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Abstract 

Curcumin, a bioactive compound derived from turmeric, has significant pharmacological potential but suffers 

from poor aqueous solubility (<10 μg/mL) and low bioavailability. To overcome these limitations, this study 

introduces a one-step ultrasound-assisted liquid antisolvent (UALA) precipitation method, integrating 

simultaneous sonication during solvent–antisolvent mixing to promote rapid nucleation and suppress particle 

aggregation. The method reduced particle size from >1000 nm to 255 nm (76% reduction), accompanied by a 

decrease in crystallinity from 58.7% to 21% and a reduction in enthalpy of fusion from 442.61 to 28.57 kJ/mol 

(93% decrease), indicating partial amorphization. Dissolution was markedly enhanced, achieving 94.36% 

release within 60 min, compared with only 7.75% for raw curcumin. Antioxidant activity improved significantly, 

with IC₅₀ values decreasing from 15 mg/mL (without sonication) to <1 mg/mL after optimized sonication, 

representing more than a 15-fold increase in potency. Collectively, these findings demonstrate that the UALA 

method provides a sustainable, carrier-free, and efficient route to produce nanocurcumin with superior 

physicochemical and bioactive properties, suitable for advanced pharmaceutical applications. 
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1 Introduction 

 

Due to its inadequate solubility in water (1–10 μg/mL), 

curcumin, a compound derived from turmeric, has 

minimal bioavailability [1], [2]. Harnessing the potent 

biological activities of curcumin, nanocurcumin 

production can be used to overcome its natural 

solubility and bioavailability limitations [3], [4]. The 

heightened solubility of curcumin leads to improved 

bioavailability and stability, resulting in enhanced 

therapeutic effects. Curcumin has been found to 

improve the healing rate of gastric ulcers, possess anti–

cancer properties, and provide anti-inflammatory and 

anti–aging effects [5]– [8].  

Research has revealed that heating, encapsulation 

in nanoparticles, formation of complexes with 

cyclodextrins, polymorphic structure adoption, and 

cocrystal creation could elevate curcumin's water 

solubility from 0.6 µg/mL to 7.4 µg/mL, marking a 12-

fold increase [9], [10]. Various techniques, including 

solution crystallization, slurry methods, high–speed 

crystallization, spray–drying, spray–chilling/ cooling, 

co-crystallization, emulsification, and coacervation 

complexes, are predominantly employed in the food 

industry to enhance curcumin's solubility and stability 

[11]–[15]. Curcumin encapsulation within liposomes, 

chitosan, complexing with cyclodextrins, or nanogels, 

has been documented. However, the issues of 

biocompatibility and potential safety and toxicity 

related to colloidal nanocarriers require careful 

consideration due to the possible risk of inducing 

diseases [16]–[19]. One appealing approach is to 

process the active ingredient into a nanosuspension 

consisting of nanoparticles entirely composed of 

active molecules, thereby eliminating the need for 

carrier materials. This nanosuspension can be used to 

improve the dissolution process of active ingredients 

with poor water solubility or permeability, ultimately 

accelerating the dissolution rate and enhancing the 

oral bioavailability of the compounds [20]. 

Liquid antisolvent (LAS) precipitation is a 

versatile bottom–up approach for producing ultrafine 
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particles, particularly for challenging to poorly water–

soluble drugs. This straightforward technique involves 

adding a non–solvent to an organic solution, inducing 

supersaturation, and ultimately precipitation [21].  

However, this bottom–up method surpasses top–down 

approaches by yielding nano/microstructures with 

fewer defects and superior molecular order. 

Furthermore, its practicality under ambient conditions, 

without the need for expensive equipment, makes it a 

popular choice for enhancing the dissolution rate of 

poorly soluble drugs [22]. To further optimize the 

process, sonication can be incorporated to promote 

rapid mixing, minimize particle agglomeration, and 

facilitate the formation of smaller, more uniform 

particles. By carefully controlling sonication parameters 

such as power, time, and temperature, researchers can 

fine–tune the properties of the resulting nanoparticles 

[23]. Additionally, solvent temperature plays a crucial 

role in modulating the reaction kinetics and phase 

behavior, significantly affecting the overall quality of 

the nanoparticles [24], [25]. 

