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Sustainability Spotlight

This study advances sustainable natural colorant production by optimizing ultrasound assisted extraction (UAE) of 
betacyanins from dragon fruit flesh and peel, valorizing an agricultural by product. Using food grade solvent, shorten 
processing time and improves recovery while limiting thermal and photo degradation, thereby reducing energy input and 
solvent burden relative to prolonged extractions. The approach enables food manufacturers to substitute stable, bioactive, 
plant derived pigments for synthetic colorants.
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Ultrasound Assisted Extraction of Betacyanin from Dragon Fruit 
(Hylocereus polyrhizus) for Sustainable Natural Colorant 
Production 
Ruri Aditya Saria, Yudi Pranotoa*, Arima Diah Setiowatia, Indriana Kartinib

Betacyanin, a natural pigment with potential antioxidant properties widely used in food, cosmetic and pharmaceutical 
applications. However, it is sensitive to heat and light, presenting challenges in extracting and processing. This study 
comparatively evaluated conventional extraction and ultrasound-assisted extraction (UAE) for recovering betacyanin from 
Hylocereus polyrhizus flesh and peel. The novelty of this work lies in its integrated assessment of extraction efficiency, 
betacyanin yield, thermal degradation kinetics and bioactive compound profiles across two distinct plant matrices. Both 
methods were analyzed under varying solvent ratios and temperatures, and their effects on betacyanin yield were analyzed 
using three-way ANOVA, which revealed significant main and interaction effects. Spectrophotometric quantification, 
antioxidant assays, total phenolic (TPC) and total flavonoid (TFC) and HPLC profiling were used to characterize extract quality. 
The highest betacyanin content was obtained using UAE with water as solvent at 45 °C for 10 minutes and 2.5 W/g for flesh 
(430.25 mg/100g), and 0.5 W/g for peel (117.989 mg/100g) respectively. UAE shortened extraction time from 60 min to 10 
min an 83% reduction indicating substantial energy savings while eliminating organic solvents andsupporting green 
processing principles. Betacyanin showed marked degradation above 60 °C, especially under light exposure, confirming  its 
thermolabile, photosensitive behavior. First-order-kinetic predominated across all  thermal and photochemical conditions. 
Peel extracts exhibited slightly greater thermal stability, whereas flesh extracts demonstrated stronger antioxidant activity 
(66.61%). HPLC profiling confirmed betanin as the dominant pigment in the extract. Overall, UAE effectively enhances 
betacyanin recovery while maintaining pigment integrity, overing a rapid, energy efficient and sustainable approach suitable 
for food grade natural colorant production.

1. Introduction
Betacyanin is a water-soluble nitrogenous pigment mostly found in 
plants of the Cactaceae family, notably dragon fruit (Hylocereus 
polyrhizus). It has drawn interest because of its vibrant color and 
potential health advantages. These pigments are well-known for 
their antioxidant properties, which are connected to several health 

advantages, including neuroprotective, anti-inflammatory, and 
anticancer actions. Notable sources of betacyanin include dragon 
fruit, especially Hylocereus polyrhizus. Often called pitaya, dragon 
fruit is a tropical fruit high in betanin and isobetanin, which help 
explain its unique color and health-promoting qualities. 
Dragon fruit flesh can be directly consumed to obtain its nutritional 
benefits. However, betacyanin extraction has several advantages, 
including broader applications. Consumers can obtain similar 
functional benefits from concentrated extracts at a far lower 
consumption than from raw fruit. In addition, betacyanin extracts 
can be utilized more widely across food, nutraceutical, and cosmetic 
industries, where standardized pigment levels and functional 
properties are required. Betacyanins in fresh fruit are highly 
perishable and prone to enzymatic degradation, oxidation, and color 
loss. Extraction enables betacyanin stabilization, thereby improving 
shelf life.

Sustainability Spotlight

This study advances sustainable natural colorant production by optimizing ultrasound assisted extraction (UAE) of betacyanins 
from dragon fruit flesh and peel, valorizing an agricultural by-product. Using food grade solvent, shortens processing time and 
improves recovery while limiting thermal and photo degradation, thereby reducing energy input and solvent burden relative to 
prolonged extractions. The approach enables food manufacturers to substitute stable, bioactive, plant derived pigments for 
synthetic colorants.
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Nowadays, consumers prefer natural ingridients because of their 
alleged improved quality, health benefits, and safety over synthetic 
components.1 Several natural food colorants have demonstrated 
comparable effectiveness to synthetic dyes.2 As a natural colorant 
and bioactive compound, betacyanin has been gradually used in the 
food, cosmetics, and pharmaceutical industries.3,4 Due to the 
sensitivity of dragon fruit against environmental factors, such as 
temperature, pH, and light, extracting betacyanin becomes 
challenging.5,6 The extraction method and conditions greatly affect 
the efficiency of betacyanin extraction and related bioactive 
components in dragon fruit. Conventional extraction techniques may 
compromise thermolabile compounds by requiring large amounts of 
solvent use and long processing times. Often used solvents include 
water and ethanol because of their safety, economy, and 
sustainability for food-grade uses.7 
Due to its complex matrix and the divergent solubilities of target 
compounds, extracting betacyanin from dragon fruit flesh and peel 
is technically challenging. There were differences in the extraction 
methods used, one of which was the composition of flesh or peel and 
the solvent. Priatni & Pradita 8 and Khoo et al.9 used the composition 
of flesh/peel to solvent ratio from 1:4 to 1:10 with different 
extraction conditions. Thus, it is necessary to conduct related 
research to obtain a higher betacyanin content from both flesh and 
peel. Advanced techniques such as ultrasonic-assisted extraction 
(UAE) have been investigated to minimize solvent consumption and 
shorten processing times using acoustic cavitation, providing 
improved extraction of bioactive compounds, including betacyanin, 
while mitigating these constraints.10 
Recent studies further highlight the significance of the UAE as an 
energy-efficient and green technology for extracting bioactive 
compounds. Nabi et al.11 demonstrated that UAE markedly enhanced 
extraction efficiency while maintaining pigment stability through the 
synergy of cavitation and eco-friendly solvent systems. Similarly, 
Ghiasvand et al.12 reported that UAE significantly increased mass 
transfer rates and reduced solvent usage by over 40% compared with 
conventional maceration. These findings confirm the capability of 
the UAE to intensify extraction kinetics, improve compound 
recovery, and align with sustainability goals in natural product 
processing. Accordingly, integrating the UAE for betacyanin 
extraction from Hylocereus polyrhizus may provide a comparable 
advantage by combining mechanical disruption and controlled 
energy input to release pigments efficiently without extensive 
solvent or temperature stress. In addition, Anwar 13 highlights the 
valorisation of agro-waste via green extraction, especially in the UAE, 
pulsed electric fields, and other non-thermal methods for recovering 
high-value bioactive compounds in alignment with circular 
bioeconomy goals. These previous studies underline the importance 
of integrating sustainability metrics, solvent minimisation, non-
thermal process intensification, and matrix valorisation, all elements 
that are inherent in this current study of the UAE on the flesh and 
peel of dragon fruit.
The UAE uses ultrasonic vibrations to destroy cell walls, release 
intracellular molecules, and reduce heat deterioration.11,12 Improved 
efficiency, lower energy usage, and shorter extraction durations are 
among the advantages of the UAE over traditional extraction 
techniques.13,14 Several factors determine the UAE's effectiveness, 
such as the type of solvent, the material-to-solvent ratio, the 
extraction duration, the temperature, and the ultrasonic power.15 
Altering the cavitation process, such as the temperature and 
intensity of ultrasonic waves, influences the extraction rate, thus 
improving the solubility of betacyanin and enabling mass transfer 
from the raw material to the solvent.15–18 

Previous studies show that altering these parameters can 
significantly enhance the extraction of betacyanins and other 
bioactive compounds, including phenolics and flavonoids, which are 
closely associated with antioxidant activity.19 Although various 
studies have optimized UAE for plant matrices rich in betacyanin, 
such as beetroot and prickly pear, most focused on a single matrix 
type (flesh or peel). The process intensification of UAE affects such 
as betacyanin content under rapid energy input, the selective 
recovery of coexisting bioactive compounds, and extraction kinetics 
from different plant matrices (flesh and peel) with distinct cellular 
architectures. Kaur et al. 22 optimized UAE conditions for beetroot 
with a primary focus on maximizing pigment yield without explicitly 
modelling the combined effects of solvent ratio, ultrasonic power, 
and temperature. Similarly, Linares and Rojas 10 and Thuy et al. 23 
investigated UAE in Hylocereus polyrhizus, but neither used a full 
factorial design nor simultaneously compared flesh and peel 
matrices. Therefore, limited factor interactions, such as matrix type, 
extraction conditions, solvent type, and other critical scientific 
questions, remain unresolved. The current study fills this research 
gap by performing three-way ANOVA-based analyses that integrated 
solvent ratio, temperature, and ultrasonic power to evaluate their 
main and interactive effects on betacyanin content in both flesh and 
peel. This dual-matrix approach is unprecedented among prior UAE 
optimization studies of dragon fruit, beetroot, and prickly pear. Apart 
from assessing betacyanin levels, evaluating antioxidant capacity, 
total phenolic content, total flavonoid content, and profiling specific 
betacyanin components are necessary to provide a whole picture of 
the bioactive capacity of the obtained molecules.20,21 
The study aimed to analyse the effect of solvent type, material-to-
solvent ratio, and extraction time on the betacyanin content. It also 
evaluates ultrasonic-assisted extraction parameters, including 
solvent ratio, extraction temperature, and ultrasonic power, to 
improve the extraction of betacyanin from dragon fruit (Hylocereus 
polyrhizus) from both the flesh and peel. The betacyanin integrity 
and stability (pigment retention and thermal kinetic degradation), 
bioactive qualities (antioxidant, phenolic, and flavonoid analysis), 
and betacyanin profile were investigated on the sample with the 
greatest betacyanin extract to ascertain how the extraction 
technique affected the integrity, stability, bioactive compounds, and 
betacyanin profile. The results of this work should improve the 
development of sustainable and efficient techniques for synthesizing 
bioactive chemicals and natural pigments from dragon fruit.

