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Abstract: Recently, there has been growing interest in incorporating dietary fiber into yogurt products, 

driven by its potential to improve the texture, rheology, and stability of yogurt, as well as the associated 

health benefits. This study specifically focused on the utilization of enzymatically hydrolyzed 

cantaloupe rind powder, which was the product of the enzymatic hydrolysis of the raw cantaloupe rind 

powder using cellulase and xylanase enzymes to increase its soluble dietary fiber content. The resulting 

hydrolyzed cantaloupe rind powder (referred to as HCRP) was added to a probiotic yogurt recipe at 

varying ratios of 0.5%, 1.0%, and 1.5% (w/w). Physicochemical, textural, and rheological properties, 

and syneresis of the control yogurt (without HCRP addition) and the HCRP-fortified yogurts at 

different addition ratios, were evaluated during a 15-day storage period at 4°C. Additionally, the color, 

total phenolic content (TPC), and antioxidant property of the yogurts were assessed at the end of the 

storage period. The results demonstrated that the addition of HCRP increased the hardness, viscosity, 

elasticity, and stability of the yogurt compared to the control yogurt. Specifically, the addition of 1.5% 

HCRP to yogurt resulted in a 1.6, 6.0, 1.9, 1.7, and 1.5 times increase in hardness, adhesiveness, 

apparent viscosity, storage modulus, and loss modulus compared to the control yogurt on day 15 of 

the storage period, respectively. Meanwhile, the syneresis was reduced by approximately 3 times in 

the 1.5% HCRP-added yogurt (5.60%) compared to the control yogurt (17.41%). The TPC of the 

yogurt also increased with higher levels of HCRP addition, reaching approximately 1.5 times that of 

the control yogurt at a 1.5% addition level. Furthermore, the antioxidant activity, as determined by the 
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DPPH assay, was not detected in the control yogurt but exhibited a significant increase with higher 

concentrations of HCRP. This study highlights the potential of enzymatically hydrolyzed cantaloupe 

rind powder as a functional ingredient to enhance the quality attributes of yogurt, including its textural, 

rheological properties, stability, phenolic content, and antioxidant activity. 

Keywords: dietary fiber; fortified yogurt; cantaloupe rind; enzyme treatment; texture, rheology; 

stability; antioxidant; phenolic content 

 

1. Introduction 

Yogurt, a globally consumed food product, is produced by the fermentation of milk using 

bacterial cultures (starter culture), typically containing Streptococcus thermophilus and Lactobacillus 

delbrueckii subsp. bulgaricus [1]. The production of lactic acid during fermentation lowers the pH of 

the milk, resulting in a coagulation of casein to form a gel network [1]. Yogurt is valued for its 

nutritional values and sensory properties including a refreshing aroma and a subtly tangy taste resulting 

from the process of lactic acid fermentation. Moreover, yogurt is easier to digest compared to milk, 

making it suitable for people suffering from lactose intolerance [2]. The consumption of yogurt was 

reported to associate with a range of health benefits, including an enhancing immune system, reducing 

the risk of type 2 diabetes, improving gut health and bone health, and reducing serum cholesterol and 

the risk of cardiovascular diseases [3].  

Recently, food by-products, particularly the fruit by-products, have been recognized as a 

promising dietary fiber source to enhance the functionality and structural properties of yogurt [4]. The 

utilization of food by-products in yogurt production not only has positive environmental implications 

but also improves the functionality of yogurt [4]. Food by-products often contain significant amounts 

of phenolic compounds such as flavonoid, tannin, and anthocyanin which possess antioxidant 

properties [4]. The consumption of antioxidant-rich foods can help protect against oxidative damage 

and lower the chances of developing a range of chronic illnesses such as diabetes, cardiovascular 

diseases, and inflammatory conditions [5]. Notably, the prebiotic activity of food by-products from 

various sources, such as mango [6], orange [7], and guava [8] by-product, has been demonstrated. 

Prebiotics primarily consist of non-digestible dietary fibers that can be fermented by the gut bacteria 

and selectively stimulate the growth of probiotics and beneficial gut bacteria, thereby promoting 

human health improvements [9]. The addition of food by-products to yogurt has been explored as a 

means to enhance the prebiotic activities and probiotic viability of the final product [4]. Supplementing 

yogurt with fruit and vegetable by-products, including mango, banana, and pineapple peel [10,11], 

cranberry pomace [12], apple, banana, and passion fruit processing by-products [13], and rice bran [14], 

has been reported to enhance probiotic viability, prebiotic activities, dietary fiber content, and 

antioxidant capacity, while also influencing post-acidification, textural properties, rheological 

properties, and the stability of the yogurt products.  

Cantaloupe is widely consumed worldwide because of its delightful aroma and nutritional value [15]. 

Consumption of cantaloupe fruit and its processed products such as juices, nectars, and jams generates 

significant quantities of the peel as a by-product [15]. Cantaloupe rind is rich in dietary fiber, minerals, 

vitamin C, phenolic compounds, carotenoids, and flavonoids, and it exhibits high antioxidant activity 

which could provide important human health benefits [15,16]. Therefore, incorporating cantaloupe 
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rind into food products is highly desirable as an approach to reduce food waste, and simultaneously enhance 

the dietary fiber content, phenolic content, and antioxidant activity of the fortified food products. 

The effects of dietary fiber addition on texture, rheology, and stability of yogurts vary depending 

on the fiber sources, fiber particle size [17], and fiber concentration [18,19]. Furthermore, the soluble 

and insoluble dietary fibers in fruit and vegetable by-products can impact the stability, texture, and 

rheology of yogurt in different ways [20,21]. Soluble fibers have the ability to increase yogurt 

viscosity, interacting with casein protein to form a stronger gel network, thereby reducing the 

syneresis of yogurt [18,22,23]. On the other hand, insoluble fiber may destabilize the yogurt gel due 

to steric hindrance to protein coagulation, resulting in higher syneresis [17,19,21,24,25]. Additionally, 

the solubility of dietary fibers can influence their fermentability by gut microbiota, with soluble fibers 

demonstrating superior fermentability compared to insoluble fibers [26]. While many current 

carbohydrate-based prebiotics are soluble fibers such as inulin, fructose oligosaccharides, and xylo-

oligosaccharides [27], the majority of fibers from food by-products are composed of insoluble 

cellulose polysaccharides [28,29]. To enhance the solubility and prebiotic activity of dietary fibers 

from food by-products, various studies have employed enzymatic hydrolysis, resulting in increased 

solubility and improved prebiotic effects [30,31,32,33,34].  