Recent studies have explored carrier–free 

nanocurcumin preparation. For instance, 

Hettiarachchi et al., produced amorphous 

nanoparticles with improved dispersibility using a 

liquid antisolvent (LAS) method combined with 

sonication [26]. Although effective, their multi–step 

process could lead to inconsistencies in particle size 

and crystallinity. Similarly, Patil et al., employed 

ultrasound-assisted curcuminoid extraction followed 

by anti-solvent precipitation, focusing on high yield 

rather than nanoparticle engineering or bioavailability 

[27]. This work aims to develop a single–step 

ultrasound–assisted LAS method that directly 

integrates sonication with solvent–antisolvent 

interaction, enabling real–time nucleation, improved 

molecular dispersion, and reduced aggregation. By 

addressing the limitations of previous approaches, this 

study seeks to produce more uniform nanocurcumin 

with enhanced crystallinity, dispersibility, and 

potential bioavailability. 

Kinetic modeling was employed to better 

understand and optimize nanoparticle formation. 

While models such as Weibull and first– or second–

order kinetics have been used to describe particle size 

reduction and stabilization, the Peleg model—a semi-

empirical approach assuming an initial fast phase 

followed by a slower one—was specifically applied to 

evaluate the effect of sonication time on curcumin 

concentration and yield [28], [29]. Although the Peleg 

model has been primarily used for curcuminoid 

extraction, its application here to nanoparticle 

formation offers a practical framework to link kinetic 

analysis with nanocurcumin engineering and 

dissolution behavior. 

 The effects of mixing rate, sonication time, and 

dichloromethane temperature (T DCM) on 

nanocurcumin were investigated by measuring the 

concentration, yield, and dissolution. The 

physicochemical properties of the resulting 

nanocurcumin were characterized using Fourier 

transform infrared spectroscopy (FTIR) and X–ray 

diffraction (XRD) to assess molecular interactions and 

crystallinity, differential scanning calorimetry (DSC) 

to examine thermal transitions, thermogravimetric 

analysis (TGA) to evaluate thermal stability, and 

particle size analysis to determine size distribution. 

The morphology of the nanocurcumin powder was 

observed through scanning electron microscopy 

(SEM), providing complementary insight into the 

particle shape and surface features.  

 

2 Materials and Methods 

 

2.1 Materials 

 

In this study, curcumin with a purity level of 97%, 

obtained from Herbs Village in New Delhi, India, 

served as the main ingredient. No pretreatment was 

applied to the curcumin before use. The solvent for the 

curcumin was dichloromethane p.a., purchased from 

Merck. Double–distilled pure water (Onemed, 

Indonesia) was used as an antisolvent. The 

hydrochloric acid buffer (potassium hydrogen and 

hydrochloric acid) for dissolution was purchased from 

Sigma Aldrich. 

 

2.2 Experimental apparatus 

 

Experiments were conducted with a combination of 

sonication and solvent–antisolvent methods. A 

curcumin solution was prepared in advance by 

dissolving 300 mg of curcumin in 60 mL of DCM at a 

preserved temperature (10–30 °C). A 08895–34 model 

100 W (42 kHz 6%) Cole-Parmer ultrasonic bath 

(Illinois, USA) and a customizable mixer (JJ–1 Fixed 

Time Power Mixer, China) were utilized for the 

process. The ultrasonic bath was equipped with a 

beaker glass with a maximum volume of 300 ml. The 

rotation speed of the mixer ranged from 800 to 1200 

rpm, and the injection speed of the peristaltic pump 

(Kamoer, Shanghai, China) was set to 0.2 mL/min for 

a duration of one minute. The curcumin solution was 

injected into the beaker glass, which contained 100 
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mL of bi-distilled water at 50 °C, using the peristaltic 

pump. The mixer motor and ultrasonic wave were 

operated at the same time (0–40 min). Once finished, 

the sample was centrifuged at 7,155  g (Fisher 

Scientific Company, Serial/Catalog number: 3456/4–

970–1) for 30 min, separated from the supernatant. A 

comparative study was conducted to assess the impact 

of sonication on H+ formation. The control 

experiments were performed under identical 

conditions (T DCM 10 and 30 °C, 1000 rpm mixing) 

and without sonication. H+ concentration was 

quantified using an Eutech Instruments pH meter 

(model 300/310). 

 

2.3 Estimation of nanocurcumin concentrations 

 

The concentration of dispersed nanocurcumin was 

measured using the method reported by Som et al.,  

[26]. Ten milligrams of unprocessed curcumin were 

mixed with 10 mL of distilled water and shaken 

continuously for 24 h at room temperature. The 

suspension was centrifuged for 30 min, and the 

undissolved curcumin was removed using a 0.45 mm 

membrane filter. The absorbance of the dispersed 

nanocurcumin solution was then measured at 425 nm 

using a UV-Vis spectrophotometer (model N4S, West 

Tune, China). From the calibration curve, which 

ranged from 1 to 10 g/ml, a linear regression value of 

0.9828 was derived. The equation for this linear 

regression was y = 0.005x + 0.0091. In a similar 

process, 10 mg of processed curcumin was dissolved 

in 10 mL of distilled water, and its concentration was 

determined using the calibration curve. 