2. Materials and methods
2.1 Materials
Dragon fruit (Hylocereus polyrhizus) was cultivated from Sambirejo 
Village, Banyuwangi Regency, East Java, Indonesia (8°30′09.9″ 
Latitude, 114o09'26.8" Longitude) and was purchased from the local 
market of Sayur Pawon (Yogyakarta, Indonesia) with a maturity index 
of harvest index IV (maturity degree about 11 – 13.5°Brix with a fruit 
weight ranging from 400 – 650 grams). The plantation is located in a 
low-elevation tropical coastal area (average temperature 28-33 °C; 
relative humidity 70-85%) with volcanic loam soil and drip irrigation. 
Seventy percent ethanol (Merck, analytical grade) and distilled water 
served as solvents. Folin-Ciocalteu reagent (Supelco), sodium 
carbonate (Supelco), citric acid (Merck), sodium phosphate (Merck), 
gallic acid (Sigma-Aldrich), 2,2-diphenyl-1-picrylhydrazyl (DPPH; 
Sigma-Aldrich), sodium nitrate (Merck), sodium hydroxide (Merck), 
sodium acetate (Supelco), Betanin Standard (Sigma-Aldrich), 
aluminium chloride (Merck), acetonitrile (Supelco), formic acid 
(Merck) were used in this study. All the reagents used were of 
analytical grade.
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As pre-treatment, the dragon fruit was well cleaned with water, then 
sliced and separated into peel and flesh. The peel was diced into 
small pieces and dehydrated at 40 °C for 24 hours. The dried peel was 
then ground and sieved through a 100 mesh. The peel powder was 
preserved in a hermetically sealed aluminium foil bag at 30 °C until 
further examination. The flesh was homogenized for 5 minutes using 
a Waring blender and thereafter kept at 5 °C for future examination.

2.2 Conventional extraction
Conventional betacyanin extraction of dragon fruit flesh and peel 
was performed using distilled water and 70% ethanol at various 
material to solvent ratios (1:1, 1:3, 1:5 v/w for flesh and 1:10, 1:30, 
1:50 v/w for peel). The mixtures were then swirled in a water bath 
set at 50° C for 25, 60, 120, and 180 minutes following previously 
reported static maceration methods for betacyanin matrices. 8,23 
Afterwards, the mixtures were centrifuged for 5 minutes at 2500 
rpm, and the supernatant was collected. The supernatant was 
further filtered using a muslin cloth, resulting in filtrate and residue. 
The filtrate was concentrated using a rotary evaporator at 45 °C for 
20 minutes to separate the extract from the solvent. 
Water and 70% ethanol were selected as extraction solvents based 
on their polarity, safety, and ability to solubilize betacyanin. The 
material-to-solvent ratios and extraction times were selected based 
on preliminary trials (data not shown). Lower ratio ensures sufficient 
solvent availability to dissolve betacyanins from soft matrices such as 
flesh, whereas higher ratios are required for the peel due to its 
thicker cell walls, higher fiber content, and reduced solvent 
diffusivity. Extraction times were chosen to capture both the rapid 
pigment release under UAE and the slower diffusion-driven release 
occurring during conventional extraction. 23 This conventional 
extraction process served as a baseline extraction without ultrasonic 
assistance to quantify UAE's enhancement in terms of betacyanin 
content, time reduction, and pigment retention under comparable 
solvent conditions.
To maintain pigment stability, extraction was performed in a dark 
environment, and the pH of both aqueous and ethanolic solvents was 
at pH 5. This neutral, slightly acidic range was selected because it 
provides the most stable pH conditions for betacyanin, minimizing 
color degradation and deprotonation of chromophores. 5,26

2.3 Ultrasound assisted extraction (UAE)
An ultrasound homogenizer with a probe (UP200ST Ultrasound 
Processor, Hielcher, Germany) was used to perform the betacyanin 
extraction from the flesh and peel of dragon fruit. The material was 
mixed with water at various material-to-solvent ratios. The mixture 
was then exposed to different ultrasound powers (0.5 W/g, 2.5 W/g, 
and 4.5 W/g) and varying temperatures of 30 °C, 45 °C, and 60 °C for 
10 minutes. The selected range of 30–60 °C was chosen to account 
for betacyanin's thermal tolerance, since degradation typically 
accelerates above 60 °C. 26,27 Temperatures below 30 °C reduce 
solubility and mass transfer efficiency. 28 Similarly, the ultrasonic 
power range of 0.5 – 4.5 W/g represented the optimal cavitation 
intensity spectrum for pigment extraction while avoiding localized 
overheating, as reported by previous studies. 14,23 Lower power levels 
(<0.5 W/g) cause incomplete cell disruption, whereas higher power 
levels (>4.5 W/g) may induce pigment oxidation through excessive 
cavitation collapse. In addition, ultrasonic power in this study was 
expressed as W/g rather than absolute power (W) to accurately 
represent the acoustic energy delivered per unit mass of sample.

2.4 Betacyanin content

Following Morales19, the betacyanin content in all extracts was 
measured at 535 nm using a UV/Vis spectrophotometer 
(Thermofisher, USA). The following equation calculates the 
betacyanin concentration; A is absorbance; DF is dilution factor; V is 
volume; W is sample weight; L is cuvette path length. In this study, 
the molar extinction coefficients (Ɛ) and molecular weight (MW) 
were applied to calculate concentration and absorbance values. The 
parameters were defined as follows: MW = 550 g/mol; Ɛ in H2O = 
65,000 L/mol cm.   Results were expressed as mg per 100 g of 
material. The betacyanin standard was dissolved in a McIlvaine 
buffer solution at pH 6.5 using 4.0 ml of McIlvaine buffer as the blank.    

BC (mg/L) = 𝐴×𝐷𝐹×𝑀𝑊×𝑉
Ɛ×𝐿×𝑊

 × 100                              (1)

2.5 Betacyanin Retention 
The betacyanin retention was calculated using the equation 
proposed by Otálora et al.22 by considering the initial content of 
betacyanin in the sample and the final content after a determined 
amount of time (at 20 – 120 minutes) at 40 °C, 50 °C, 60 °C, 70 °C, 
and 80 °C in two different conditions (light exposure and dark 
condition). The selected temperature range was based on the known 
thermolability of betacyanin and reflects the typical thermal 
conditions encountered in industrial food processing. In addition, the 
selected exposure times were chosen to capture both early-stage 
degradation kinetics and prolonged thermal effects. 
The light exposure treatment was performed using a white 
fluorescent light source with an average intensity of 5,000 ± 200 lux 
(approximately 9.1 W.m-2). Furthermore, the dark condition was 
achieved by wrapping the samples in aluminum foil to eliminate 
external light interference. Betacynain retention can be calculated 
using Eq. 2.
Betacyanin retention (%) = amount of betacyanin over time

initial amount of betacyanin
× 100  (2)

2.6 Thermal Kinetic Degradation
The selection of the kinetic model used in this study followed both 
mechanistic considerations and statistical goodness of fit criteria. 
The best-fitting kinetic model was selected based on regression 
performance, with the model having the highest coefficient of 
determination (R2) and the lowest residual error chosen. 
The kinetic rate constant (k) of thermal degradation was calculated 
by regression of the experimental data of the initial concentration 
with time, as described by Rosa et al.23 :
𝐶𝐵 = 𝐶𝐵0 ― 𝑘𝑡                           Zero-eorder kinetic        (3)

lnCB0
CB = k × t                             First-order kinetic       (4)

Where CB is the betacyanin retention after time t at a given 
temperature (%), CB0 is the initial betacyanin retention (%), t is time 
(min), and k is the kinetic rate constant (min-1).
The half-life time (t1/2), defined as the time needed for the response 
of interest to be reduced by 50%, was estimated as follows:
𝑡1/2 = 𝐶𝐵0

2𝑘                                 t1/2 Zero-order kinetic     (5)

𝑡1/2 = ln (0.5)
𝑘                            t1/2 First-order kinetic     (6)

2.7 Bioactive compound analysis
The antioxidant activity (DPPH assay), total phenolic content (TPC), 
and total flavonoid content (TFC) of the extract were determined on 
the sample with the greatest betacyanin extract to ascertain how the 
extraction technique affected the bioactive substance. All analyses 
were performed in triplicate (n=3), and results were expressed on a 
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dry weight basis (mg GAE/100g DW for TPC; mg QE/100g DW for 
TFC).

2.7.1 Antioxidant activity 
A 500 μL aliquot of betacyanin extract was combined with 2.5 mL 
DPPH solution (31.6 mg DPPH/L; Absorbance 515 nm) utilizing a UV-
Vis spectrophotometer by the approach of Otálora et al.22 The 
antioxidant capacity of betacyanin extract is calculated by the Eq. 7.

% Antioxidant =
A0―ASS

A0 × 100                                    (7)

Where A0 is blank, ASS is the absorbance of the sample. Calibration 
using ascorbic acid as a standard showed a strong linear relationship 
(R2 = 0.998), confirming assay validity.

