DPPH radical scavenging activity, which 

increased from 32.03 to 91.43 µg Trolox/g dry weight as ethanol 

concentration rose from 30 %  to 100 %, indicating higher CUR 

extraction.17 Similarly, Liu et al. (2018) observed a fourfold increase in 

DPPH activity at 80 %  ethanol (87.07 µg Trolox/g) compared to 30 %  

ethanol (19.4 µg Trolox/g).28 Based on these results, 100 %  ethanol 96° was 

selected as the optimal solvent for curcuminoid extraction, maximizing 

yield while maintaining efficiency and reproducibility. 

 Effect of temperature on ER 

 Temperature significantly influences the extraction process of 

bioactive compounds. Elevated temperatures enhance diffusion rates, reduce 

solvent viscosity, improve mass transfer, and facilitate solute mobility, 

thereby promoting solvent penetration into cellular matrices. However, 

excessively high temperatures may degrade target compounds or solvents 

and induce undesirable reactions, complicating the extraction process.29 
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Figure 1. Factors influencing ER: (A) Solid-to-solvent ratio, (B) Solvent-to-water ratio, (C) 
Maceration time, (D) Maceration temperature, (E) Ultrasonic power, (F) Sonication time. 

  

 As shown in Figure 1C, ER % increased from 60.5 % to 64.2 % as 

temperature rose from 30 °C to 70 °C, peaking at 60 °C (64.2 %). Our 

previous study. previously demonstrated that temperature critically affects 

CUR extraction and DPPH radical scavenging activity observed at 60 °C 

and 70 °C compared to lower temperatures (30-50°C). Notably, no 
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significant difference (p > 0.05) was found between 60 °C and 70 °C, 

leading to the selection of 60 °C as the optimal temperature.17 

 Prathapan et al. reported a substantial increase in curcuminoid yield 

(55–60 %) when extraction temperature was raised from 60 °C to 100 °C for 

30 min, with the highest yield (60.11 %) achieved at 80 °C. 30 In contrast, 

Sogi et al. (2010) observed a relatively low CUR extraction efficiency 

(12.89 %) at 60 °C over 30 min.31 These findings align with results from 

other research groups, supporting the consistency of temperature-dependent 

extraction trends.32 Thus, 60 °C was identified as the optimal temperature to 

balance efficiency and compound stability. 

 Effect of maceration time  

 Maceration time plays a critical role in determining the extraction 

efficiency of bioactive compounds from plant materials. Prolonged 

extraction duration enhances solvent diffusion into cellular structures and 

improves solute dissolution, thereby increasing yield. However, excessively 

extended periods may lead to compound degradation due to thermal, 

photolytic, oxidative, or enzymatic effects, while also promoting the 

dissolution of undesirable impurities, compromising product purity.33 Thus, 

optimizing maceration time is essential to maximize yield while preserving 

the quality and stability of target compounds.   

 As illustrated in Figure 1C, ER increased from 49.9 % to 64.1 % as 

extraction time extended from 30 to 150 min, with the initial 30 minutes 

yielding 49.9 % and 60 min achieving 63.4 %. Beyond 60 min, yields 

stabilized with minimal variation, indicating saturation of extractable 

compounds. Prolonged maceration may adversely affect CUR activity due 

to factors such as temperature and light exposure. Consequently, 60 min was 
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identified as the optimal maceration time, balancing extraction efficiency, 

energy consumption, cost-effectiveness, and compound stability. 

 Effect of ultrasonic power on ER 

 Ultrasound waves induce cavitation phenomena, where collapsing 

vapor bubbles disrupt cell walls, enhance solvent permeation, and improve 

mass transfer, diffusion, and mixing, thereby increasing extraction 

efficiency and reducing processing time.34 Ultrasonic power is a critical 

parameter directly influencing the extraction yield of bioactive compounds 

from biological materials. Higher power intensifies cavitation, generating 

stronger pressure waves and microstreaming that facilitate cellular rupture 

and rapid release of target compounds into the solvent. However, excessive 

power may cause localized overheating, degradation of heat-sensitive 

compounds (e.g., curcuminoids, polyphenols), and solvent-derived free 

radical formation, compromising product quality.35 Thus, optimizing 

ultrasonic power must balance extraction enhancement with preservation of 

compound integrity.   