 

2.4 Kinetic modelling 

 

In this study, the Peleg model was specifically applied 

to evaluate the effect of sonication time on curcumin 

concentration and yield, as this parameter is directly 

time dependent. Other process variables, such as 

mixing rate and solvent temperature, were not 

modeled using the Peleg approach, but rather treated 

as supporting process conditions. The generalized 

Peleg equation for the yield or concentration is:  

 

𝐶𝑡 = 𝐶0 +
𝑡

𝑘1+𝑘2𝑡
                  (1) 

 

In Equation (1), Ct is the nanocurcumin 

concentration at time t, k1 is the rate constant, and k2 

is the capacity constant. Because a fresh solvent is 

used, the initial nanocurcumin concentration (C0) is 

zero [27]. For this system, the equation was simplified 

as shown in Equation (2): 

 

𝐶𝑡 =
𝑡

𝑘1+𝑘2𝑡
             (2) 

 

2.5 Product characterization 

 

The physicochemical characteristics of curcumin were 

comprehensively analyzed using spectroscopic, 

morphological, thermal, and particle sizing 

techniques. Fourier Transform Infrared (FTIR) 

spectroscopy was conducted using a PerkinElmer 

Spectrum 100 ATR/FTIR spectrophotometer 

equipped with a diamond crystal reflector. Samples 

were scanned four times across the 4000–500 cm⁻¹ 

range at a resolution of 4 cm⁻¹, and spectral data were 

processed using Spectrum software. Crystallinity was 

examined by X-ray diffraction (XRD) using a Malvern 

Panalytical diffractometer (UK) within a 2θ range of 

5–60°. The diffractograms were smoothed using the 

Savitzky–Golay method in Origin Pro–2018 (first–

degree polynomial), and the relative crystallinity 

degree (RCD) was calculated as the ratio of crystalline 

area (AC) to total area (AT), using the formula in 

Equation (3): 

 

𝑅𝐶𝐷 =  
𝐴𝐶

𝐴𝑇
 𝑥 100%                     (3) 

 

Surface morphology was observed via scanning 

electron microscopy (SEM) using a Zeiss Evo MA–10 

microscope (Jena, Germany) operated at 8 kV with a 

magnification of 1000×. Prior to analysis, the samples 

were gold-coated to enhance conductivity. Particle 

size distribution of the nanoparticle was determined 

using a Malvern Panalytical particle size analyzer, 

with measurements performed at 25 ± 0.1 °C, based on 

the refractive index of the suspension medium. 

Thermal behavior and stability of curcumin were 

evaluated using thermogravimetric analysis (TGA) 

and differential scanning calorimetry (DSC) via a 

Simultaneous Thermal Analyzer (Mettler Toledo, 

Switzerland). The study was carried out over a 

temperature range of 25 to 500 °C at a heating rate of 

20 °C/min under a nitrogen flow of 10 ml/min. 

 

2.6 Dissolution test 

 

Curcumin particle dissolution was measured using a 

USP apparatus type II paddle method (Electrolab 

TDT–08L, India). Each 5 mg of unprocessed and 

processed curcumin particles was added to 500 mL of 
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hydrochloric acid buffer (pH = 1,2), and then mixed at 

50 rpm, 37 °C to simulate gastric conditions. The 

absorbance of 5 mL samples was recorded at 5, 10, 20, 

30, 45, 60, 90, and 120 min at 425 nm using the same 

UV-Vis spectrophotometer. The percentage of drug 

dissolution at a specific time was calculated according 

to Equation (4): 

 

Dissolution (%)=
Ct × V

D
×100%           (4) 

 

where Ct is the drug concentration in the dissolution 

medium at time t (mg/mL), V is the volume of the 

dissolution medium (ml), and D is the initial drug dose 

used in the formulation (mg). 