2.7.2 Total Phenolic Content
Using the Folin-Ciocalteu method described by Morales19, the total 
phenolic content (TPC) was measured. Twenty milliliters of distilled 
water were mixed with an aliquot of 1.00 ± 0.05 g of betacyanin 
extract, and the mixture was swirled at 30 °C until a homogeneous 
solution was obtained. A 1 ml aliquot was mixed with Folin-Ciocalteu 
reagent (1:3 v/v), 2 ml of 20% w/v sodium carbonate solution, and 2 
ml of distilled water. The sample was kept in the dark for 1 hour, and 
then its absorbance was measured at 700 nm using a UV-Vis 
spectrophotometer. A standard gallic acid curve spanning 50 to 550 
mg/L was developed, yielding R2 = 0.998, to measure concentration. 
Results were expressed as mg gallic acid equivalents per 100 g dry 
weight (mg GAE/100g DW).

2.7.3 Total Flavonoid content
The aluminum chloride method described by Arivalagan24 allowed 
one to measure the overall flavonoid concentration. First, a 1 ml 
sample and 0.3 ml of 5% NaNO2 were placed in a test tube; next, 0.3 
ml of 10% AlCl3 was added. Two milliliters of one M sodium hydroxide 
were added after 1 minute. The solution was stirred well and diluted 
with 2.5 ml of deionized water. The absorbance was measured with 
a spectrophotometer at 510 nm. Quercetin concentrations ranging 
from 0 to 50 μg were used to develop the standard curve (R2 = 0.998); 
the findings were expressed as milligrams of quercetin equivalent 
(QE) per 100 grams of dry weight (mg QE/100g DW).

2.8 Betacyanin Profile
The betacyanin profile was investigated on the sample with the 
greatest betacyanin extract to ascertain how the extraction 
technique affected the betacyanin profile. The HPLC analysis was 
performed using a Shimadzu Prominence system The HPLC system 
with an SPD M20A detector was run at 30 °C following the method 
by Faridah et al.25. Data were processed using LabSolution software. 
The HPLC was equipped with a Shim-pack Gist column (5 μm, 150 × 
4.6 mm) coupled with a guard column (5 μm, 10 × 4.0 mm). Beginning 
at 20% solvent B (80% acetonitrile in water) in solvent A (formic acid, 
pH 3) and working to 40% B in A + B at a flow rate of 1 ml/min, a 
linear gradient was applied over 40 minutes. Infused with a 20 μL 
volume and detected at 530 nm, the flesh betacyanin extract.

2.9 Statistical Analysis 
Every study was run in triplicate at two levels of replication 
(biological and analytical replicates, n = 3); data were presented as 
mean values ± standard deviation. Post-hoc comparisons were made 
using Tukey's HSD test at a 95% confidence level (p < 0.05) and were 
examined using one-way ANOVA to evaluate variations among the 
outcomes. Differences between treatments were evaluated using 
three-way Analysis of Variance (ANOVA) with factors (solvent ratio × 
time × solvent type) for conventional extraction and (solvent ratio × 
temperature × ultrasonic power) for UAE. These factors exerted 

statistically significant impacts on betacyanin content (p < 0.001). To 
facilitate direct comparison, the same solvent, ratios, and sample 
masses were used in both extraction methods, and data were 
normalized per 100 g dry weight. The analysis computed Partial Eta2 
and Adjusted R2 to determine effect size and model fit for each 
parameter combination. All analyses were performed using SPSS 
v21.0.

3. Results and discussion
3.1 Effect of Material to Solvent Ratio, Solvent Type and 
Extraction Time on Betacyanin content
In general, increasing the solvent ratio under water extraction 
exhibited a positive trend (p<0.05) on betacyanin content for 
both flesh and peel matrices. This suggests that a larger solvent 
volume enhances pigment solubilization, increases the 
concentration gradient, and promotes better mass transfer 
during extraction.26 
For flesh, the trend showed that the extraction time influenced 
betacyanin content, where betacyanin content initially 
increased, reached a peak, and then slightly declined at 
prolonged durations, which indicates a potential onset of 
thermal degradation. In the flesh extracted with water at a 1:1 
ratio, betacyanin content increased from 253.83 mg/100g at 25 
minutes to a maximum of 268.86 mg/100g at 60 minutes and 
slightly decreased at 120 and 180 minutes (Table 1). At a 1:3 
ratio, the betacyanin content increased from 322.86 mg/100g 
to 339.83 mg/100g before declining. A similar trend was 
observed at a 1:5 ratio, with the optimum at 60 minutes (465.63 
mg/100g), followed by a slight decrease. This indicated that the 
optimal water extraction for flesh occurs at 60 minutes, after 
which degradation may reduce pigment content.27 For peel 
samples, the trend was consistent, higher solvent ratios led to 
higher betacyanin content across all times (p<0.05). However, 
in the peel, the effect of time was less pronounced, with a more 
stable betacyanin content maintained over 60 minutes. At a 
1:10 ratio, the yield rises from 26.28 mg/100g (25 min) to 36.06 
mg/100g (120 min) before slightly decreasing (Table 2). At a 
1:30 ratio, values increased from 40.62 mg/100g to 45.31 
mg/100g, then declined to 35.00 mg/100g at 180 minutes. At 
the 1:50 ratio, the maximum reached 56.46 mg/100g at 60 
minutes, supporting that water is an effective solvent, 
especially at higher ratios and intermediate times.  
A similar positive effect (p<0,05) of increasing solvent ratio was 
observed with ethanol as a solvent, although the overall yields 
were lower than with water. The ratio effect was consistent 
across all times in both flesh and peel, but time-related trends 
varied between matrices. For flesh extracted with ethanol, it 
increased by around 60 minutes and then declined. For 
instance, at lower solvent volume (1:1), betacyanin levels 
initially increased with extraction time but later declined as 
prolonged heating promoted pigment degradation. In contrast, 
at a higher solvent ratio (1:5), the pigment continued to 
accumulate throughout the extraction period, reaching a 
maximum and then decreasing at extended durations, 
indicating the typical balance between enhanced diffusion and 
time-dependent thermal degradation. This indicated that flesh 
pigments were more prone to degradation under extended 
ethanol extraction, possibly as a result of ethanol's lower 
polarity, which reduced pigment stability.28 In contrast, peel 
extracted with ethanol displayed higher stability and a clear 
ratio-dependent trend. At a 1:10 ratio, betacyanin showed a 
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modest increase over time, while at 1:30 and 1:50 ratios, the 
extraction reached progressively higher maxima before 
plateauing, reflecting the enhanced diffusion capacity afforded 
by greater solvent availability. Surpassing ethanol extracted 
flesh at the same ratio and time. These values indicated that the 
peel structure offers protection, possibly due to fiber and pectin 
components that reduce oxidation and facilitate controlled 
release.29

Moreover, flesh generally contained higher betacyanin 
concentrations, reflecting its native pigment abundance. 
However, peel exhibited higher stability during extraction, 
particularly in ethanol, where yields were better maintained 
over time. This stability was due to the structural matrix of the 
peel, which protects pigments from rapid degradation.29 
Importantly, the positive effect of increasing the material-to-
solvent ratio was observed universally across all matrices, 
times, and solvents, highlighting it as the dominant factor for 
optimizing extraction. In contrast, extraction time played a 
matrix-specific role: the flesh was time-sensitive, while the peel 
remained stable, especially during ethanol extraction. 
The higher the solvent-to-material ratio, the greater the 
concentration difference between the material and the solvent. 
This results in a more optimal release of betacyanin into both 
solvents (water and ethanol).27 The use of excess solvent could 
facilitate mass transfer efficiency due to the imbalance between 
the solvent volume and the material's surface area.31 At higher 
solvent ratios (above 1:5), the concentration gradient between 
the material and the solvent becomes lower. A low 
concentration gradient reduces the diffusion rate of betacyanin 
from the material to the solvent, thereby slowing down the 
extraction process.28 These findings align with previous 
research that underscores the need to adjust solvent to 
material ratios to get greater pigment content.32 This also aligns 
with findings by Esquivel et al.33, who reported that excessive 
solvent volume can facilitate mass transfer efficiency. At a ratio 
of 1:5, the balance between solvent volume and material 

surface area maximizes pigment extraction efficiency. Peel 
extraction required a higher ratio of 1:50 for optimal results due 
to the peel's more complex cellular structure, requiring greater 
solvent penetration.32 The betacyanin content improved from a 
1:10 to a 1:50 ratio, approximately 35% for water extraction 
(Table 2). Water-based extraction consistently produced higher 
betacyanin content than ethanol-based extraction at all 
material-to-solvent ratios for fruit flesh.
The observed increase in betacyanin content with higher 
solvent ratios was consistent with Fick's law of diffusion, which 
predicts that a greater concentration gradient promotes faster 
solute migration. 34 However, excessive solvent volume reduced 
the driving force once the solute concentration approached 
equilibrium, explaining the plateau at high ratios. 34 The 
difference in results could be attributed to water's higher 
polarity and dielectric constant, which enhanced cavitation 
efficiency and betacyanin solubility and diffusion 
phenomenon.30,34,35,36 Betacyanins are highly polar molecules 
containing multiple hydroxyl and imine groups, thus exhibiting 
strong solubility in aqueous environments. 37  A few hydroxyl 
groups (-OH) existing in betacyanin compounds, which lead to 
charge polarizing and hydrogen bonding, are responsible for the 
hydrophilic properties of betacyanin. Water, with its high 
dielectric constant, facilitates hydrogen bonding and increases 
mass transfer coefficients at the solid-liquid interface, thereby 
accelerating pigment diffusion from intracellular vacuoles into 
the solvent phase. Conversely, ethanol's lower polarity index 
and weaker hydrogen-bonding ability result in reduced pigment 
solubility and a lower dielectric constant that limit charge 
stabilization within the chromophore system.
The results were similar to the findings of Das et al.34, who 
reported a similar trend in dragon fruit flesh when extracting 
anthocyanin using water and ethanol. Moreover, the results 
demonstrated that extraction time significantly (p<0.05) 
affected the yield of betacyanin, irrespective of whether water 
or ethanol was used as the solvent across all ratios.