The objective of this study was to evaluate the impacts of incorporating enzymatically hydrolyzed 

cantaloupe rind powder (HCRP) of varying ratios into yogurt on the physicochemical properties, 

textural properties, rheological properties, and stability of the yogurt product during a 15-day storage 

period. The findings of this study provide valuable insights into the characteristics of yogurt fortified 

with HCRP. Moreover, these results contribute to the development of novel functional probiotic yogurt 

using enzymatically hydrolyzed fruit by-products.  

2. Materials and methods 

2.1. Materials 

Sterilized milk was purchased from a local supermarket. Commercial, freeze-dried, mixed-strain 

probiotic yogurt starter cultures consisting of Bifidobacterium longum, Streptococcus thermophilus, 

Lactobacillus casei, Lactobacillus bulgaricus, Lactobacillus helveticus, Lactobacillus rhamnosus, and 

Lactobacillus acidophilus were purchased from Yógourment, France. Unless otherwise specified, 

chemicals were acquired from either Sigma (USA) or Merck Co. (Germany). The Ultraflo Max 

enzyme, which contains endo-1,3(4)-β-glucanase (700 U/g) and endo-1,4-β-xylanase (250 U/g), was 

purchased from Novozymes, Denmark. Absolute ethanol was purchased from Chemsol Vina, Vietnam.  

2.2. Method 

2.2.1. Preparation of enzymatically hydrolyzed cantaloupe rind powder 

The cantaloupe rinds were collected from melons grown at a local farm in Binh Duong Province, 

Vietnam. The cantaloupe peels were washed with tap water, and the outermost tough skin was peeled 

off. The green rinds were then sliced into 2-mm-thick pieces and blanched at 90 °C for 30 seconds. 

Subsequently, they were dried at 60 °C until a moisture content of 10–13% was reached. After 
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drying, the cantaloupe rinds were ground into powder using a hammer mill and sieved through a 

0.210 mm (70 mesh) sieve.  

Cantaloupe rind powder was hydrolyzed using Ultraflo Max enzyme which contains endo-1,3(4)-

β-glucanase and endo-1,4-β-xylanase to hydrolyze cellulose and xylan, respectively, which are the two 

major components of plant cell walls [35]. To prepare the enzymatically hydrolyzed cantaloupe rind 

powder (HCRP), the raw cantaloupe rind powder was mixed with deionized water at a ratio of 15:1 (v:w). 

The mixture was then microwaved in a household microwave at 1100 W for 120 s then allowed to cool 

down to room temperature before the enzyme mixture was added at a ratio of 3:1000 (w:w). After 

adding the enzyme, the mixture was incubated at 55 °C for 8 h before being inactivated at 95 °C for 

15 min. This enzyme treatment condition was selected based on our preliminary investigation on the 

pretreatment condition (microwave or not) and enzyme concentration to obtain the optimal soluble 

fiber content. After inactivation, ethanol was added at a ratio of 4:1 (v:v) to precipitate the soluble fiber. 

The supernatant was then removed by vacuum filtration and the solid residue was collected and dried at 

60 °C until reaching a moisture content of 10–13%. After drying, the enzyme-treated cantaloupe rind was 

ground into powder using a hammer mill and sieved through a 0.210 mm (70 mesh) sieve. The powder 

that passed through the sieve was collected and stored at 4 °C until use.  

2.2.2. Dietary fiber content quantification 

Insoluble dietary fiber (IDF) and soluble dietary fiber (SDF) were determined using AOAC 

991.42 and 993.19 methods, respectively. 1 g of the sample was utilized for each quantification. The 

sample was successively subjected to incubation with α-amylase, protease, and glucoamylase enzymes 

to break down proteins and starches. After that, the quantification of soluble and insoluble fiber 

contents was carried out using the gravimetric method. 

2.2.3. Yogurt preparation 

For the preparation of the HCRP-fortified yogurts, hydrolyzed cantaloupe rind powder was added 

to milk at 0.5%, 1.0 %, and 1.5% (w/w). The resulting mixtures were homogenized using a high-

pressure homogenizer at 240 Kpa. After that, the mixture was heated at 75 °C for 30 min and then 

cooled in a water bath. Next, the freeze-dried, mixed-strain probiotic starter cultures were added to the 

milk at the ratio of 0.3% (w/w). Subsequently, the mixture was fermented at 43 °C for 2 h then poured 

aseptically into pots. After pouring, the mixture continued fermenting at 43 °C until pH reached 4.6 ± 

0.1 to produce yogurt. The yogurts prepared with the addition of 0.5%, 1.0%, and 1.5% HCRP were 

denoted as 0.5% HCRP, 1.0% HCRP, and 1.5% HCRP yogurt, respectively. The control yogurt, 

without HCRP addition, was prepared following the same procedure, with the exception that no 

homogenization step was done. All yogurts were stored at 4 °C before being analyzed.  

2.2.4. Measurement of syneresis 

The syneresis of yogurt was determined after being stored for 1, 8, and 15 days at 4 °C using a 

centrifugation method as described previously with a slight modification [36]. To measure syneresis, 

the yogurt samples were centrifuged at 500 g for 10 minutes at 4 °C. The supernatant obtained after 

centrifugation was separated and weighed. Syneresis was calculated using the following formula.  
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𝑆𝑦𝑛𝑒𝑟𝑒𝑠𝑖𝑠 =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 (𝑔)

𝑡𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑦𝑜𝑔𝑢𝑟𝑡 (𝑔)
× 100%      (1) 

2.2.5. Measurement of pH and titratable acidity (TA)  

The pH of yogurt was determined using a pH meter (HI2210, Hanna instruments, UK) after being 

stored at 4 °C for 1, 8, and 15 days. Total titratable acidity was quantified using the previously 

described method [20]. To determine total titratable acidity, 4 g of yogurt was mixed with 16 g of 

deionized water and the resulting mixture was titrated with NaOH 0.1 M until the pH reached 8.1. The 

titratable acidity (TA) was determined as follows. 