 

2.7 Antioxidant activity 

 

Antioxidant activity was evaluated using DPPH 

radical scavenging assays to determine the sample’s 

ability to neutralize free radicals [28]. In the DPPH 

assay, 2 mL of DPPH solution (200 μM in ethanol) 

was mixed with 2 mL of the sample solution. The 

mixture was incubated at room temperature in the dark 

for 30 minutes. Absorbance was then measured at 525 

nm using a UV-Vis spectrophotometer. A solution of 

DPPH and water served as the control, while ethanol 

was used as the blank. The free radical scavenging 

activity, where a lower absorbance value indicates 

higher antioxidant potential, was calculated using 

Equation (5): 

 

DPPH Scavenging (%)= (1-
Asample-Acontrol

Ablank
) ×100      (5) 

 

3 Results and Discussion 

 

3.1 Effects of a single variable on curcumin yield 

and concentration in water 

 

Figure 1 shows the kinetics of nanocurcumin 

concentration and yield fitted with the Peleg model, 

which captures a clear biphasic behavior: a rapid 

initial rise followed by a slower approach to 

equilibrium. For concentration (blue curve), the high 

initial rate constant (k₁ = 4.350) corresponds to the 

steep early increase driven by cavitation-induced 

aggregate disruption and enhanced mass transfer, 

whereas the capacity constant (k₂ = 0.118) governs the 

deceleration and eventual flattening as saturation is 

approached. Yield (red curve) follows a similar but 

slower trend (k₁= 0.011; k₂ = 0.0097), consistent with 

progressive nucleation and particle growth; both 

responses reach near-steady values after 30 min. The 

excellent goodness-of-fit (R² > 0.98) supports the 

Peleg model’s suitability not only as a kinetic 

descriptor but also as a mechanistic link between 

sonication dynamics and nanoparticle formation. 

Notably, no visible precipitation was observed and the 

suspensions remained homogeneously dispersed, 

implying colloidal stabilization via steric hindrance, 

surface-charge repulsion and hydration shells. 

 

 
Figure 1: Peleg model fitting of curcumin dispersion 

as a function of sonication time, showing its effect on 

concentration and yield. 

 

As shown in Figure 2(a), sonication increased 

curcumin concentration from 40 µg/ml under static 

conditions to a maximum at 1000 rpm, consistent with 

enhanced solvent–antisolvent transfer and nucleation 

reported previously [32], [33]. At higher rates, 

turbulence promoted particle collisions and 

aggregation, reducing concentration despite ongoing 

nucleation [34]. Yield, however, rose continuously to 

1200 rpm, reflecting greater precipitation. This trade–

off, also noted qualitatively in earlier studies [35], 

highlights 1000 rpm as the optimum balance. Without 

sonication (Figure 2(b)), both concentration and yield 

remained much lower, underscoring ultrasound’s 

critical role in achieving stable, high–recovery 

suspensions.
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Figure 2: Effect of process variables on curcumin concentration and yield: mixing rate with sonication (a), 

mixing rate without sonication (b), DCM temperature with sonication, and (c) DCM temperature without 

sonication (d).  

 

Preheating the DCM phase (Figure 2(c)) further 

modulated dispersion. With sonication, concentration 

rose from 44 µg/mL at 10 °C to 100 µg/mL at 20–30 

°C, then declined at 50 °C, where excessive T DCM 

likely induced degradation or aggregation during 

transfer. Yield increased steadily (3.4 to 3.8 µg/mg), 

consistent with diffusion-driven precipitation [36]. 

Thus, moderate heating improved dispersion, whereas 

overheating compromised stability. Without 

sonication (Figure 2(d)), both metrics were 

significantly lower (≤35 µg/ml; <1.9 µg/mg), 

confirming that ultrasound, unlike thermal 

acceleration alone, sustains colloidal stability. The 

present work, therefore, clarifies, in contrast to prior 

studies that examined mixing or temperature in 

isolation, the mechanistic role of cavitation in 

suppressing aggregation and maintaining nanoparticle 

dispersions. 

 

3.2 FTIR analysis 

 

The infrared absorption peaks of curcumin before and 

after processing were analyzed, as presented in Figure 

3. The peak positions and shapes of all the samples are 

essentially the same, indicating no significant 

changes. Fourier–Transform Infrared (FTIR) spectra 

of unprocessed and processed curcumin were scanned 

between 4000–650 cm−1. The obtained wavelengths 

corresponded to the vibration of each functional group 

present in unprocessed and processed curcumin. 
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Figure 3: FTIR Spectra of unprocessed and processed 

curcumin. 

 

The results show that the O-H peak at 3511 cm-1 

in raw curcumin shifted to 3332 cm-1, 3265 cm-1, and 

3250 cm-1 in processed curcumin, indicating hydrogen 

interaction and molecular conformation changes. The 

reduction in curcumin particle size exposes individual 

OH groups, promoting hydrogen bond formation with 

water molecules. This enhanced intermolecular 

interaction, coupled with the decreased intensity of the 

–OH peak, suggests reduced intramolecular hydrogen 

bonding within the curcumin structure, further 

facilitating water interaction[37]. 