Table 1. Betacyanin content of flesh with different solvent extraction at different ratios, with varying extraction times using conventional 
extraction

Betacyanin (mg/100g)
Sample Solvent Extraction time 

(minutes) Ratio material to solvent 
(1:1)

Ratio material to solvent 
(1:3)

Ratio material to solvent 
(1:5)

25 253.83 ± 0.86eA 322.86 ± 0.70gB 333.40 ± 0.60eC

60 268.86 ± 0.71gA 339.83 ± 0.02hB 465.63 ± 0.75hC

120 260.62 ± 0.01fA 320.65 ± 0.62fA 447.14 ± 0.74gC
Water

180 243.05 ± 0.02cA 295.68 ± 0.60eB 377.95 ± 0.80fC

25 211.05 ± 0.80aA 239.49 ± 0.82bB 278.66 ± 0.33bC

60 248.96 ± 0.71dA 262.29 ± 0.82dB 292.74 ± 0.83dC

120 230.67 ± 0.71bA 245.70 ± 0.85cB 283.69 ± 0.78cC

Flesh

Ethanol

180 210.39 ± 0.82aA 220.39 ± 0.82aB 263.03 ± 0.70aC

Values expressed as means ± S.D (n=3). Values with different lowercase letters within the same column indicate significant differences 
(p<0.05) from each other; Values with different uppercase letters within the same row indicate significant differences (p<0.05) from each 
other
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Extraction time affected betacyanin content following a 
saturation trend initially governed by fast surface diffusion, 
then transitioning to internal diffusion control as walls become 
depleted. 34 Mechanistically, the positive influence of 
temperature (up to 60 °C) and extraction time ( 60 min) 
reflected improved cell wall permeability and diffusion kinetics. 
The highest betacyanin content was observed for both fruit 
flesh and peel at 60 minutes of extraction time. The plateau 
beyond 60 minutes suggested attainment of extraction 
equilibrium, where additional exposure only promoted 
degradation of the thermolabile betacyanin chromopore. 
The results revealed that extending the extraction time to 120 
and 180 minutes did not increase the betacyanin content, 
indicating that the extraction process reaches a saturation point 
after a specific duration. This observation is consistent with the 
findings of Silva et al.4 and Sokolova et al.20, who reported that 
prolonged extraction times can lead to betacyanin oxidation 

and the degradation of thermolabile compounds, thereby 
reducing pigment stability and yield. Beyond this optimal 
period, the decrease in betacyanin content is primarily 
attributed to pigment degradation caused by extended 
exposure to light, oxygen, or thermal effects.6 
As for the peel, the maximum betacyanin content for both 
water and ethanol extraction was achieved at a 1:50 solvent 
ratio after 60 minutes of extraction. The slightly superior 
performance of ethanol over water for peel was due to its ability 
to penetrate the peel's fibrous structure and extract non-polar 
compounds.37 These results are consistent with a study by Khoo 
et al.9, who observed that the peel of fruits generally required 
the highest solvent ratios for optimal extraction, possibly due to 
its denser composition. The peel of dragon fruit, being more 
fibrous and less pigmented than the flesh, requires more 
solvent to facilitate efficient extraction. However, it is worth 
noting that water 

Table 2. Betacyanin content of fruit peel with different solvent extraction at different ratios, with varying extraction times using 
conventional extraction

application resulted in only a slight decrease in betacyanin 
content (approximately 1 mg/100 g). To conclude this step, the 
optimal ratio was 1:5 for flesh and 1:50 for peel for both 
solvents, with an extraction time of 60 minutes and water as the 
solvent. The three-way ANOVA revealed that all main effects 
(solvent type, extraction time, and solvent ratio) had 
statistically significant impacts on betacyanin content 
(p<0.001). These effects were substantiated by large F-values 
and very high effect sizes, confirming that the model robustly 
explains nearly all observed variations in betacyanin content. 

Partial Eta2 represents the effect size and reflects the 
magnitude or strength of the effect. The adjusted R2 value of 
0.999 further supports the model's explanatory power, aligning 
with previous findings on solid liquid extraction dynamics.38 The 
interaction analysis demonstrated different levels of influence 
in flesh and peel matrices (Table 3).
In the flesh, the interaction between solvent and ratio yielded 
the highest F value (F = 567.586; Partial Eta2 = 0.959), indicating 
a strong dependency of pigment recovery on the volume of 
solvent used in relation to solid material.

Sample Solvent Extraction time 
(minutes) Betacyanin (mg/100g)

Ratio material to solvent 
(1:10)

Ratio material to solvent 
(1:30)

Ratio material to solvent 
(1:50)

Peel Water 25 26.28 ± 0.05eA 40.62 ± 0.26dB 43.73 ± 0.25bC

60 36.64 ± 0.14gA 50.59 ± 0.30gB 56.46 ± 0.82fC

120 36.06 ± 0.23gA 45.31 ± 0.32fB 49.90 ± 0.43dC

180 30.69 ± 0.05fA 35.00 ± 0.80cB 44.30 ± 0.66bC

Ethanol 25 16.63 ± 0.14bA 29.24 ± 0.10aB 39.27 ± 0.43aC

60 22.59 ± 0.33dA 46.17 ± 0.30fB 58.72 ± 0.40gC

120 18.87 ± 0.60cA 42.45 ± 0.15eB 52.94 ± 0.66eC

180 12.13 ± 0.05aA 33.09 ± 0.30bB 48.19 ± 0.25cC

Values expressed as means ± S.D (n=3). Values with different lowercase letters within the same column indicate significant differences 
(p<0.05) from each other; Values with different uppercase letters within the same row indicate significant differences (p<0.05) from each 
other.
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Table 3 . Interaction of solvent, time, and ratio of flesh and peel with conventional extraction

This supports the principle that optimal solvent availability 
enhances diffusion gradients, which are central to mass 
transfer efficiency.39 Excess solvents beyond this point may 
dilute the concentration gradient and reduce mass transfer 
efficiency due to the imbalance between solvent volume and 
material surface area.24 This phenomenon is also supported by 
diffusion theory, where a lower concentration gradient 
reduces the diffusion rate of solvents into the solvent, 
ultimately slowing the extraction process. 22 However, 
excessive solvent may dilute the system and reduce the driving 
force for diffusion, as also noted by Cacace and Mazza.26 
The interaction between time and ratio showed significant 
effects (F = 44.512, p<0.001), as well as the interaction 
between solvent and time (F = 32.396, p<0.001), suggesting 
that these parameters jointly determine the efficiency of 
pigment liberation from the matrix. Overexposure or 
insufficient time can both impair recovery due to thermal 
degradation or incomplete diffusion.40 The three-way 
interaction (interaction of solvent, time, and ratio) in the flesh 
was also significant (F = 92.950, Partial Eta2 = 0.921, p<0.001), 
indicating the synergistic influence of all extraction variables. 
It suggests that optimal betacyanin content is not the result of 
one parameter alone but of their combined configuration. 
These findings align with the principles of mass transfer during 
solid liquid extraction, where solute migration depends heavily 
on the solvent polarity, concentration gradients, and contact 
time.24,26 The solvent plays a pivotal role in pigment 
solubilization: polar solvents such as water enhance the 
release of hydrophilic pigments like betacyanin, whereas less 
polar solvents (i.e., ethanol) may show lower affinity.4 A 
significant interaction between solvent and extraction time (F 
= 61.149, p < 0.001) indicates that the optimal extraction 
duration varies by solvent. Water-based extractions 
demonstrated higher stability and pigment retention between 
60 and 120 minutes, in line with Delgado-Vargas et al.40

In contrast, the peel matrix exhibited even more pronounced 
effects; the solvent and ratio interaction had an exceptionally 
high F value (F = 2412.904, Partial Eta2 = 0.990), underscoring 
the criticality of solvent accessibility in penetrating the more 
fibrous and pectin-rich structure of the peel. Interaction 
between time and ratio (F = 151.699) and between solvent and 
time (F = 61.149) further demonstrated substantial influences, 
affirming the necessity for well timed, matrix specific 
extraction strategies. In addition, the three-way interaction in 
peel (F = 193.809, Partial Eta2 = 0.960) confirms that maximum 
pigment extraction from tougher matrices like peel demands 
optimized tuning across all variables. 