 As shown in Figure 1D, ultrasonic power significantly influenced 

the extraction efficiency of curcumin from turmeric powder. With the 

sonication time fixed at 90 seconds, the baseline yield without 

ultrasonication (0 W) was 62.7 %. Upon applying ultrasonic energy, the 

yield exhibited a progressive increase, rising from 64.5 % at 150 W to 72.6 

% at 300 W, and eventually peaking at 73.9 % at 525 W. This enhancement 

is primarily attributed to acoustic cavitation, which disrupts cell walls and 

facilitates solvent penetration. However, beyond 525 W, the extraction 

efficiency plateaued, suggesting that the system had reached a saturation 

threshold. Excessive ultrasonic power may lead to localized overheating and 

uncontrolled cavitation, potentially degrading heat-sensitive compounds 
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rather than promoting their release. These results align with our previous 

study,17 which reported similar trends where CUR yields increased 

significantly from 150 W to 525 W before leveling off. Furthermore, 

antioxidant activity was observed to increase 1.5 - fold with ultrasonication 

but declined at higher intensities (375–600 W) due to inertial cavitation-

induced microstructural damage and free radical generation. Consequently, 

525 W was identified as the optimal ultrasonic power to balance extraction 

efficiency and the preservation of antioxidant activity. 

 Effect of sonication time on ER 

 Sonication time significantly influences extraction efficiency, and 

optimizing this parameter is crucial for minimizing energy costs, solvent 

usage, and preventing the degradation of bioactive compounds.36 As 

illustrated in Figure 1F, with the ultrasonic power fixed at 525 W, sonication 

duration played a pivotal role in the extraction process, exhibiting three 

distinct phases. Initially, as sonication time increased from 30 to 60 s, 

extraction efficiency rose sharply from 62.5 % to 72.7 %, demonstrating the 

strong impact of cavitation-induced cell wall disruption and enhanced solute 

diffusion. Subsequently, from 60 to 150 seconds, the extraction recovery 

(ER) increased gradually to 74.4 %, indicating that the majority of 

extractable compounds had been released. Beyond 150 s, yields plateaued, 

reaching a maximum of 74.6 % at 240 s, suggesting saturation and 

diminishing returns. 

 In our previous work,17 we observed similar trends, with CUR yields 

increasing from 66.66 % to 74.72 % as sonication time extended from 30 to 

240 seconds. However, prolonged sonication risks energy waste and the 

degradation of heat-sensitive compounds. Notably, DPPH radical 

scavenging activity was found to peak at 90 s (139.42 µg Trolox/g dry 



244                                                                     T. Q. Hieu et al. 
weight) before declining at longer durations (129.72 µg Trolox/g at 240 

seconds), likely due to thermal effects and free radical generation from 

water dissociation. Therefore, although extraction yield slightly increased 

up to 150 seconds, 90 seconds was selected as the optimal sonication time to 

achieve a high yield while maximally preserving antioxidant activity and 

reducing operational time. 

 In summary, the optimal conditions for curcuminoid extraction from 

turmeric powder are: 96 ° ethanol as solvent, solid-to-solvent ratio of 1:50 

(w/v), extraction at 60 °C for 60 min, with ultrasonic assistance (525 W, 90 

seconds). 

Factors influencing the MCs formation 

Effect of Tween 80 concentration 

The capacity to generate small-sized micelles during 

homogenization is contingent upon the nature and concentration of the 

emulsifier, which plays a pivotal role in stabilizing the system by adequately 

covering the droplet surfaces.37 The particle size distribution profiles 

obtained via dynamic light scattering (DLS) are illustrated in Figures 2  

(A-E), while the quantitative data and the overall trend regarding Z-average 

and Polydispersity Index (PDI) are summarized in Table 1. 