The aliphatic C–H vibration remained constant at 

around 2922 cm−1 in all spectra. The C=C and C–H 

vibrations in the aromatic ring of curcumin at 1505 

cm−1 and 1468 cm−1 became sharper and more intense 

at 1513 cm−1 and 1416 cm−1 in processed curcumin, 

respectively. This suggests that the chemical 

environment or conformation of specific functional 

groups changed after mixing. Processed curcumin 

molecules were more likely to be predisposed to 

forming hydrogen bonds with water molecules instead 

of each other, thereby increasing curcumin's dispersity 

in water through new hydrogen bond formations. 

Other curcumin formulations have shown similar 

O–H stretching band shifts, where particle size 

reduction or encapsulation tends to enhance hydrogen 

bonding with the environment instead of altering the 

molecule’s core structure. Hettiarachchi et al., 

reported a broadened, red–shifted hydroxyl peak in 

ultrasound–prepared nanocurcumin, and Kanwal et al., 

described comparable FTIR changes in curcumin 

nanoparticles—both pointing to stronger intermolecular 

interactions [2], [38].  

 

 
Figure 4: XRD Analysis of unprocessed and 

processed curcumin (T DCM: 30 °C, mixing rate: 

1000rpm). 

 

3.3 XRD Analysis 

 

A lower degree of crystallinity is indicated by the 

reduced peak intensities in the XRD spectra of the 

processed samples, as shown in Figure 4, compared to 

those of unprocessed curcumin. With increasing 

sonication time, the crystallinity of curcumin 

decreased, leading to broadened peaks and reduced 

peak intensities. The degree of crystallinity (RCD) of 

unprocessed curcumin was 58.67%. On the other 

hand, the RCD values of curcumin processed under 

sonication at a T DCM of 30°C and a mixing rate of 

1000 rpm for 10, 20, 30, and 40 minutes were 40.44%, 

21%, 34.22%, and 31.56%, respectively. The RCD for 

the sample without sonication was 57.70%. The most 

notable anomaly was observed in the 20-minute 

sonication sample, where the peaks were broad and 

less intense, indicating a substantial reduction in 

crystallinity and potential formation of amorphous 

regions. Type–I crystal forms of curcumin were 

observed in all samples (at 2 = 17–18°). The analysis 

of processed curcumin samples proved the presence of 

type–II or type–III crystal forms (orthorhombic), 

which were specified by peaks at 2θ signals of 8–9°, 

14–15°, and 26–27° [39]. 

Due to weaker hydrogen bonds, the 

orthorhombic crystals have a higher solubility and 

faster release rate in aqueous solution compared to 

type–I crystals [40].  This aligns with the analysis 

results, which show that the concentration of 

processed curcumin in water was 3–10 times higher 

than the initial concentration of curcumin soluble in 

water. Rhombohedral crystals of curcumin often 

appear when the hydrogen bonding interactions 

between curcumin molecules are disrupted [41]. The 
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carbonyl group (C=O) in the orthorhombic structure 

exhibits higher polarity, facilitating better interaction 

with water. This fact provides evidence that the LAS 

method under ultrasonic conditions can overcome the 

relatively higher nucleation barrier of the monoclinic 

form. 

 

Figure 5: SEM Images of unprocessed curcumin (a) and curcumin processed with DCM at 30 °C and 1000 rpm 

without sonication (b) and with sonication for 10 min (c), 20 min (d), 30 min (e), and 40 min (f). 

 

3.4 Curcumin morphology 

 

The SEM results for each variable are presented in 

Figure 5. It was observed that the crystals of 

unprocessed curcumin (Figure 5a) appeared relatively 

large and well-defined, indicating a high degree of 

crystallinity. The edges were sharp, and the surface 

was relatively smooth. In the process without 

sonication (Figure 5(b)), curcumin particles looked 

bulkier and more irregular, with a great degree of 

agglomeration. The particles seemed smaller, with 

more fragments broken during the 10-minute 

sonication process (Figure 5(c)). This shift might 

prove that sonication had broken down particle 

aggregates into smaller sizes and altered their crystal 

shape. This process might also have enlarged the 

particle surface area due to the formation of particles 

in smaller sizes.  