𝑇𝐴 (% 𝐿𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑) =  
𝑉𝑁𝑎𝑂𝐻 (𝐿)×0.1×90

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑦𝑜𝑔𝑢𝑟𝑡 (𝑔)
× 100      (2) 

2.2.6. Textural analysis 

The hardness and adhesiveness of the yogurt were determined using the TA.XTPlus texture 

analyzer (Stable Co., UK) equipped with a 25-mm-diameter cylindrical probe. Yogurt in each pot was 

delicately stirred for 10 s using a flat spatula, and then 85 g of yogurt was gently transferred into a 

sample container for texture analysis. The texture analyzer was set to a test speed of 0.5 mm/s, a test 

distance of 16 mm, and a trigger force of 5 g. The test was carried out at 25 °C, immediately after 

removing the sample from the refrigerator, ensuring that the temperature of the sample was nearly 4 °C. 

The hardness and adhesiveness were the maximum force and the negative area obtained from the force-

time curve, respectively [37]. 

2.2.7. Rheological analysis 

The rheological properties of yogurt were characterized using a MCR302 rheometer (Anton 

Paar, Germany) equipped with a cone-plate CP50-2 (diameter: 50 mm, angle: 2°) at 4 °C. The 

shear stress was performed with shear rate range of 0.1 to 250 s−1 to determine the flow behavior 

of the yogurt samples. The flow curves were fitted to the power law model: 𝜎 = 𝐾𝛾̇𝑛, where 𝜎 is 

the shear stress (Pa), K is the consistency index (Pa∙sn), n is the flow index (dimensionless), and 𝛾̇ is 

the shear rate (s−1). The apparent viscosity of yogurt during 15 days of storage was recorded at a 

constant shear rate of 50 s−1 [38]. The frequency sweep analysis was performed from 0.1 to 10 rad/s at a 

fixed strain of 0.5% (predetermined within the linear viscoelastic region) [39]. The storage modulus (G′), 

loss modulus (G′′), and loss tangent (tanδ = G′/G′′) were recorded during the test. 

2.2.8. Color analysis 

The color of the yogurt samples was analyzed using L*, a*, and b* color values derived from the 

CIE-Lab color system. Yogurt was transferred to a quartz cuvette and the L*, a*, and b* were recorded 

on a Model CR-300 colorimeter (Konica Minolta, Japan). The color difference ΔE between the 

fortified yogurts and the control yogurt was calculated by the formula [40]:  
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     (3) 

where 𝐿0
∗ , 𝑎0

∗ , and 𝑏0
∗ are the color values of the control yogurt without HCRP addition, and 𝐿∗, 𝑎∗, and 

𝑏∗ are the color values of the HCRP-fortified yogurts. 

2.2.9. Total phenolic content (TPC) and antioxidant activity 

For determination of TPC and DPPH, 1 mL ethanol was added to 1 g of the yogurt sample and 

the mixture was vortexed and placed at room temperature for 30 min before being centrifuged at 4500 

rpm for 30 min. The supernatant was collected and made up to 2 mL. The TPC was quantified using 

the Folin–Ciocalteu reagent spectrophotometric method [41] with a slight modification. 0.3 mL of 

sample extract was mixed with 1.45 mL deionized water and 0.25 mL Folin–Ciocalteu reagent. The 

mixture was placed at room temperature for 6 min. Next, 0.5 mL Na2CO3 20% (w/v) was added and 

the resulting mixture was placed at room temperature in the dark for 30 min before the absorbance at 

760 nm was recorded. The TPC was expressed as µg gallic acid equivalent (GAE)/ g yogurt. The 

antioxidant activity was determined using the DPPH (di(phenyl)-(2,4,6-trinitrophenyl) iminoazanium) 

assay [42]. The result was expressed as µmol Trolox equivalent (TE)/100 g yogurt. 

2.2.10. Statistical analysis 

All experiments were done in triplicate. The experiment results were displayed as the mean value 

with standard division (mean ± SD). One-way analysis of variance (ANOVA) and Tukey’s post hoc 

test were done using Statgraphics Centurion 18.1.12 (Statgraphics Technologies, Inc., VA, USA). 

A p-value less than 0.05 (p < 0.05) was considered statistically significant. Principal component 

analysis (PCA) was done using Statistica software. The data set for the PCA analysis consisted of 

yogurt attributes including pH, TA, hardness, adhesiveness, viscosity, K value, n value, G′, G′′, tanδ, 

syneresis, TPC, and DPPH activity. 

3. Results and discussion 

3.1. The dietary fiber content of HCRP 

The content of soluble and insoluble dietary fiber in the raw cantaloupe rind powder was 4.99 ± 

0.05 and 32.16 ± 0.15 g/100 g dw, respectively. After enzyme hydrolysis, the soluble fiber content of 

the HCRP increased by approximately 2 folds to 9.39 ± 0.06 g/100 g dw, while the insoluble fiber 

content decreased by approximately 20% to 25.92 ± 0.07 g/100 g dw. These results demonstrate that 

the hydrolysis of cantaloupe rind powder using cellulase and xylanase significantly enhanced the 

soluble dietary fiber content in the HCRP compared to the raw cantaloupe rind powder. 

3.2. Effect of HCRP fortification on the pH and titratable acidity of yogurt 

A decrease in pH and an increase in acidity was observed for all types of yogurt during the storage 

period (see Table 1) due to the continuing lactic acidification. Generally, within the first 8 days of 

storage, the pH of 1.5% HCRP yogurt was the highest, while its titratable acidity was the lowest among 

∆𝐸 =  (𝐿0
∗− 𝐿∗)2 + (𝑎0

∗− 𝑎∗)2 + (𝑏0
∗− 𝑏∗)2 
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all yogurt types. However, after 15 days of storage, there were no significant differences in pH among 

the yogurt samples. On day 1 of the storage period, the titratable acidity values of all HCRP-fortified 

yogurts were not statically significantly different. Additionally, the yogurts fortified with HCRP 

tended to have lower titratable acidity than that of the control yogurt. By day 15 of storage, the titratable 

acidity of the control yogurt was not statically significantly different from those of the 0.5% and 1.0% 

HCRP yogurts, but slightly higher than that of the 1.5% HCRP yogurt. Collectively, these observations 

indicate that the addition of HCRP at 1.5% may result in a reduction of the post-acidity during cold 

storage of yogurt. The decrease in acidity of yogurt resulting from dietary fiber addition was observed 

in a previous study where rice bran was added to yogurt [14]. This observation could be explained by 

the inhibitory effect of polyphenols present in dietary fiber sources, which can inhibit the bacteria 

activity, and thus reduce lactic acid production [14,43]. In addition, the increased viscosity of HCRP-

fortified yogurt (as discussed in the later section) can impede the diffusion of metabolites necessary 

for bacteria to produce lactic acid, leading to a reduction in lactic acid production. It should be noted 

that small variations in temperature among yogurt samples during storage are not excluded as a factor 

that can affect the activity of bacteria, resulting in changes in the production of lactic acid.  