The data indicate a significant dependence of particle size on 

surfactant concentration. At lower concentrations (0.5 % and 1.0 %), the 

DLS profiles exhibited broad peaks (Figures 2A and 2B), corresponding to 

large hydrodynamic diameters (1296.0 nm and 949.3 nm, respectively) and 

high PDI values. As the Tween 80 concentration increased, a progressive 

reduction in particle size was observed, reaching a minimum of 110.0 nm at 

3 %  with a narrow, monomodal distribution (Figure 2D). However, upon 
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increasing the concentration to 4 % (Figure 2E), the particle size exhibited 

negligible change (112.0 nm). This suggests that optimal stabilization was 

achieved at 3 %. 

The observed variations in particle size and distribution can be 

elucidated by the underlying interfacial phenomena described by 

McClements (2010).38 According to this theory, droplet formation is 

governed by a competitive kinetic process between the rate of surfactant 

adsorption to the interface and the frequency of droplet collisions. At low 

concentrations, the quantity of surfactant molecules is insufficient to rapidly 

and fully saturate the newly formed oil-water interface. Consequently, the 

uncovered droplets are prone to coalescence before they can be stabilized, 

resulting in larger particle sizes and a broader distribution as observed. This 

inadequate coverage fails to prevent the rapid coalescence of droplets and 

Ostwald ripening, resulting in the broad size distributions observed in 

Figures 2A-B. 

Conversely, as the concentration approaches 3.0 %, the ample supply 

of Tween 80 accelerates the adsorption rate, allowing the emulsifier to 

rapidly coat the droplet surfaces. Being a non-ionic surfactant with bulky 

polyoxyethylene head groups, Tween 80 provides significant steric 

hindrance, preventing droplets from merging. This mechanism explains the 

sharp decline in particle size and the achievement of the lowest PDI (0.276), 

indicating a highly monodisperse and stable system. However, the plateau 

observed in Figure 2F at 4.0 % indicates that increasing the concentration 

further does not yield size reduction benefits. This aligns with the findings 

of Tran et al., who noted that exceeding the optimal threshold leads to 

diminishing returns due to diffusion and adsorption limits.9 Furthermore, the 

slight increase in PDI at 4 % suggests that excess unabsorbed surfactant 
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molecules in the continuous phase may form free micelles. These micelles 

can induce depletion forces, potentially causing weak flocculation or 

thermodynamic instability, thereby confirming that 3 % is the critical 

threshold for balancing efficient surface coverage and dispersion 

homogeneity. 

Table 1. Average particle size of nanocurcumin according to  
              Tween 80 concentration. 

Tween 80 
Concentration ( %) 

Z-average (nm) PDI 

0.5 1296.0 ± 65.6 0.458 ± 0.09 

1.0 949.3 ± 13.5 0.562 ± 0.08 

2.0 225.7 ± 15.5 0.432 ± 0.08 

3.0 110.0 ± 12.0 0.276 ± 0.06 

4.0 112.0 ± 12.6 0.318 ± 0.04 

In terms of comparative efficacy, the optimal particle size achieved 

in this study demonstrates distinct advantages over recent reports. Notably, 

Nguyen et al. (2025) recorded a larger average size of 103 nm using 5 % 

Tween 40 under similar ultrasonic conditions, suggesting the superior 

emulsifying efficiency of Tween 80 in this specific formulation.39 

Furthermore, the MCs fabricated herein exhibit dimensions that are highly 

comparable to other carrier systems. For instance, Nguyen et al. reported 

curcumin-loaded liposomes ranging from 80 to 120 nm. The current MC 

system consistently falls within or even below this range, achieving these 

nanoscale dimensions without the need for the complex and costly 

preparation associated with lipid bilayers.10 
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Figure 2. Effect of Tween 80 concentration on the particle size of MCs.  (A)–(E) Particle 

size distribution profiles (determined via DLS) at Tween 80 concentrations of 0.5 %, 1.0 %, 
2.0 %, 3.0 %, and 4.0 %, respectively. 