Additionally, significant morphological 

differences were observed in the 10– and 20–min 

sonication samples (Figure 5(d)). The surface of the 

particles appears rougher and smaller, which suggests 

that longer sonication time amplifies energy in the 

system and leads to further deformation. Based on the 

XRD analysis, curcumin sonicated for 20 minutes 

exhibited a reduction in crystallinity to half that of 

unprocessed curcumin. Overall, the particles resemble 

fragments in shape, with a few elongated forms 

characteristic of the combination of monoclinic (I) and 

orthorhombic (II and III) forms [39]. However, some 

small particle aggregation occurred during the 30-

minute ultrasonic contact (Figure 5(e)). At this stage, 

the energy from sonication caused the particles to 

collide and agglomerate, forming larger clusters. This 

agglomeration occurred because the adhesive forces 

between particles became dominant. 

Re-agglomeration might have happened in the 

curcumin solution after 40 min of sonication (Figure 5(f)) 

when the system was not given enough mechanical 

energy to keep the curcumin particles dispersed. The 

surface characteristics of a nanoparticle, such as the 

zeta potential (surface charge) characteristic, can be 

altered by extended sonication, which has an impact 

on colloidal stability [42]. 

To address the apparent discrepancy between 

SEM morphology and particle size analysis, size 

distributions were extracted directly from SEM images 

and are presented as inset histograms in Figure 5. These 
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histograms reveal that, although the SEM micrographs 

visually suggest broad size variation, most particles 

actually fall within a relatively narrow range, yielding 

unimodal distributions centered near the mean. 

Consequently, the particle size analysis returned low 

standard deviation values, as larger or irregular 

particles constituted only a minor fraction.  

 

3.5 Particle size distribution 

 

As shown in Figure 6, the unprocessed curcumin 

exhibited the largest particle size, averaging 

1065.72 nm with a standard deviation of 137.00 nm. 

This value was significantly higher (p-value < 0.05) 

than all other treatments, as indicated by the distinct 

grouping (letter “a”). Upon processing using the liquid 

antisolvent (LAS) method, a substantial reduction in 

particle size was observed. The sample prepared 

without sonication showed a mean particle size of 

442.95 nm, while samples subjected to sonication for 

10 to 40 min ranged between 255.08 and 338.68 nm. 

Despite the numerical trend indicating a progressive 

decrease in particle size with increasing sonication 

time, all processed samples—including those with and 

without sonication—were statistically grouped under 

the same category (letter “b”), indicating no 

significant difference among them. Notably, the 

smallest particle size (255.08 nm) and lowest standard 

deviation (8.24 nm) were achieved at 20 and 40 min of 

sonication, suggesting improved uniformity and 

particle stability. These results imply that the LAS 

method alone is sufficient to induce nanoscale particle 

formation, and while sonication enhances particle 

dispersion and reduces variability, it does not result in 

a statistically significant further reduction in size. 

 

 
Figure 6: Particle size of curcumin (mean±SD, n=3). 

Previous studies using a multi-step approach 

have reported smaller curcumin particles [12], [38], 

[43]. In our work, the one-step UALA method yielded 

slightly larger sizes (255–338 nm); however, the 

particles exhibited narrow distributions and good 

uniformity. The difference can be attributed to the 

integrated nature of the UALA process, where size 

reduction and precipitation occur simultaneously, 

without a separate secondary step that could further 

decrease particle size. This indicates that while the 

absolute size is somewhat larger, the one–step method 

effectively ensures nanoscale formation with 

enhanced dispersion stability. 

 

3.6 Thermal analysis 

 

The modifications in the physical characteristics of 

curcumin significantly influenced its thermal 

behaviour, as revealed through DSC (Figure 7) and 

TGA (Figure 8) analysis of the curcumin powder 

obtained from processing at 1000 rpm for 30 min at   

30 °C. DSC thermograms corroborated these findings. 

Unprocessed curcumin exhibited two distinct 

endothermic peaks at 29.19 °C and 178.21 °C, 

corresponding to the loss of surface–bound volatiles 

and the melting of its crystalline phase, respectively. 

In contrast, the processed curcumin displayed a single, 

broader endothermic peak at 176.49 °C with markedly 

reduced intensity. The enthalpy of fusion decreased 

substantially from 442.61 kJ/mol in the unprocessed 

sample to 28.57 kJ/mol after processing, reflecting the 

disruption of long–range crystalline order and the 

formation of an amorphous or partially amorphous 

structure [41], [44].  

 

 
Figure 7: DSC Analysis of curcumin samples. 
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Figure 8: TGA Analysis of curcumin samples. 