Table 1. The pH and titratable acidity of the control yogurt and HCRP-fortified yogurts at 

different addition ratios measured on day 1, day 8, and day 15 of the storage period. 

 pH  

Control  0.5% HCRP 1.0% HCRP 1.5% HCRP 

Day 1 4.14 ± 0.05ᵃᴮ 4.18 ± 0.02ᵃC 4.17 ± 0.05ᵃᴮ 4.34 ± 0.02ᵇC 

Day 8 4.05 ± 0.02ᵃᴬ 4.10 ± 0.02ᵃᵇᴮ 4.11 ± 0.02ᵃᵇᴮ 4.15 ± 0.06ᵇᴮ 

Day 15 4.02 ± 0.01ᵃᴬ 4.02 ± 0.01ᵃᴬ 4.02 ± 0.02ᵃᴬ 4.02 ± 0.02ᵃᴬ 

 TA  

Control  0.5% HCRP 1.0% HCRP 1.5% HCRP 

Day 1 0.79 ± 0.02ᵇᴬ 0.73 ± 0.02ᵃᴬ 0.75 ± 0.00ᵃᵇᴬ 0.71 ± 0.00ᵃᴬ 

Day 8 0.85 ± 0.01ᵇᴮ 0.83 ± 0.02ᵇᴮ 0.83 ± 0.00ᵇᴮ 0.79 ± 0.00ᵃᴮ 

Day 15 0.95 ± 0.02ᵇC 0.91 ± 0.02ᵃᵇC 0.94 ± 0.01ᵇC 0.89 ± 0.01ᵃC 

Results are shown as mean ± standard deviation (n = 3). Values that do not share the same lowercase superscript letters (a–b) 

in the same row are significantly different (Tukey’s comparison test, p < 0.05). Values that do not share the same uppercase 

superscript letters (A–C) in the same column are significantly different (Tukey’s comparison test, p < 0.05). 

Hardness, which refers to the force required to attain yogurt deformation, is commonly used to 

assess yogurt texture [19,23]. Different impacts of dietary fiber addition on the yogurt hardness were 

reported. For instance, the addition of rice bran [14], pineapple peel [24], and orange fiber [21] powder 

were reported to reduce the hardness of yogurt. In these cases, it was explained by the weakened yogurt 

gel caused by the steric hindrance effect of fiber particles and the incompatibility between milk 

proteins and polysaccharides [21,24]. Conversely, the addition of apple pomace powder [19] and Lour 

fruit powder [43] were found to increase the hardness of yogurt. In these cases, the increase in hardness 

was explained by the increased total solid content and the increased density and rigidity of the yogurt 

gel network by the interactions between dietary fibers and polyphenols in the fiber sources with the 

yogurt protein matrix. In this study, a progressive increase in yogurt hardness was observed as the 

addition level of HCRP increased from 0.5 to 1.5% (see Table 2). Throughout the storage period, the 

HCRP-fortified yogurt generally exhibited higher hardness compared to the control yogurt, except for 

the 0.5% HCRP yogurt, which showed similar hardness to the control yogurt on day 8 and day 15. The 

storage time had minimal impact on the hardness of the yogurt, except for the control and 0.5% HCRP 
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yogurt, which experienced a slight increase from day 1 to day 15 of storage (Table 2). The rise in the 

yogurt hardness observed with the increase of the HCRP fortification level could indicate the formation 

of a stronger gel structure facilitated by the addition of HCRP. Previous studies have reported that 

dietary fibers can strengthen the gel structure of yogurt through various mechanisms such as increasing 

the viscosity of the continuous phase, immobilizing water due to their high water-holding capacity, the 

bridging effect, and acting as filler [18,44,45].  

3.3. Effect of HCRP fortification on the texture of yogurt 

Table 2. Hardness and adhesiveness of the control and HCRP-fortified yogurt at different 

addition ratios measured on day 1, day 8, and day 15 of the storage period. 

 Hardness (g) 

Control 0.5% HCRP 1% HCRP 1.5% HCRP 

Day 1 25.70 ± 0.96ᵃᴬ 28.83 ± 0.42ᵇᴬ 37.77 ± 0.67ᶜᴬ 41.23 ± 1.76ᵈᴬ 

Day 8 28.37 ± 1.33ᵃᴬ 32.80 ± 2.56ᵃᴮ 38.57 ± 1.97ᵇᴬ 46.63 ± 2.51ᶜᴬ 

Day 15 29.50 ± 2.62ᵃᴬ 34.90 ± 0.36ᵃᵇᴮ 39.83 ± 1.37ᵇᴬ 47.33 ± 3.40ᶜᴬ 

 Adhesiveness (g.s) 

Control 0.5% HCRP 1% HCRP 1.5% HCRP 

Day 1 22.14 ± 11.09ᵃᴬ 48.40 ± 5.91ᵃᴬ 135.28 ± 10.83ᵇᴬ 186.70 ± 20.41ᶜᴬ 

Day 8 30.88 ± 12.83ᵃᴬ 86.29 ± 23.52ᵃᵇᴮ 139.36 ± 17.26ᵇᴬᴮ 246.67 ± 52.77ᶜᴬ 

Day 15 47.07 ± 13.89ᵃᴬ 93.62 ± 2.16ᵃᴮ 169.87 ± 6.79ᵇᴮ 283.99 ± 50.36ᶜᴬ 

Results are shown as mean ± standard deviation (n = 3). Different lowercase superscript letters (a–d) within the same row 

are significantly different (Tukey’s comparison test, p < 0.05). Different uppercase superscript letters (A–B) within the 

same column are significantly different (Tukey’s comparison test, p < 0.05). 