Effect of ultrasonic capacity 

The influence of ultrasonic power on the nanocurcumin formation 
process is detailed in Figure 3A. The results demonstrate that 
ultrasonication is a highly effective method for particle size reduction. 
Specifically, increasing the power from 150 W to 600 W resulted in a 
significant decrease in the average particle size from 401 nm to 72 nm. 
Notably, no statistically significant difference in particle size was observed 
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between 450 W and 600 W, suggesting that 450 W is sufficient to achieve 
optimal dispersion. 

The mechanism of size reduction can be explained by the acoustic 
cavitation theory described by C. Devos et al.41 Low-frequency ultrasound 
(20-100 kHz) induces instability at the oil-water interface, causing the rapid 
disruption of the dispersed phase into the continuous phase. Furthermore, 
the cavitation phenomenon involves the formation, growth, and implosive 
collapse of microbubbles during alternating compression and rarefaction 
cycles. The collapse of these bubbles generates intense localized shear 
forces and turbulence, which continuously disrupt droplets and enhance 
their contact with the continuous phase, thereby minimizing particle size. 

However, the benefits of increasing ultrasonic power are limited by a 
saturation threshold. Particle size reaches a minimum at a specific energy 
level, after which it may increase if power is further elevated. At high power 
levels over a prolonged period, cavitation becomes saturated; bubble 
formation diminishes while agitation dominates. Under these conditions, the 
generated Bjerknes forces drive emulsion droplets toward nodal points 
where they accumulate. This proximity facilitates coalescence due to the 
"over-processing" phenomenon, leading to an increase in particle size.41 
These findings align with previous studies regarding the dependency of 
particle size on ultrasonic power. For instance, Thuy et al. (2019) reported a 
mean nanocurcumin particle size of 58 nm at 450 W (20 kHz).43 Similarly, 
Tran et al (2023) and Tan et al. (2025) confirmed that ultrasonic power 
significantly influences the dimensions of nanoemulsions containing 
bioactive compounds. 39,43 

Effect of ultrasonic time 

The duration of ultrasonication exhibits a distinct correlation with 
the dimensional uniformity and stability of MCs. Figure 3B illustrates the 
effect of ultrasonic time to mean diameter. As the ultrasonic time increased 
from 30 seconds to 150 seconds, the average particle size decreased 
continuously from 124 nm to 70.3 nm, accompanied by a reduction in the 
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standard deviation (SD) from 4.5 to 2.16. This trend reflects the progressive 
efficiency of the dispersion and stabilization process, driven by cavitation 
effects and shear forces that disrupt large droplets into homogeneous 
nanoparticles. However, extending the time to 180 seconds resulted in 
negligible changes in particle size (70.2 nm) with a sustained low SD, 
indicating that the system had reached a steady state. Consequently, 150 s 
was identified as the optimal ultrasonication time to achieve minimal 
particle size and high stability, as prolonged processing provides no further 
benefits due to energy limits and cavitation saturation. 

 

Figure 3. (A) Effect of ultrasonic power on MC particle size; (B) Effect of ultrasonic time 
on MC particle size; (C) Particle size distribution profile; (D) TEM image showing 
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spherical morphology; and (E) Zeta potential distribution of the optimal MCs system 

(at 450 W, 150 s, 3 %  Tween 80, and 1.0 %  curcuminoids extract). 

 

Physicochemical characterization of MCs 

The physicochemical attributes of the synthesized MCs were 

elucidated through TEM imaging, Zeta potential measurements, and 

solubility analysis.  

As presented in Figure 3C, the synthesized MCs exhibited nanoscale 

dimensions ranging from 50 to 80 nm, a result that is visually corroborated 

by the TEM micrograph in Figure 3D. This specific size range is critical, as 

particles below 100 nm are less susceptible to gravitational separation and 

Brownian motion dominates, thereby maintaining the system in a suspended 

state. 