 

The TGA profile of processed curcumin 

exhibited distinct differences from that of the 

unprocessed material. An initial mass loss of 7.38% 

observed in the 40–100 °C range is attributed to the 

release of moisture or loosely bound volatile 

components. This suggests enhanced interaction 

between the processed curcumin particles and the 

aqueous medium, likely facilitated by the increase in 

surface area. A further mass loss of 6.46% between 

100–220 °C indicates that the processed sample 

undergoes earlier decomposition than the unprocessed 

counterpart, consistent with a reduction in thermal 

stability typically associated with increased 

amorphous content. Beyond 220 °C, the rate of mass 

loss was slower compared to unprocessed curcumin, 

suggesting that the remaining components after the 

initial decomposition exhibit relatively higher thermal 

stability. 

All thermal transitions observed were 

endothermic in nature, indicating that energy input 

was required for both melting and phase 

transformation processes. The downward shift and 

broadening of the melting peak, alongside the 

substantial enthalpy reduction, were observed after 

ultrasonic-enhanced LAS processing of curcumin. As 

reported by Bagale et al., and Ahlawat et al., similar 

thermal transitions—marked by a downward shift in 

melting point, peak broadening, and reduced 

enthalpy—are strongly suggestive of altered thermal 

behavior and are consistent with structural 

modifications in the crystalline phase of curcumin 

[45], [46]. 

 
Figure 9: Dissolution test of unprocessed and 

processed curcumin (mean ± SD, n=3). 

 

3.7 Dissolution test 

 

As depicted in Figure 9, the application of ultrasound 

led to a pronounced increase in curcumin dissolution 

compared with the unprocessed, where the most 

significant effect was observed under the condition of 

30 °C for 30 min at 1000 rpm. Under these conditions, 

dissolution peaked within the first hour (nearly 

complete release), which is substantially higher than 

the levels typically achieved by antisolvent or 

micronization methods [47], [48]. 

When compared with other curcumin 

formulations, the advantages of the UALA process are 

evident. Co–amorphous systems or cocrystals often 

require co–formers [49], [50], and nanocrystals 

stabilized with proteins or polysaccharides rely on 

external stabilizers [51]. In contrast, the present 

carrier-free UALA approach achieved rapid and 

extensive dissolution (94% at 60 min), underscoring 

both efficiency and simplicity. The subsequent decline 

after 60 min resembles the “spring–parachute” effect 

described in other curcumin nano formulations, 

typically attributed to re–aggregation or 

recrystallization within the dissolution medium. 

 

3.8 Antioxidant analysis 

 

As presented in Table 1, the combination of mixing 

rate and sonication time significantly influenced the 

IC₅₀ values of curcumin. Lower IC₅₀ values indicate 

enhanced antioxidant activity, which is closely 

associated with improved curcumin dissolution and 

dispersion. At a mixing rate of 800 rpm without 

sonication, the IC₅₀ remained relatively high 

(14.94±0.27 mg/mL), reflecting the inherent poor 
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solubility of raw curcumin. The application of 

sonication progressively reduced the IC₅₀, with 

noticeable improvements observed after 10 min 

(9.28±0.22 mg/mL) and 20 min (7.28±0.12 mg/mL). 

At 30 min, the IC₅₀ dropped sharply to below 

1 mg/mL, indicating a substantial enhancement in 

dissolution. However, extending the sonication to 40 

min did not yield a statistically significant difference, 

suggesting that the optimal duration had been reached. 

 

Table 1: Antioxidant analysis of processed curcumin. 
Mixing Rate 

(rpm) 

Sonication Time 

(min) 

IC50 

(mg/mL) 

800 

0 14.94±0.27 

5 13.64±0.20 

10 9.28±0.22 

20 7.28±0.12 

30 1 

40 1 

1000 

0 14.99±0.01 

5 14.59±0.26 

10 14.34±0.47 

20 6.62±0.33 

30 1 

40 11.23±0.36 

1200 

0 15.60±0.31 

5 6.43±0.06 

10 5.76±0.04 

20 1 

30 1 

40 1 

 

At a mixing rate of 1000 rpm, the IC₅₀ without 

sonication was similarly high (14.99±0.01 mg/mL), 

and up to 10 min of sonication had minimal effect, 

with values remaining above 14 mg/mL. A significant 

reduction occurred at 20 min (6.62±0.33 mg/mL), 

with the lowest IC₅₀ observed at 30 min (<1 mg/mL). 

Interestingly, a slight increase in IC₅₀ to 

11.23±0.36 mg/mL was recorded at 40 min, possibly 

indicating degradation or changes in curcumin 

structure due to prolonged sonication.  