The yogurt adhesiveness positively influenced the yogurt thickness and the stability of the yogurt 

gel [40]. High adhesiveness is often associated with a pleasant mouth-feel, improved texture properties, 

and enhanced yogurt stability [40]. During the 15-day storage period, the adhesiveness gradually 

increased as the HCRP addition level increased (see Table 2). Storage time slightly affected the 

adhesiveness. The 0.5% and 1% HCRP yogurts displayed higher adhesiveness values on day 15 

compared to day 1, while adhesiveness of the control and 1.5% HCRP yogurt remained largely 

unchanged throughout the entire storage period. Overall, the textural analysis indicated that the 

addition of HCRP resulted in an increase in the hardness and adhesiveness of the yogurt compared to 

the control yogurt during the 15-day storage period. 

3.4. Effect of HCRP fortification on the rheology of yogurt 

Figure 1 illustrates the change of the shear stress and the apparent viscosity of all of the yogurt 

samples as the shear rate increases. The steady-state flow test constants obtained from the power law 

model, including the consistency index (K) and flow behavior index (n), for each yogurt sample during 

storage are presented in Table 3. All yogurt samples displayed a flow behavior index (n) of less than 1, 

featuring the shear thinning pseudoplastic behavior of the yogurts [46]. Generally, the flow behavior 

index of fortified yogurts increased as the fortification level increased from 0.5% to 1.5% and the flow 

behavior index values of HCRP-fortified yogurts tended to be lower than that of the control yogurt. 
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The addition of HCRP resulted in a higher consistency index (K), with the higher addition level tending 

to be associated with a higher K value. The apparent viscosity values at 50 s−1 shear rate, which were 

suggested to have a strong correlation with sensory attributes such as thickness, stickiness, and 

sliminess for a wide range of viscous foods, are provided in Table 3 [38]. The addition of HCRP led 

to a substantial increase in the apparent viscosity throughout the entire storage period. Specifically, the 

apparent viscosity of 1.5% HCRP yogurt was generally 2 times higher compared to the control yogurt 

at the same storage time. There was a slight increase in the apparent viscosity of all yogurt types from 

day 1 to day 15 of storage. The increase in the consistency index and apparent viscosity of the yogurt 

with an increasing HCRP fortification level indicated that the addition of HCRP resulted in stronger 

gel structures. Previous studies have reported similar findings, where the incorporation of various fiber 

sources including passion fruit fiber [47], carrot soluble fiber [22], apple pomace [20], and jujube 

mucilage [39] resulted in a higher consistency index and apparent viscosity. Whereas the opposite 

effect on the viscosity was observed when rice bran [14] and pineapple peel powder [24] were added 

to yogurt. These variations in the viscosity could be attributed to the distinct characteristics of the fiber 

sources, especially the soluble and insoluble fiber content. The soluble fibers in HCRP can 

significantly contribute to increase the viscosity of the continuous phase. Meanwhile, they also can 

interact with the casein protein to strengthen the gel network [44], thereby increasing the consistency 

index and viscosity of the yogurt.  

 

Figure 1. Representative plots of shear stress-shear rate (left) and the viscosity curve (right) 

for the control and HCRP-fortified yogurt at different addition ratios analyzed on day 1 of 

the storage period. 

The storage modulus (G′) represents the elasticity of yogurt while the loss modulus (G′′) reflects 

the viscous property of yogurt. Figure 2 shows the dependence of the storage modulus (G′), loss 

modulus (G′′), and tanδ (ratio of G″/ G′) on angular frequency (ω) for different yogurt samples on 

day 1 of the storage period, as determined by the frequency sweep test. Consistent with previous 

studies [19,22,39], all yogurt samples displayed higher values of G′ than G′′ across all tested 

frequencies, and tanδ was consistently smaller than 1. These findings indicate the notable elasticity of 

the yogurt gel and predominantly solid-like property of the yogurt. 
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Table 3. Consistency index (K), flow behavior index (n), and apparent viscosity at 50 s−1 

of the control and HCRP-fortified yogurt at different addition ratios measured on day 1, 

day 8, and day 15 of the storage period. 

 Consistency index, K (Pa∙sn)  

Control 0.5% HCRP 1.0% HCRP 1.5% HCRP 

Day 1 2.27 ± 0.1ᵃᴬ 3.52 ± 0.36ᵇᴬ 3.98 ± 0.21ᵇᴬ 3.96 ± 0.16ᵇᴬ 

Day 8 2.34 ± 0.1ᵃᴬ 4.01 ± 0.14ᵇᴬᴮ 4.60 ± 0.07ᶜᴮ 5.06 ± 0.17ᵈᴮ 

Day 15 2.81 ± 0.05ᵃᴮ 4.46 ± 0.02ᵇᴮ 4.91 ± 0.11ᵇᴮ 6.17 ± 0.40cC 

 Flow behavior index, n  

Control 0.5% HCRP 1.0% HCRP 1.5% HCRP 

Day 1 0.39 ± 0.01ᵇᶜᴮ 0.34 ± 0.01ᵃᴮ 0.37 ± 0.00ᵇᴮ 0.40 ± 0.01cC 

Day 8 0.39 ± 0.01ᶜᴮ 0.32 ± 0.01ᵃᴬᴮ 0.34 ± 0.01ᵃᵇᴬ 0.35 ± 0.01ᵇᴮ 

Day 15 0.36 ± 0.01ᵇᴬ 0.31 ± 0.01ᵃᴬ 0.33 ± 0.00ᵃᴬ 0.32 ± 0.00ᵃᴬ 

 Apparent viscosity at 50 s−1 (mPa∙s) 

Control 0.5% HCRP 1.0% HCRP 1.5% HCRP 

Day 1 235.35 ± 5.37ᵃᴬ 313.82 ± 8.82ᵇᴬ 405.96 ± 19.91ᶜᴬ 441.39 ± 4.84ᵈᴬ 

Day 8 236.23 ± 6.04ᵃᴬ 330.54 ± 9.45ᵇᴬ 424.08 ± 11.45ᶜᴬ 475.60 ± 7.44ᵈᴬ 

Day 15 268.39 ± 4.77ᵃᴮ 355.47 ± 3.47ᵇᴮ 410.57 ± 11.45ᶜᴬ 514.49 ± 24.08ᵈᴮ 

Results are shown as mean ± standard deviation (n = 3). Values that do not share the same lowercase superscript letters (a–d) in 

the same row are significantly different (Tukey’s comparison test, p < 0.05). Values that do not share the same uppercase 

superscript letters (A–C) in the same column are significantly different (Tukey’s comparison test, p < 0.05). 