Regarding colloidal stability, although Tween 80 is a non-ionic 

surfactant that primarily stabilizes droplets via steric hindrance, the system 

exhibited a Zeta potential of -16.7 mV as shown in Figure 3E. This negative 

surface charge provides a degree of electrostatic repulsion between 

particles, which complements the steric barrier formed by the 

polyoxyethylene chains. Consequently, the high colloidal stability of the 

MCs is attributed to a synergistic mechanism involving both steric 

hindrance and electrostatic repulsion, preventing particle aggregation and 

ensuring dispersion uniformity. These findings are consistent with the 

research of Sahu et al,45 who also employed Tween 80 to fabricate stable 

curcumin-loaded micelles and niosomes. 

A remarkable improvement in aqueous solubility was achieved 

through the micellar encapsulation process. With a loading capacity of 1.0 g 

of extract per 100 g of water, the apparent solubility of curcumin in the 

optimized MC system reached 3.8 mg/mL. This represents a massive 
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enhancement compared to the negligible intrinsic solubility of native 

curcumin (approximately 11 ng/L). To contextualize this efficiency, these 

results were compared with previous reports utilizing surfactant-based 

systems. For instance, prior studies on Tween 20 formulations indicated that 

curcumin dissolution peaked at only 2.13 mg/mL, even when utilizing a 

higher surfactant concentration of 4 % w/v.45 Furthermore, Inchai et al. 

(2015) investigated the solubilizing capacity of various polysorbates at a 

significantly higher concentration of 20 %. They reported that Tween 80 

achieved a solubility of approximately 3.4 mg/mL under standard conditions 

and increased to 4.0 mg/mL only after harsh autoclave treatment 46. Notably, 

the present study achieved a comparable and highly competitive solubility 

of 3.8 mg/mL using a significantly lower surfactant concentration (only 3 % 

Tween 80 compared to the 20 % used by Inchai et al. without requiring 

thermal stress. This superior efficiency suggests that the specific 

combination of high-intensity ultrasonication and optimized Tween 80 

concentration effectively facilitates the deep incorporation of hydrophobic 

curcumin molecules into the micellar core. Consequently, this MC 

formulation offers a substantial advantage for applications in food, 

cosmetics, and pharmaceuticals, where reducing surfactant load while 

maximizing bioavailability is a critical objective. 

Conclusion 

This study successfully established an integrated and optimized 

process combining ultrasonic-assisted extraction with a specific surfactant-

based micellization technique to produce high-quality curcuminoid nano-

micelles from Curcuma longa. The extraction process was maximized using 

96 %  ethanol at a solid-to-solvent ratio of 1:50 (w/v) and 60 °C, assisted by 
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ultrasonication at 525 W for 90 seconds, followed by a 60 - min maceration. 

These optimized conditions yielded a high extraction efficiency of 76.9 %. 

Subsequently, the formulation of nano-micelles was refined to overcome the 

inherent poor solubility of curcuminoids. The optimal formulation was 

identified at a 3 % Tween 80 concentration using ultrasonic homogenization 

at 450 W for 150 seconds. The resulting MCs were characterized by a 

spherical morphology with a narrow size distribution 

(50 – 80 nm) and good colloidal stability (Zeta potential of -16.7 mV), 

stabilized primarily by steric hindrance. Most significantly, this micellar 

system achieved a dramatic enhancement in the apparent aqueous solubility 

of curcuminoids, reaching 3.8 g/L, which is a massive improvement over 

the negligible solubility of native curcumin (~11 ng/L). Unlike complex 

lipid-based carriers, this study demonstrates a cost-effective, scalable, and 

highly efficient method using a biocompatible surfactant to unlock the 

therapeutic potential of turmeric extract. These findings suggest that the 

developed Tween 80-curcuminoid nano-micelles hold great promise for 

application in aqueous-based pharmaceuticals, functional foods, and high-

value cosmeceuticals. 
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