3.2 Ultrasound-Assisted Extraction on Betacyanin Content
Ultrasound-assisted extraction (UAE) was done to extract the 
betacyanin from both flesh and peel using water as a solvent 
with different ultrasound powers (0.5 W/g, 2.5 W/g, and 4.5 
W/g) and temperatures (30 °C, 45 °C, and 60 °C) for 10 
minutes. A clear trend was observed in the influence of 
ultrasonic power, temperature, and solvent ratio on the 
betacyanin content from flesh and peel (Tables 4 and 5). The 
enhancement in extraction efficiency under UAE conditions 
can be explained by acoustic cavitation. Ultrasonic waves 
induce alternating compression and rarefaction cycles in the 
solvent, generating microbubbles that collapse violently upon 
reaching critical pressure. This implosion produces localized 
microjets and shockwaves, disrupting plant cell walls and 
increasing the permeability of cytoplasmic membranes. 47 The 
cavitation-induced shear stresses disintegrate the middle 
lamella and facilitate solvent into the cellular matrix, 
enhancing pigment leaching and intracellular diffusion. 47 
At 2.5 W/g power levels in the UAE, mechanical effects 
dominated over thermal effects, promoting pigment release 
without excessive degradation. In contrast, excessive power 
(4.5 W/g) increased thermal hotspots (> 70 °C) that 
accelerated oxidative degradation of the chromophore, 

Sample Interaction F value Sig. p-value Partial Eta2

Flesh Solvent x time 32.396 0 < 0.001 0.669

Solvent x ratio 567.586 0 < 0.001 0.959

Time x ratio 44.512 0 < 0.001 0.848

Solvent x time x ratio 92.95 0 < 0.001 0.921

Peel Solvent x time 61.149 0 < 0.001 0.793

Solvent x ratio 2412.904 0 < 0.001 0.990

Time x ratio 151.699 0 < 0.001 0.950

Solvent x time x ratio 193.809 0 < 0.001 0.960

*R2 = 0.996 (adjusted R2 = 0.994)
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leading to color fading. It was confirmed that UAE efficiency 
was governed not merely by time and temperature but also by 
controlled microscale energy transfer at the solvent matrix 
interface. 44 At a fixed ultrasonic power, increasing the 
extraction temperature generally enhanced the betacyanin 
content. This was particularly prominent at 2.5 W/g, where a 
temperature rise from 30 °C to 45 °C improved betacyanin 
content considerably. However, further increases at 60 °C did 
not always result in proportional gains. It suggests the thermal 
degradation of betacyanin at higher temperatures.40 Similarly, 
higher solvent ratios consistently yielded more betacyanin 
content, particularly up to a 1:5 ratio in flesh and 1:50 in peel. 
This enhancement was attributed to greater concentration 
gradients that favor solute diffusion.41 
Nevertheless, at high ultrasonic power (4.5 W/g), betacyanin 
content decreased, indicating possible degradation due to 
cavitation induced thermal hotspots. 29,43 A moderate 
ultrasonic power (2.5 W/g) was consistently more effective 
than lower or higher settings. This was evident in the flesh at 
a 1:3 ratio and 45 °C, where power at 2.5 W/g yielded 423.02 
mg/100g compared to 281.24 mg/100g (0.5 W/g) and 317.03 
mg/100g (4.5 W/g). Peel data mirrored this pattern. Excessive 
power may cause local overheating and pigment degradation, 
while insufficient power leads to limited cell disruption.42 
When comparing temperatures at a fixed solvent ratio, 
increasing temperature from 30 °C to 45 °C generally increased 
betacyanin content before significantly decreasing at 60 °C for 
both flesh and peel. Increased temperature enhances 
solubility and mass transfer, while excessive heat may cause 
oxidative deterioration.43

At each constant temperature, increasing the solvent ratio 
resulted in higher betacyanin contents. In the flesh at 45 °C 
and power at 2.5 W/g, the betacyanin content improved from 
416.93 mg/100g (at a ratio of 1:1) to 430.25 mg/100g (at a 
ratio of 1:5). In peel, the same trend was observed at 45 °C 
where the 1:50 ratio yielded 112.71 mg/100g compared to 
73.86 mg/100g at ratio 1:30. Higher ratios enhanced solvent 
availability and diffusivity, although beyond a certain 
threshold, the gain plateaus due to dilution effects.36 The 
observed ratio 1:5 for the flesh and 1:50 for the peel, showed 
a balance between solvent availability and solute 
concentration gradient. A higher solvent-to-material ratio 
generally enhances diffusion by maintaining a steep 
concentration gradient between the plant matrix and the bulk 
solvent, which accelerates mass transfer and pigment 
solubilization. 49 However, beyond a certain point, further 
increases in solvent volume no longer enhance diffusion 
efficiency due to the system becoming overly diluted, thereby 
diminishing the effective concentration gradient per unit of 
solute released. 40 This phenomenon has been reported in 
other pigment extraction studies where an optimal ratio exists 
that maximizes diffusivity before solvent dilution leads to a 
plateau in extraction yield. 40,49

Flesh consistently produced higher betacyanin content than 
peel under all tested conditions. At 2.5 W/g (45 °C) and 
maximum ratio, flesh yielded 430.25 ± 1.21 mg/100g 
compared to peel's content 112.71 ± 0.83 mg/100g. This 
disparity is due to differences in matrix composition, with peel 
having higher fiber and pectin content, limiting pigment 
diffusion.36 The greater betacyanin content in the extraction 
with UAE was attributed to ultrasound's cavitation effects, 
which disrupt cell walls, facilitate the release of pigments, and 

enhance mass transfer.36,43 The peel's fibrous structure 
appears particularly responsive to ultrasound-assisted 
disruption. These results align with Bitwell et al.14, who 
demonstrated that UAE increases the extraction efficiency of 
bioactive compounds by enhancing solvent penetration into 
plant cells through ultrasonic cavitation. A similar observation 
was reported by Shen et al.11.
Ultrasound extraction produces ultrasonic waves that attack 
the integrity of plant cellular walls. This resulted in increased 
permeability of the cytoplasmic membranes, allowing more 
solvents to enter the plant cell and releasing more compounds 
into the solvent.44 The application of UAE in this study is 
consistent with previous reports that ultrasound enhances the 
extraction of betacyanin and other bioactive compounds by 
Thuy et al.45, who found that the main source of betacyanin is 
the flesh of dragon fruit which is the variation in betacyanin 
content between flesh and peel; the flesh constantly yields a 
greater concentration of betacyanin. Kaur et al. 38 
demonstrated that UAE improved the extraction of betalains 
from beetroot and anthocyanins from red cabbage, 
respectively. Compared to conventional extraction, UAE 
achieved better yields in significantly shorter times.
Prior studies showed that conventional flesh extraction 
produced 465.63 mg/100g at 60 minutes, while UAE yielded 
betacyanin of about 430.25 mg/100g from the flesh in 10 
minutes, which was slightly lower than the best conventional 
extraction. The higher betacyanin content achieved with 
ultrasonic power at 0.5 W/g at 45 °C, extraction time of 10 min, 
and at a material to solvent ratio of 1:50. UAE produced 117.99 
mg/100g from peel compared to that obtained with the best 
conventional extraction (56.46 mg/100g) in only 10 minutes, 
instead of 60. This corresponded to a 2.1-fold improvement in 
pigment recovery using UAE and represented an 83% 
reduction in extraction time and an estimated energy savings 
of around 65%, assuming proportional scaling between 
acoustic and thermal energy input. The comparison explicitly 
demonstrated that ultrasound cavitation significantly 
accelerated pigment diffusion and release, achieving a higher 
yield within the extraction time under identical solvent and 
ratio conditions. This enhancement was attributed to 
mechanical disruption of peel cell walls by cavitation 
microjets, which increased solvent accessibility and facilitated 
rapid mass transfer without excessive solvent consumption. 
Furthermore, excessive power led to the formation of radicals 
(·OH, ·H) and microjets that degraded betacyanin to betalamic 
acid, a well-documented phenomenon. 29  This result indicated 
that the ultrasound-assisted process markedly enhanced 
extraction kinetics through cavitation-induced microchannel 
formation and accelerated solvent penetration, enabling 
pigment release comparable to or even higher than the 
conventional method but within a significantly shorter 
timeframe. Hence, the UAE can be regarded as a time-efficient 
technique that maintains high extraction efficiency with 
minimal pigment degradation, offering a practical advantage 
for industrial-scale processing where rapid throughput is 
crucial.36 This further supports that ultrasonic cavitation 
enhances and accelerates mass transfer and solute release by 
disrupting cellular structures.42 
The results in Table 6 reveal that all interactions among 
ultrasonic power, extraction temperature, and solvent ratio 
significantly influenced betacyanin content in both flesh and 
peel samples (p<0.001).
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Table 4. Betacyanin content of fruit flesh with Ultrasound-Assisted Extraction (UAE) using water as solvent
Betacyanin content (mg/100g)

Power Ratio Material to Solvent
30 °C 45 °C 60 °C

1:1 234.346 ± 0.40aB 262.449 ± 0.40bD 198.579 ± 0.69bA

1:3 242.657 ± 1.20bC 281.240 ± 0.60aA 215.695 ± 1.21cB0.5 W/g

1:5 256.613 ± 0.90dC 303.330 ± 0.83aA 234.996 ± 0.60dB

1:1 291.199 ± 0.40fE 416.929 ± 0.69eH 305.144 ± 0.40gG

1:3 302.624 ± 0.32gE 423.023 ± 0.81fH 324.472 ± 1.60hG2.5 W/g

1:5 321.199 ± 0.80hF 430.245 ± 1.21gH 337.502 ± 1.40iG

1:1 247.446 ± 0.80cC 297.679 ± 0.81cF 264.191 ± 0.81eD

1:3 287.565 ± 1.07eD 317.035 ± 1.60dF 273.930 ± 0.54aA4.5 W/g

1:5 289.126 ± 1.61eD 319.372 ± 1.41dF 293.571 ± 1.21fE

Values expressed as means ± S.D (n=3). Values with different lowercase letters within the same column indicate significant differences 
(p<0.05) from each other; Values with different uppercase letters within the same row indicate significant differences (p<0.05) from each 
other.

Table 5. Betacyanin content of fruit peel with Ultrasound-Assisted Extraction (UAE) using water as solvent
Betacyanin content (mg/100g)

Power Ratio Material to Solvent
30 °C 45 °C 60 °C

1:10 74.462 ± 0.93eA 90.388 ± 0.47cD 89.664 ± 0.62dB

1:30 42.333 ± 0.51bB 73.863 ± 1.34aF 67.440 ± 0.88aA0.5 W/g

1:50 102.641 ± 0.83iC 117.989 ± 0.01gF 97.845 ± 0.01fB

1:10 85.734 ± 0.89gC 102.902 ± 0.18dG 94.732 ± 0.99eE

1:30 51.383 ± 0.51dB 83.205 ± 0.01bG 56.346 ± 0.51bE2.5 W/g

1:50 104.080 ± 0.83aA 112.713 ± 0.83fE 109.356 ± 1.44hD

1:10 79.425 ± 0.82fB 108.176 ± 1.29eH 98.868 ± 0.47fF

1:30 45.252 ± 0.51cC 107.437 ± 0.01eH 84.373 ± 0.51cG4.5 W/g

1:50 97.844 ± 0.01hB 112.234 ± 1.44fE 103.121 ± 0.83gC

Values expressed as means ± S.D (n=3). Values with different lowercase letters within the same column indicate significant differences 
(p<0.05) from each other; Values with different uppercase letters within the same row indicate significant differences (p<0.05) from each 
other.