 

Figure 2. Representative plots showing the dependence of the storage modulus (G′), loss 

modulus (G′′), and tanδ (ratio of G″/ G′) on the frequency (rad/s) of the control and HCRP-

fortified yogurt at different addition ratios, characterized on day 1 of the storage period. 

To facilitate the comparison, G′, G″, and tanδ values recorded at 10 rad/s during storage were 

extracted and presented in Table 4. The addition of HCRP tended to increase both storage modulus 

and loss modulus of the fortified-yogurts during the storage period. These moduli at a 1.5% addition 

ratio were significantly higher than those of the control yogurt. The loss tangent tended to decrease as 

the HCRP ratio increased from 0 (control) to 1.5%. This indicates that the elastic property of the yogurt 
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became more dominant with the increased HCRP fortification and the addition of HCRP enhanced the 

solid-like property of fortified yogurt compared to the control yogurt.  

Previous studies have shown that the addition of jujube mucilage [39], guar gum [18], carrot 

soluble fiber [22], and apple pomace [19] to yogurt led to an increase in the value of G′ and G″. In 

contrast, the supplementation of rice bran and pineapple peel powder [24] resulted in a decrease in the 

G′ and G″ value. The results of this study suggest that the addition of HCRP may reinforce the casein 

network in yogurt, leading to the higher apparent viscosity, consistency index, storage and loss 

modulus, and lower loss tangent compared to the control yogurt. The reinforcement ability on the 

casein network was observed previously for dietary fiber materials such as okara fiber [45], apple 

pectin [23], and konjac glucomannan [23]. The soluble fibers in HCRP could strengthen the casein 

network through the electrostatic interactions, hydrogen-bonding interactions with casein proteins, and 

aggregation promoting effect, leading to smaller voids and larger protein clusters in the gel network [23,45]. 

Meanwhile, the insoluble fibers in HCRP can contribute to enhance the viscosity and solid-like 

property by contributing to increase the solid and insoluble fraction of the gel structure and to reduce 

the mobile fraction within the gel due to the high water absorption capacity [17]. However, it should 

be noted that insoluble fibers may also have a disruptive effect on the gel structure of yogurt due to 

their steric hindrance, which hinders the formation of the gel network [17,19,21]. The disruptive effect 

of soluble fibers that have strong electrostatic interaction with milk proteins such as carrageenan has 

also been reported [48]. The results of this study indicate that the yogurt gel was strengthened by the 

insoluble and soluble fibers present in the hydrolyzed cantaloupe rind powder and this strengthening 

effect overcame any potential disruptive effects caused by the dietary fiber.  

Table 4. Storage modulus (G′), loss modulus (G′′), and loss tangent of the control and 

HCRP-fortified yogurt at different addition ratios measured on day 1, day 8, and day 15 

of the storage period. 

 G′ at 10 rad/s (Pa) 

Control 0.5% HCRP 1.0% HCRP 1.5% HCRP 

Day 1 173.91 ± 13.49ᵃᴬ 362.26 ± 62.41ᵇᴬ 282.16 ± 56.87ᵃᵇᴬ 270.04 ± 31.8ᵃᵇᴬ 

Day 8 155.28 ± 10.59ᵃᴬ 277.41 ± 43.38ᵃᵇᴬ 305.11 ± 16.4ᵇᴬ 400.54 ± 91.29ᵇᴬ 

Day 15 241.66 ± 16.92ᵃᴮ 328.58 ± 44.38ᵇᴬ 288.30 ± 19.58ᵃᵇᴬ 415.55 ± 38.35ᶜᴬ 

 G′′ at 10 rad/s (Pa) 

Control 0.5% HCRP 1.0% HCRP 1.5% HCRP 

Day 1 50.34 ± 3.40ᵃᴬ 96.04 ± 12.22ᵇᴬ 68.21 ± 14.08ᵃᴬ 65.80 ± 6.48ᵃᴬ 

Day 8 40.95 ± 3.60ᵃᴬ 70.36 ± 10.44ᵃᵇᴬ 74.13 ± 4.75ᵃᵇᴬ 92.89 ± 22.40ᵇᴬ 

Day 15 60.26 ± 4.52ᵃᴮ 84.12 ± 11.67ᵃᵇᴬ 63.21 ± 5.27ᵃᴬ 92.40 ± 13.84ᵇᴬ 

  Loss tangent (tanδ) at 10 rad/s 

Control 0.5% HCRP 1.0% HCRP 1.5% HCRP 

Day 1 0.29 ± 0.01ᵇᴬ 0.27 ± 0.01ᵇᴮ 0.24 ± 0.01ᵃᴮ 0.24 ± 0.01ᵃᴬ 

Day 8 0.28 ± 0.02ᵇᴬ 0.26 ± 0.01ᵃᵇᴬᴮ 0.24 ± 0.01ᵃᴮ 0.23 ± 0.01ᵃᴬ 

Day 15 0.25 ± 0.01ᵇᴬ 0.26 ± 0.00ᵇᴬ 0.22 ± 0.00ᵃᴬ 0.22 ± 0.01ᵃᴬ 

Results are shown as mean ± standard deviation (n = 3). Values that do not share the same lowercase superscript letters (a–c) in 

the same row are significantly different (Tukey’s comparison test, p < 0.05). Values that do not share the same uppercase 

superscript letters (A–B) in the same column are significantly different (Tukey’s comparison test, p < 0.05). 
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3.5. The effect of HCRP fortification on the stability of yogurt 

The syneresis of the yogurt after 1, 8, and 15 days of storage is shown in Figure 3. Syneresis 

refers to the undesired phenomenon of yogurt where the gels spontaneously shrink, leading to the 

accumulation of the expelled liquid on the surface of yogurt. In this study, the syneresis of yogurt 

gradually decreased with the increase of the HCRP fortification level. On day 1, the control yogurt 

exhibited a syneresis value of 16.21% while the syneresis values for the 0.5%, 1.0%, and 1.5% HCRP 

yogurt were 10.77%, 9.78%, and 9.25%, respectively. The syneresis of the control and 0.5% HCRP 

yogurt was increased on day 8, while that of the 1.0% and 1.5% HCRP yogurt decreased compared to 

day 1. By day 15, the syneresis of all of the yogurt samples was lower than that on day 8 of storage. 