In contrast, at a mixing rate of 1200 rpm, the IC₅₀ 

value without sonication was the highest among all 

conditions (15.60±0.31 mg/mL), suggesting that 

increasing the mixing rate alone was insufficient to 

enhance curcumin solubility. Nevertheless, sonication 

for 5 and 10 min led to a significant improvement, 

reducing IC₅₀ to 6.43±0.08 and 5.73±0.04 mg/mL, 

respectively. A further decrease to below 1 mg/mL 

occurred at 20 min and was maintained through 40 

minutes, indicating enhanced stability and dispersion 

of curcumin under high mixing and moderate 

sonication conditions. 

 

3.9 The nanocurcumin formation process  

 

Figure 10 illustrates that the ultrasonic-assisted liquid 

antisolvent (LAS) technique successfully produced 

stable nanocurcumin particles with uniform dispersion 

and enhanced physicochemical properties. This 

outcome resulted from the synergistic effects of 

antisolvent precipitation and ultrasonic cavitation. 

Upon injection of curcumin–dichloromethane (DCM) 

solution into water, a strong supersaturation gradient 

was generated due to the low solubility of curcumin in 

the aqueous phase.  
 

 
Figure 10: Schematic illustration of a stable curcumin nanoparticle obtained using ultrasonically enhanced LAS. 
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Rapid mixing, assisted by controlled stirring and 

ultrasound, promoted homogeneous blending of the 

solvent and antisolvent phases, thereby facilitating 

uniform nucleation while preventing uncontrolled 

agglomeration. Concurrently, the high volatility of 

DCM allowed its rapid evaporation in hot water (50 °C), 

leading to curcumin precipitation and dispersion in 

nanoscale form. Without ultrasonic irradiation, these 

particles would readily aggregate because of the 

intrinsic hydrophobicity of curcumin; however, sonication 

ensured stable dispersion in aqueous media [52]. 

At the mechanistic level, ultrasound contributed 

through two interconnected processes. First, micro–

convection induced by acoustic oscillations enhanced 

localized supersaturation and accelerated molecular 

transport toward crystal nuclei. This turbulence 

simultaneously disrupted anisotropic crystal growth, 

resulting in reduced crystallinity and the frequent 

appearance of amorphous or semi–crystalline 

nanocurcumin [53]. Second, cavitation collapse 

generated intense shear forces and shock waves that 

fragmented pre–existing nuclei, creating multiple 

secondary nucleation sites. Localized zones of high 

supersaturation around collapsing bubbles further 

amplified nucleation events, yielding a large 

population of small nuclei that grew into nanosized 

particles with reduced crystallinity [54]. Collectively, 

these mechanisms explain the simultaneous 

improvements in particle size control, dispersion 

stability, and aqueous compatibility. 

The mechanisms observed here are consistent 

with previous reports on ultrasound–assisted 

nanomaterial synthesis. For instance, Español et. al., 

demonstrated that ultrasound irradiation during the 

biomimetic synthesis of MOF–HAp composites 

improved dispersion, reduced agglomeration, and 

yielded smaller particle sizes, ultimately enhancing 

catalytic performance [55]. Similarly, Hu et. al., 

reviewed ultrasound-assisted meat curing and 

highlighted that cavitation-induced microjets and 

turbulence accelerated mass transfer and structural 

modification, leading to more efficient processing and 

improved product quality [56]. These parallels 

emphasize the universal role of sonication in 

promoting efficient mass transfer, controlling 

nucleation, and tailoring microstructural properties 

across different material systems. 

 

4 Conclusions 

 

This study demonstrates that ultrasound–assisted 

liquid antisolvent (UALA) processing can markedly 

enhance curcumin’s aqueous solubility, dissolution 

rate, and antioxidant activity. The optimized 

conditions produced nanocurcumin with reduced 

particle size (255 nm), partial crystallinity, and high 

bioactivity (substantially lower IC₅₀ values). 

Dissolution was significantly improved, with up to 

94% release within 60 minutes compared with only 

7% for raw curcumin. However, a decline in dissolved 

curcumin at longer time points indicates possible 

reaggregation or recrystallization in the medium, 

underlining the need for further mechanistic 

investigation. Precise control of processing intensity is 

also crucial, as excessive sonication can promote 

agglomeration. Overall, the ultrasound–assisted LAS 

approach offers a sustainable, carrier–free, and 

scalable route to bioavailable nanocurcumin, making 

it suitable for pharmaceutical and functional food 

applications. Future studies should address long–term 

stability, in vivo performance, and time–resolved 

monitoring of particle size and solid–state properties 

during dissolution to guide the development of more 

stable and effective formulations 
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