The F values and partial Eta2 values indicate that these 
interactions were statistically significant (p<0.001) and carried 
substantial effect sizes. Among the interactions in the flesh 
sample, the interaction between power and temperature 
showed the highest F value (F = 5853.936, partial Eta2 = 0.998), 
indicating that temperature variations had the most dominant 
influence depending on the power level used.
This suggests a strong synergistic relationship where moderate 
ultrasonic power (2.5 W/g) combined with an optimal 

temperature (45 °C) maximizes pigment release. Similar trends 
were observed in the peel samples.
However, the magnitude of F values was generally lower, 
reflecting the tougher matrix of the peel with more fiber and 
pectin, which inhibits solvent penetration and pigment 
diffusion. In peel, the interaction between power and 
temperature showed the highest F value (F = 927.756, partial 
Eta2 = 0.986). The interaction between power and ratio (F = 
116.849, partial Eta2 = 0.896) in flesh and peel (F = 533.289, 
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partial Eta2 = 0.975) also had a significant effect (p<0.001), 
suggesting that increasing solvent volume alone was 

insufficient unless accompanied by substantial energy input.46 

Table 6. Interaction of power, ratio, and temperature of flesh and peel with Ultrasound extraction using water as solvent

Excessive power input (4.5 W/g) may damage the solute, 
whereas insufficient power leads to suboptimal diffusion 
efficiency. In addition, the interaction between temperature 
and ratio for flesh (F = 56.615, partial Eta2 = 0.807) and peel (F 
= 927.756, partial Eta2 = 0.986) supports the idea that solvent 
diffusion is temperature dependent. As the temperature 
increases, solvent viscosity decreases and solubility increases, 
enhancing the diffusion gradient. 41 However, due to thermal 
oxidation, overly high temperatures (e.g., 60 °C) may disrupt 
pigment stability, especially at low solvent volume.40 
The three-way interaction (interaction between power, 
temperature, and ratio) was also highly significant (F = 167.831, 
partial Eta2 = 0.961, p<0.001) in the flesh and peel (F = 213.606, 
partial Eta2 = 0.969, p<0.001), demonstrating that betacyanin 
content is not a product of individual variables but a combined 
function of all three. The highest yields were observed when all 
variables were tuned synergistically, i.e., at 2.5 W/g at 45 °C and 
a high solvent ratio (e.g.,1:5 ratio).
Van et al. 53 reported that the maximum betacyanin from 
dragon fruit peel obtained under the optimal UAE condition 
(material: water ratio of 1:10, at 3.5 W/g and 7.5 min extraction 
time) was 34.02 mg/100g. While in this study, the best condition 
resulted in 117.989 mg/100g for peel (material: water ratio of 
1:50 ratio at 0.5 W/g and 10 min extraction time), 
demonstrating that UAE under the right solvent ratio and matrix 
conditions can yield more than three times the pigment 
recovery with only a modest energy input. This comparison 
underscores the UAE's potential for process intensification, 
while further confirming that water remains the better solvent 
due to its molecular compatibility with betacyanin's polar 
structure and its green chemistry attributes.  

3.3 Betacyanin Retention

This part of the study investigated betacyanin retention in both 
dragon fruit flesh and peel extracts under two conditions (light 
exposure and dark conditions). Betacyanin is known for its red 
violet color, water solubility, and vulnerability to environmental 
factors such as light and temperature. Its stability is crucial for 

application in food colorants and nutraceuticals 47. Betacyanin 
degradation during heat and light exposure can be explained by 
well-established chromophoric degradation pathways. Thermal 
energy initiates decarboxylation and dehydrogenation of 
betacyanin molecules, disrupting the conjugated double-bond 
systems responsible for the red-violet color. 27 Under oxidative 
conditions, photooxidation and hydrolysis of the imine (-CH= 
HN-) linkage between betalamic acid and cyclo-DOPA lead to 
pigment fragmentation into colorless derivatives such as 
betalamic acid and dopaxanthin. 26

At 40 °C, betacyanin retention in the flesh extract remained 
above 88% up to 80 minutes and decreased moderately to 86% 
after 100 minutes. These findings demonstrated that heat 
exerted a stronger influence on pigment degradation than light 
during prolonged exposure. Similar to Esatbeyoglu et al. 53, 
thermal treatment led to a gradual transformation of 
betacyanin into colorless or brown compounds, lowering both 
color intensity and antioxidant potential. Retention levels after 
120 minutes (55-60%) confirmed partial degradation under 
moderate heat, which may still be acceptable for processing 
conditions requiring mild heating. Consequently, optimizing 
temperature-time parameters remains crucial to maximizing 
pigment stability during storage.
The result showed that higher temperatures led to faster 
degradation of betacyanin pigments in flesh and peel. Across all 
matrices, 40 °C yielded the highest pigment retention, while 80 
°C resulted in the most substantial losses. The data reveal that 
peel exhibits better thermal stability than flesh but still follows 
a similar trend at higher temperatures (80 °C), accelerating 
pigment degradation. 
Based on the result, in the flesh, retention dropped to 7.39% ± 
0.16 (light exposure) and 14.42% ± 0.16 (dark condition) at 120 
minutes at 80 °C, compared to 85.44% ± 0.16 (light exposure) 
and 48.50% ± 0.28 (dark condition) retention at 40°C over the 
same period (Fig. 1). This degradation pattern is attributed to 
the thermal sensitivity of betacyanins, which are prone to 
oxidative and structural breakdown at elevated temperatures. 
The peel showed better pigment stability at lower temperatures 
(40 °C). At 40 °C in light exposures, peel retained 78.08% ± 0.08 

Sample Interaction F value Sig. p-value Partial Eta2

Power x temperature 5853.936 0 < 0.001 0.998

Power x ratio 116.849 0 < 0.001 0.896
Temperature x ratio 56.615 0 < 0.001 0.807

Flesh

Power x temperature x ratio 167.831 0 < 0.001 0.961

Power x temperature 338.817 0 < 0.001 0.962

Power x ratio 533.289 0 < 0.001 0.975

Temperature x ratio 927.756 0 < 0.001 0.986Peel

Power x temperature x ratio 213.606 0 < 0.001 0.969

*R2 = 1.000 (adjusted R2 = 1.000)

Page 11 of 20 Sustainable Food Technology

S
us

ta
in

ab
le

Fo
od

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

0/
20

26
 1

0:
03

:2
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5FB00719D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00719d


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11

Please do not adjust margins

Please do not adjust margins

after 120 minutes, while only 15.8% ± 0.31 was retained at 80 
°C (Fig. 2). This pattern supports the understanding that 
betacyanin degrades via hydrolysis, decarboxylation, and 
dehydrogenation reactions, which are strongly temperature 
dependent 48,49. 
The peel showed slightly higher initial stability due to its pectin 
rich cell wall matrix, which slows heat and oxygen diffusion. 
However, this protection is lost above 60 °C as the matrix breaks 
down.27,47,50 Thus, observed thermal sensitivity and pigment 
retention patterns are mechanistically consistent with coupled 
diffusion reaction kinetics, validating that betacyanin 
degradation involves both transport (the diffusion of heat, 
oxygen and reactive species toward the pigment molecules) and 
chemical transformation processes.
This degradation can be attributed to photo-oxidative stress. 
When exposed to light, betacyanin undergoes structural 
cleavage in the aldimine linkage, decreasing color intensity and 
stability.51 Over time, retention declined sharply, particularly 
after prolonged exposure. The concentration of betacyanin 
decreased significantly as a function of time, particularly at 
higher temperatures. At 70 °C and 80 °C, the retention drops 
drastically within the first 20 minutes, falling below 30%. These 
results indicate that betacyanin is highly thermolabile, and 
exposure to high temperatures accelerates pigment 
degradation. At 80 °C, retention was reduced to around 20% by 
20 minutes and remained low throughout the 120-minute 
period. This demonstrated that exposure to lower 
temperatures better preserves the molecular integrity of the 
pigment. Herbach et al.51 and Azeredo27 reported that 

betacyanin is susceptible to thermal breakdown through 
decarboxylation and isomerization reactions. 
Betacyanin degradation occurred more rapidly under light 
exposure than in dark environments at 40 °C, particularly at 
prolonged heating. In contrast, pigment degradation proceeded 
more slowly in the dark, especially under 50 °C. After 120 
minutes of heating at 50 °C, pigment retention in the flesh was 
67.5% under light exposure and 54.6% in the dark. Although 
darkness initially provided a slight protective effect, this 
advantage diminished at higher temperatures (80 °C). These 
observations indicate that, beyond a certain thermal threshold, 
pigment loss is primarily driven by thermal degradation rather 
than photooxidative process. Similar findings were reported by 
Sokolova et al.20, who reported that betacyanin degradation 
involves the breakdown of aldimine bonds and decarboxylation 
reactions under heat stress. Light accelerates betacyanin 
degradation via photooxidation, producing free radicals that 
compromise pigment stability. This suggests that light is a 
critical stressor in the degradation process. Without light, 
thermal degradation remains the primary factor, and its effect 
is less pronounced, especially under 60 °C. The findings are in 
agreement with previous studies emphasizing the 
photosensitivity of betacyanin pigments and the protective role 
of dark environments in pigment stability.27,47 Light exposure 
increases the generation of reactive oxygen species (ROS), 
which react with the chromophore structure of betacyanin, 
leading to pigment bleaching and structural instability.52 In 
addition, light exposure had a more substantial effect on peel 
samples. At 80 °C for 120 minutes, retention in light was 15.8%, 
whereas it was slightly higher (21.3%) in dark conditions. 