Collectively, these findings indicate that the addition of HCRP significantly improved yogurt stability. 

The improvement effect of HCRP in this study was concentration-dependent, with the lowest syneresis 

observed in the 1.5% HCRP yogurt, followed by the 1.0% and 0.5% HCRP yogurt, respectively. On 

day 1, the syneresis of the 1.5% HCRP yogurt was approximately half of the control. The improvement 

effect on syneresis was even more pronounced on day 15 of storage, with approximately 3 times less 

syneresis in the 1.5% HCRP yogurt compared to the control yogurt.  

 

Figure 3. Syneresis of the control and HCRP-fortified yogurt at different addition ratios 

measured on day 1, day 8, and day 15 of the storage period. Different lowercase letters (a–d) 

indicate significant differences in values for the same storage period (Tukey’s comparison test, 

p < 0.05). Different capital letters (A–C) indicate significant differences in values for the same 

type of yogurt across different storage periods (Tukey’s comparison test, p < 0.05). 

The reduction in syneresis in the HCRP yogurt with an increasing HCRP addition level could be 

attributed to the higher viscosity and stronger gel, as indicated by higher values of G' and G". These 

properties could inhibit the shrinkage of the gel network and help to retain more water in the HCRP-

fortified yogurt compared to the control yogurt. Additionally, the high water-holding capacity of 
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HCRP can also contribute to preventing water expulsion from the yogurt structure. Similar results 

regarding the reduction of syneresis were observed when 0.25% partial hydrolyzed guar gum [18], 

0.5–1.5% orange fiber [25], 10% red beetroot [49], and 2.0–3.0% of rice bran [14] were added to the 

yogurt recipe before fermentation. However, the increase in syneresis was also observed when 0.5% 

partially hydrolyzed guar gum and 0.1% orange pectin fiber [18] or 1% pineapple peel [24] were added 

to the yogurt recipe, which was explained by the weakening effect of these materials on the gel 

structure. The difference in the effect of dietary fiber addition of different sources on the syneresis 

could arise from the variations in the nature of fiber sources, soluble and insoluble fiber contents, and 

yogurt preparation methods, which should be further investigated. It should be noted that the insoluble 

fiber fraction has mixed effects on the yogurt stability. On one side, it can immobilize the whey within 

the casein network due to their high water-holding capacity, thereby reducing the syneresis [18]. On 

the other side, it can pose steric hindrance to the formation of the yogurt gel network [21], thereby 

weakening the gel and enhancing syneresis. Depending on which effect is dominated, the insoluble 

fiber can contribute to either an increase or decrease of syneresis [17,18]. In this study, the stabilization 

effect of insoluble and soluble fibers in HCRP dominated the destabilization effect of insoluble fiber, 

resulting in reduced syneresis of the HCRP-fortified yogurt compared to the control yogurt. 

3.6. The effect of HCRP fortification on the color of yogurt 

The color parameters (L*, a*, b*) showed significant differences (p < 0.05) among the various 

yogurt types, as presented in Table 5. The lightness (L*) value decreased as the level of HCRP addition 

increased. The green/red (a*) indicator was negative in the control and 0.5% HCRP yogurt, while it 

was positive in the 1.0% and 1.5% HCRP yogurt. This indicates that the addition of HCRP resulted in 

a shift toward a reddish hue in the yogurt. The blue/yellow (b*) indicator increased with higher levels 

of HCRP addition, indicating that the fortification of HCRP enhanced the yellowish color of the yogurt. 

The color difference value (ΔE) of the 0.5% HCRP and control yogurt was less than 5 (see Table 5), 

implying that the naked eye may not perceive the color difference between the 0.5% HCRP yogurt and the 

control yogurt. Meanwhile, the color difference values of 1.0% and 1.5% HCRP yogurt were higher than 

5 (see Table 5), indicating that the color difference between these two yogurts and the control yogurt can 

be visually perceived [50]. Previous studies reported that the alternation in color can impact the sensory 

assessment of yogurt [21,51,52]. Therefore, the color change resulting from the addition of HCRP to yogurt 

could affect the sensory perception of the HCRP-added yogurt, which should be further investigated. 

Table 5. L*, a*, and b* values of the control and HCRP-fortified yogurt at different 

addition ratios measured at day 15 of storage. 

 Color parameters 

Control 0.5% HCRP 1.0% HCRP 1.5% HCRP 

L* 93.61 ± 0.23ᵈ 89.85 ± 0.52ᶜ 86.11 ± 0.41ᵇ 82.45 ± 0.14ᵃ 

a* −0.78 ± 0.01ᵃ −0.31 ± 0.05ᵇ 0.16 ± 0.02ᶜ 0.39 ± 0.02ᵈ 

b* 8.41 ± 0.17ᵃ 10.81 ± 0.23ᵇ 13.05 ± 0.44ᶜ 15.58 ± 0.24ᵈ 

ΔE 0 ± 0ᵃ 4.49 ± 0.77ᵇ 8.87 ± 0.83ᶜ 13.32 ± 0.49ᵈ 

Results are shown as mean ± standard deviation (n = 3). Values that do not share the same lowercase superscript letters (a–d) 

in the same row are significantly different (Tukey’s comparison test, p < 0.05).  
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3.7. The effect of HCRP fortification on the total phenolic content and antioxidant property of yogurt 

The total phenolic content (TPC) and antioxidant activity of the yogurt were quantified on day 15 

of storage and presented in Figure 4. The addition of HCRP resulted in a gradual increase in the TPC 

and antioxidant activity of the yogurt. It should be noted that the detection of TPC in the control yogurt 

could be attributed to the limitations of the Folin–Ciocalteu assay, which relies on a redox reaction 

with the Folin reagent. Reducing sugar and other reducing agents, such as reducing amino acid side 

chains, present in the control yogurt may also react with the Folin reagent, leading to interference with 

the result. The detection of TPC in the control yogurt was observed previously [43]. The TPC of 1.5% 

HCRP yogurt was approximately 1.6 times higher compared to the control yogurt. The antioxidant 

activity determined by the DPPH assay was not detected in the control yogurt, while it was 5.13, 8.48, 

and 10.62 µmole TE/g yogurt in the 0.5%, 1.0%, and 1.5% HCRP yogurt, respectively. Increasement 

in TPC and antioxidant activity was generally reported with the addition of fruit by-product such as 

apple pomace powder [51], orange fiber [25], and grape pomace [53]. 