Fig. 1  Retention of betacyanin obtain from the flesh : (a) exposed to light exposure and (b) in the dark condition

Fig. 2  Retention of betacyanin obtain from the peel: (a) exposed to light exposure and (b) in the dark condition

Conversely, betacyanin was more stable at 40 °C, as indicated 
by the highest pigment retention observed in the flesh. 
Betacyanin retention in flesh extract at 40 °C remained above 
88% up to 80 minutes and only showed a substantial drop to 
86% after 100 minutes. These results reinforce that betacyanin 

is more sensitive to heat than light over extended exposure 
times. This confirms the findings from Esatbeyoglu et al.53, who 
demonstrated that thermal induced degradation of betacyanin 
produces colorless or brown compounds, reducing the color 
intensity and antioxidant capacity. At the 120-minute mark, 
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retention remained at about 55-60%, indicating moderate 
thermal degradation. These conditions may present a 
compromise in pigment preservation, which is suitable for 
industrial processes that require some degree of heating. The 
longer exposure, even at lower temperatures, eventually leads 
to pigment loss. However, the rate and extent of degradation 
are significantly magnified under high thermal stress. Thus, 
optimizing temperature and time is essential for maximizing 
betacyanin retention during storage.

3.4 Thermal Kinetic Degradation
The thermal degradation of betacyanin in both dragon fruit 
flesh and peel was analyzed under different temperatures (40-
80 °C) and light exposure conditions. As summarized in Table 7, 
the first-order kinetics consistently provided the best fit (R2) 
across  all conditions, indicating that the rate of pigment loss 
depended on pigment concentration. 
The half-life values (t1/2) range broadly, from under 10 minutes 
at elevated temperatures (flesh at 80 oC, light exposure) to 
several hundred minutes at milder conditions (peel at 40 oC, 
dark). The markedly shorter t1/2 at higher temperatures 
compared to lower temperatures reflects the strong 
temperature dependence of the degradation constant k. 
According to Arrhenius' behavior, higher temperatures 
accelerate molecular motion, increase collision frequency and 
energy, and thereby enhance pigment breakdown. 60

This pattern is consistent with previous studies suggesting that 
betacyanin degradation is more accurately modeled by first-
order kinetics under oxidative or thermal stress, especially 
when pigments are freely soluble and not bound in cellular 
structures.27 Temperature had a significant influence on 
degradation rates. As the temperature increased from 40 °C to 
80 °C, the degradation rate constant (k) increased in magnitude 
(more negative), indicating faster degradation. In flesh, at 40 °C, 
betacyanin was found to slightly degrade, representing the 
most stable condition among those temperatures. 
This result suggests that, under lower thermal stress, pigment 
breakdown is primarily controlled by external factors such as 

heat and light rather than substrate concentration. As heating 
time extended, the degradation gradually shifted toward a first-
order kinetic model, demonstrating that prolonged exposure 
increased the dependency of degradation on pigment 
concentration. This behavior is often observed when pigments 
are present in high concentrations or are stabilized in a matrix 
that limits diffusion.50 
In contrast, in the dark condition, the degradation at 40 °C was 
better described by a first-order kinetic model (R2 = 0.9070). 
This implies that, in the absence of light, betacyanin molecules 
degraded in a concentration dependent manner, even at lower 
temperatures. Notably, across both conditions, the degradation 
profile revealed a sharp decline in betacyanin retention after 80 
minutes of heating, especially at elevated temperatures ( 70 
°C - 80 °C). This pronounced reduction highlights the cumulative 
effect of thermal stress on pigment stability, suggesting that 
beyond a certain heating threshold, betacyanin molecules 
undergo accelerated decomposition. Similar findings have been 
reported in earlier studies on betalain stability, where extended 
heating at high temperatures significantly increased the rate of 
pigment loss due to structural breakdown of the chromophore 
system.54,55 A similar trend was observed in the peel, betacyanin 
degradation at 40 °C followed a first-order kinetic model, with a 
higher correlation under light exposure (R2 = 0.9612) compared 
to the dark condition (R2 = 0.7765). As the temperature 
increased (50 °C – 80 °C), degradation rates consistently rose, 
especially at 70 °C and 80 °C, where retention profiles showed 
a rapid decrease between 60 and 80 minutes of heating. These 
results confirm that extended exposure to higher temperatures 
markedly accelerates betacyanin degradation in the peel. This 
trend aligns with the Arrhenius principle, where elevated 
temperature increases molecular motion and accelerates the 
breakdown of thermolabile compounds such as betacyanin.56 
Light exposure generally exhibited higher degradation rates and 
a better fit to first-order kinetics. Light exposure promotes 
photooxidation, especially in aqueous environments, leading to 
pigment instability.55

Table 7. Kinetic Degradation Analysis of Betacyanin in Flesh and Peel under Different Condition

Source Temperature Light exposure Order R2 k t1/2 (minute) unit

Flesh 40 °C Yes First 0.7727 -0.0077 89.87 minutes-1

No First 0.9070 -0.0015 462.00 minutes-1

50 °C Yes First 0.8255 -0.0055 126.00 minutes-1

No First 0.9970 -0.0038 182.40 minutes-1

60 °C Yes First 0.9878 -0.0079 87.70 minutes-1

No First 0.9797 -0.0075 92.40 minutes-1

70 °C Yes First 0.9239 -0.0176 39.60 minutes-1

No First 0.9539 -0.0182 38.10 minutes-1

80 °C Yes First 0.4908 -0.0151 12.90 minutes-1

No First 0.8536 -0.0234 29.60 minutes-1

Peel 40 °C Yes First 0.9612 -0.0023 495.00 minutes-1

No First 0.7765 -0.0027 256.70 minutes-1

50 °C Yes First 0.9918 -0.0052 133.30 minutes-1
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These support findings that UV visible light causes excitation of 
betalains electrons, thereby increasing their reactivity and 
accelerating color degradation, with pigment loss reaching up 
to 15-16% due to light and oxygen exposure.57 In addition, the 
rapid degradation at high temperature and or light exposure 
can be mechanistically linked to structural changes in the 
betacyanin molecule. Betacyanin consists of betalamic acid core 
conjugated via imine (C=N) linkage to a cyclo-DOPA skeleton, 
exposure to heat and photos can induce cleavage of the imino 
bond, decarboxylation, and formation of betalamic acid and 
other breakdown products, which lose the vivid red violet 
chromophore and shift to yellowish pigments. 65 These kinetic 
insights were critical in food product development. Based on 
the kinetic degradation results, for industrial extraction or 
product formulation using betacyanin from Hylocereus 
polyrhizus, it is advisable to limit thermal exposure to 
temperatures <60 oC and avoid intense light exposure during 
storage or processing. Low-temperature processes at 40 °C – 50 
°C and dark conditions are ideal for beverages, colorants, or 
supplements intended to preserve betacyanin's antioxidant 
value. On the other hand, applications requiring thermal 
processing, such as baked goods or thermally treated jellies, 
may tolerate partial degradation, provided optimized 
temperature exposure is used to retain color integrity. More 
importantly, the results highlight the need for betacianyn 
stabilization methods to improve its stability and broaden its 
application. 

3.5 Bioactive compounds
Appreciable variations in antioxidant activity, total phenolic 
content (TPC), and total flavonoid content (TFC) across different 
portions of the fruit (non-extracted, flesh and peel) and flesh 
betacyanin extract with water as a solvent were observed. The 
analysis of bioactive compounds in the betacyanin extract was 
conducted on the sample with the highest betacyanin content, 
which was obtained from dragon fruit flesh using a 1:5 (w/v) 
material to solvent ratio with water as the solvent. The 
extraction was performed using ultrasound-assisted extraction 
(UAE) at 2.5 W/g and 45°C, which yielded the highest 
antioxidant capacity, consistent with the maximum betacyanin 
content reported under the same extraction parameters. This 
strong correlation suggested that the enhanced radical-
scavenging ability of the extract was mechanistically linked to 
increased pigment concentration and to efficient release of 
polyphenolic cofactors through cavitation-induced disruption of 
the cellular matrix.
Table 8 shows the antioxidant activity of the extracted and non-
extracted sample. The non-extracted was measured using the 

flesh and peel as the sample. According to Table 8, extraction 
significantly boosts the antioxidant activity of the betacyanin. 
The extract exhibited the maximum antioxidant activity of 66.61 
± 0.82%, followed by the flesh at 47.49 ± 0.27% and the peel at 
26.35 ± 0.09%. Jamilah et al. 58 recorded 45–55% antioxidant 
activity in dragon fruit. The increased quantity of betacyanin in 
the pigmented flesh explained the stronger antioxidant activity 
in the flesh as compared to the peel. 59

Fathordoobady et al.35 observed increased antioxidant activity 
(70-80%) in betacyanin extract. These findings align with studies 
by Choo et al.60 showing that betacyanin extract has more 
antioxidant capacity. This suggests that betacyanin is a 
potentially efficient radical scavenger.57 Betacyanin is the 
component responsible for the antioxidant capacity of dragon 
fruit.  
The total phenolic content (TPC) was highest in the flesh of 
dragon fruit (18.00 ± 0.01 mg GAE/100g) and lowest in the peel 
(12.00 ± 0.00 mg GAE/100g). This result is similar to those 
carried out by Wu et al.61, who reported TPC values of 15-20 mg 
GAE/100g in dragon fruit flesh. Extraction parameters such as 
the choice of solvent and the application of ultrasound tend to 
be more selective in extracting free flavonoid compounds 
compared to other phenolic compounds, particularly those 
bound within the cell wall matrix.62

The antioxidant and phenolic content of Hylocereus polyrhizus 
extracts revealed a distinct pattern between the flesh and peel 
matrices. Although both parts exhibited strong radical 
scavenging capacities, the flesh consistently demonstrated 
higher antioxidant activity than the peel. This enhanced activity, 
however, cannot be attributed solely to betacyanin content. 
Several studies have shown that dragon fruit flesh also contains 
other phenolic compounds such as hydroxybenzoic acids, ferulic 
acid, and flavonol derivatives, which contribute to its total 
antioxidant potential. 54 Hence, the higher antioxidant response 
in flesh may arise from a composite effect of these phenolics 
rather than betacyanin alone.