 

Figure 4. Total phenolic content (TPC) and antioxidant activity quantified by DPPH assay 

of the control and HCRP-fortified yogurt at different addition ratios measured on day 15 of 

the storage period. Different lowercase letters (a–d) indicate significant differences in values 

within the same quantification (Tukey’s comparison test, p < 0.05). n.d. = not detected. 

3.8. Principal component analysis (PCA) 

Principal component analysis was carried out to investigate the relationships among 

physiochemical, textural properties, rheological properties, syneresis, color, and antioxidant properties 

of the HCRP-fortified yogurt. The results of the PCA are shown in Figure 5 and Table S1. The first 

component (PC1) and second component (PC2) explained for a total 86.31% of the total variance in 

which PC1 accounted for 74.93% and PC2 accounted for 11.38%, suggesting that the PC1-PC2 plot 

could reflect the majority of the contribution of the variables. Based on Figure 5A, it can be observed 

that yogurt samples from each group of the control, 0.5% HCRP, 1.0% HCRP, and 1.5% HCRP form 
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distinct and separated clusters, indicating the significant difference in the properties of these four 

yogurt groups. In Figure 5B, the adjacent dots indicate that the corresponding variables are positively 

correlated while the opposite dots indicate that the corresponding variables are negatively correlated. 

The correlation coefficients of variables are shown in Table S1. There are strong positive correlations 

between hardness, adhesiveness, viscosity, K value, G′, G″, TPC, DPPH, a*, and b* while these 

variables are negatively correlated to syneresis, n value, tanδ, TA, and L*. Collectively, the principal 

component analysis pointed out that the addition of HCRP to yogurt at different ratios significantly 

influenced the yogurt properties. Additionally, the syneresis of yogurt was shown to have strong 

negative correlations with hardness, adhesiveness, viscosity, K value, G′, and G″ while being 

positively correlated with the n value, TA, and tanδ (see Table S1). 

 

Figure 5. Principal component analysis of yogurt with different HCRP addition levels. (A) 

PCA scores plot of samples belonging to the control, 0.5% HCRP, 1.0% HCRP, and 1.5% 

HCRP yogurt. (B) Variable correlation plot showing the relationship between yogurt attributes.  

4. Conclusions 

This study highlights the potential utilization of enzymatically hydrolyzed cantaloupe rind 

powder for producing functional yogurt with enhanced structure. The addition of 0.5–1.5% of HCRP 

to yogurt resulted in significant improvements in stability, hardness, viscosity, and gel strength of the 

yogurt. The effectiveness of HCRP in improving these properties was observed to be concentration-

dependent, with higher HCRP concentrations exhibiting greater efficacy. The syneresis of the 1.5% 

HCRP yogurt decreased by approximately three times compared to the control yogurt by the end of 

the storage period. Furthermore, the addition of HCRP significantly enhanced the antioxidant property 

and total phenolic content of the yogurt. To gain further insights into the effects of HCRP 

supplementation on yogurt quality and microstructure, microbial and sensory analysis using different 

methods such as hedonic testing and check-all-that-apply (CATA) of the HCRP-fortified yogurt should 

be conducted. Additionally, evaluation of prebiotic activities of HCRP can be carried out to access the 

health benefits of HCRP. The knowledge obtained from these studies would contribute to the 

development of functional yogurts with improved quality using fruit by-products, thereby reducing 

waste in the food industry, generating additional economic value for food producers, and contributing 

to the achievement of sustainable development goals. 
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Supplementary 

Table S1. Correlation coefficients for the relationship among yogurt attributes. 

 
pH TA hardness adhesiveness viscosity K n G' G" tanδ TPC DPPH syneresis L* a* b* 

pH 1.0000 
               

TA 0.0224 1.0000 
              

hardness −0.0025 −0.6992 1.0000 
             

adhesiveness −0.0185 −0.6474 0.9545 1.0000 
            

viscosity −0.0473 −0.7062 0.9804 0.9698 1.0000 
           

K −0.0346 −0.7237 0.9581 0.9379 0.9873 1.0000 
          

n 0.0196 0.5269 −0.4901 −0.4415 −0.5696 −0.6906 1.0000 
         

G' −0.0157 −0.8158 0.8007 0.8300 0.8359 0.8534 −0.5912 1.0000 
        

G" 0.0441 −0.7961 0.6010 0.6172 0.6246 0.6722 −0.5863 0.9375 1.0000 
       

tan 0.2076 0.1092 −0.6296 −0.6718 −0.6740 −0.6086 0.1560 −0.2770 0.0698 1.0000 
      

TPC 0.0065 −0.6590 0.8748 0.8244 0.9170 0.9538 −0.7813 0.7437 0.5712 −0.5929 1.0000 
     

DPPH −0.0175 −0.5995 0.9115 0.8955 0.9528 0.9607 −0.6633 0.7426 0.5145 −0.7368 0.9729 1.0000 
    

syneresis 0.0330 0.5617 −0.9282 −0.9100 −0.9569 −0.9558 0.6159 −0.7117 −0.4704 0.7702 −0.9555 −0.9944 1.0000 
   

L* 0.0491 0.6353 −0.9520 −0.9503 −0.9818 −0.9662 0.5617 −0.7631 −0.5184 0.7607 −0.9280 −0.9790 0.9830 1.0000 
  

a* −0.0536 −0.5679 0.9348 0.9177 0.9644 0.9604 −0.6047 0.7311 0.4879 −0.7759 0.9499 0.9929 −0.9983 −0.9848 1.0000 
 

b* −0.0869 −0.6501 0.9503 0.9491 0.9822 0.9658 −0.5570 0.7850 0.5440 −0.7521 0.9249 0.9759 −0.9774 −0.9976 0.9817 1.00000 
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