No First 0.8014 -0.0053 130.80 minutes-1

60 °C Yes First 0.8935 -0.0069 100.40 minutes-1

No First 0.8729 -0.0077 90.00 minutes-1

70 °C Yes First 0.9681 -0.0127 54.60     minutes-1

No First 0.9095 -0.0090 77.00 minutes-1

80 °C Yes First 0.9292 -0.018 38.50 minutes-1

No First 0.9544 -0.017 40.80 minutes-1

*R2 = regression correlation, k = degradation rate constant; t1/2 = half life
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Table 8. Antioxidant activity, total phenolic content, and total 
flavonoid content of flesh, peel, and flesh betacyanin extract

Correlation analysis between total betacyanin content and 
antioxidant activity revealed a moderate positive relationship 
(R2 = 0.71), indicating that while betacyanin significantly 
contributes to free radical scavenging, other co-extracted 
phenolic constituents also play an additional role. 40,71

At 45 °C, solvent viscosity decreased, improving mass transfer 
coefficients and promoting the diffusion of hydrophilic 
antioxidants into the solvent. Simultaneously, ultrasonic power 
at 2.5 W/g provided sufficient acoustic energy to rupture 
vacuolar membranes without causing pigment oxidation. These 
conditions enhanced both betacyanin and co-extraction of 
phenolics and flavonoids, as confirmed by the elevated 
antioxidant activity in the UAE extract compared to 
conventional methods. 40

The solvent effect was another determinant. Water, as a highly 
polar solvent, favors the dissolution of betacyanin and phenolic 
hydroxyl groups through hydrogen bonding. 71 The increase in 
total flavonoid content after UAE treatment suggested that 
ultrasound enhanced the release of bound flavonoids from cell 
wall polysaccharides, improving their accessibility to the solvent 
phase. 71

The lower phenolic content observed in the betacyanin extract 
obtained through UAE compared to the flesh and peel could be 
attributed to the selective physicochemical nature of the 
extraction process. 43 UAE primarily promotes the release of 
free, water-soluble compounds such as betacyanins and 
flavonoids through acoustic cavitation, while bound phenolics, 
typically ester- or ether-linked to lignin, pectin, and 
hemicellulose, remain largely unreleased under the extraction 
conditions. 43 The use of highly polar water as a solvent 
enhanced pigment solubilization but limits the dissolution of 
moderately polar phenolics, resulting in selective enrichment of 
betacyanin rather than total phenolic recovery. Moreover, 
cavitation induced microbubble collapse generates hydroxyl 
radicals that can oxidize or depolymerize phenolic compounds, 
reducing measurable total phenolic content despite the overall 
increase in antioxidant activity. These findings align with 
previous studies reporting that a short-duration, high-energy 
environment in the UAE enhances pigment yield and 
antioxidant potential but can lead to selective extraction and 
partial oxidative degradation of phenolics. 42,43

3.6 Betacyanin Profile
The betacyanin profile determined by HPLC was obtained from 
the flesh extract with the highest betacyanin content, which 
was extracted using UAE at 2.5 W/g and 45 °C, with a ratio of 

1:5, and compared with the betanin commercial standard. The 
HPLC chromatogram of the betacyanin extract (Fig. 3) from flesh 
with UAE-treated sample exhibited nine peaks with retention 
times between 1.423 – 5.36 minutes, consistent with those 
reported by Herbach et al. 27 However, the identification of 
compounds in this study relied exclusively on retention time 
comparison with reference standards, without further 
confirmation using spectrophotometric or mass 
spectrophotometric techniques. While retention time 
alignment provides a preliminary indication of compound 
identity, it cannot distinguish between structural isomers or co-
eluting derivatives that may exhibit chromatographic behavior. 
This limitation is particularly relevant for betalain-rich matrices 
such as Hylocereus polyrhizus, where isobetanin and betanidin 
derivatives can exhibit overlapping retention times under 
reverse-phase conditions. Moreover, variations in solvent 
composition, gradient program, and stationary-phase 
selectivity can slightly shift retention behavior, potentially 
leading to an underestimation of minor pigments. Without 
complementary evidence from UV Vis absorption spectra or 
mass-to-charge ratio data obtained from HPLC-DAD or LC-
MS/MS, the structural confirmation of individual betacyanin 
species remains tentative. Nevertheless, the retention time 
patterns observed here closely match literature data for 
betanin-dominant extracts, and the results remain valuable for 
comparative profiling and process evaluation across different 
extraction treatments. Future studies should employ HPLC-
DAD-MS coupling to improve compound discrimination, 
quantify degradation intermediates, and verify pigment 
stability under ultrasonic processing. 
Peak 1 is designated by the standard as betanin (betanidin-5-O-
β-glucoside) at 1.43 minutes, as determined by the retention 
durations noted in the chromatographic profile of the 
commercial betanin standard above 2. The phyllocactin and 
hylocerenin peaks were detected at 3.08 minutes, and 3.68 
minutes, respectively (Table 9). Based on the area, betanin 
constituted about 99.4% of the total peak area. This result was 
close to the betanin standard. Stintzing et al.63 identified 
betanin as the primary betacyanin in the Hylocereus species at 
a 1.3 – 1.5 minute retention time. According to Stintzing et al. 
63, there were six major betacyanin pigments, i.e., betanin, iso 
betanin, phyllocactin, iso phyllocactin, hylocerenin, and iso 
hylocerenin in the fruit flesh extract of Hylocereus polyrhizus 
species as detected by HPLC, electrospray MS/MS, and 1H NMR 
techniques. Due to the lower molecular weight, phyllocactin 
eluted earlier than hylocerenin. The six pigments of red pitaya 
constituted three pairs of compounds exhibiting decreasing 
overall polarity, beginning with the most polar betanin, 
followed by phyllocactin and hylocerenin, as indicated by HPLC 
analysis.
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

Sample Antioxidant 
(%)

Total phenolic 
content (mg 
GAE/100 g)

Total 
flavonoid 
content (mg 
QE/100g)

Flesh 47.49 ± 0.27b 18.00 ± 0.01c 7.06 ± 0.03b

Peel 26.35 ± 0.09a 12.00 ± 0.00b 4.61 ± 0.05a

Flesh 
Betacyanin 
extract 

66.61 ± 0.82c 8.48 ± 0.64a 47.48 ± 1.02c

Values expressed as means ± S.D (n=3) values with different 
lowercase letters within the same column indicate significant 
differences (p<0.05) from each other. 
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Fig 3. Betacyanin profile monitored at 530 nm. A: Betanin 
standard; B: Betacyanin from flesh extract; C: Enlarged view 
of betacyanin from flesh extract showing minor peaks.

Table 9. HPLC retention time, peak area percentage of major 
betacyanin compounds

Betanin is the strongest red violet chromophore and one of the 
most potent antioxidant capacities among betacyanins due to 
its conjugated imine aromatic structure and electron donating 
hydroxyl groups. Therefore, extracts enriched in betanin are 
expected to exhibit greater color intensity, improved thermal 
resilience and stronger radical scavenging efficiency than those 
dominated by phyllocactin or hylocerenin. 62,72

4. Conclusions 

These results clearly suggested that the UAE's efficiency in 
enhancing pigment diffusion and recovery through cavitation-
induced microchannel formation within the peel's fibrous 
matrix, while simultaneously reducing extraction time and 
thermal degradation risk. UAE achieved high betacyanin yields 
within 10 minutes through cavitation enhanced pigment 
diffusion, producing 430.25 mg/100g (flesh) and 117.99 
mg/100g (peel), the latter representing a 2.1 fold increase over 

conventional extraction. Conventional extraction yielded 
slightly higher pigment from flesh but required 60 minutes and 
greater thermal exposure. 
Betacyanin stability decreased sharply above 60 oC and under 
light, following first order kinetics in oxidative conditions. 
Betanin was identified as the dominant pigment, and UAE 
extracts retained strong antioxidant activity despite reduced 
phenolics, due to cavitation induced oxidation and enhanced 
flavonoid release. Overall, UAE offers a rapid energy-efficient, 
and thermallu protective method for producing stable natural 
colorants
These results position the UAE as a promising method for the 
scalable production of natural pigments and functional 
ingredients suitable for food and beverage applications 
requiring color stability and nutritional integrity. UAE presents 
a sustainable and scalable strategy for producing natural 
colorants, offering significant reductions in processing time, 
energy requirements, and solvent consumption. However, it 
should be noted that this study did not compare betacyanin 
profiles between flesh and peel, nor between the conventional 
and UAE methods; thus, the detailed pigment composition 
could not be fully evaluated. Future studies are therefore 
recommended to include comprehensive profiling to address 
this gap.
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