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To evaluate the efficiency of the oil-reducing properties of kombucha cellulose, enzymolysis and microwave-assisted enzymolysis methods were developed. The water-holding capacity of the kombucha cellulose hydrolysates formed by these two methods was higher than for the intact kombucha cellulose, while the oil-holding capacity was lower. The hydrolysates of kombucha cellulose and the intact kombucha cellulose were used to make deep-fried donuts. During this process, kombucha cellulose hydrolysates were added instead of 2% flour, and from the results, the oil content of the donut decreased significantly from ~28 to 15%, and the reduction was not related to the processing of the donut. The hardness and brittleness of all samples showed no significant change, and these samples had similar internal micro-structures, confirming texture profile analysis. In vitro digestion results suggested that there would be no adverse health effects from substituting kombucha cellulose hydrolysates in the deep-fried donut formula.
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Introduction

Kombucha is a functional fermented tea with a sweet and sour taste. This kind of beverage usually contains sugars, polyphenols, organic food acids, fibers, ethanol, amino acids, vitamins, and essential minerals (Kapp and Sumner, 2018). It is a symbiotic colony of yeasts (mainly Acetobacter xylinoides and Acetobacter ketogenum) and bacteria (Tran et al., 2020). It was first produced in the northeast of China around 220 BC, and in recent years, it has gained tremendous popularity in Europe and America (Kim and Adhikari, 2020). Kombucha is a functional beverage, which has shown the fastest growth in the markets due to its beneficial effect on human health (Kim and Adhikari, 2020). There has been an increase of up to 30% annually to kombucha retail sales worldwide since 2017, and over the next few years, the market in the United States is expected to expand at a pace of 17.5%. During fermentation, a by-product, kombucha cellulose hydrolysates, is formed by acetic acid bacteria as a cellulose biological film in the liquid–air interface. Unlike the celluloses derived from plants, it shows excellent mechanical strength, a high degree of water absorption, high purity, and a high degree of polymerization, and it does not contain hemicellulose or lignin (Oliveira et al., 2017). Kombucha cellulose was first regarded as a waste product in the process of fermentation, although this biomaterial has recently been applied to different fields due to its diverse physical and chemical properties. For example, it has been used in forming hydrogel cellulose (Esa et al., 2014) and in the pyrolytic generation of graphene oxide (Amarasekara and Wang, 2021). It has also been shown to reduce Escherichia coli in the dairy shed effluent (Laurenson et al., 2021) and is used to fabricate electrolyte membranes (Vilela et al., 2018). However, in these previous studies, structural modifications of the cellulose have been chemically derived, and there has been no investigation of kombucha cellulose as a functional food.

Deep frying is a quick and suitable food preparation process. It provides distinctive sensory properties, making the food crunchy on the outside, with a soft and moist interior that customers from different countries love. There are many typical deep-fried desserts in Western countries, and the deep-fried donut is prominent among them. Customers favor the fried donut due to its unique flavor, crispy texture, and sweet taste (Saguy and Dana, 2003).

Because there is a great amount of oil in deep-fried food products, it is considered unhealthy. Studies have found that an excessive oil intake can cause hypertension and obesity (Peter et al., 2018). The oil content of raw fish can be as much as 190 g/kg, up from approximately 20 g/kg after frying (Barbara et al., 2016), while the oil content of deep-fried chips can reach approximately 400 g/kg (Kita and Golubowska, 2007). In general, after deep frying, the oil content of food can reach up to one-third of its overall weight (Mia et al., 2017). According to research, the oil level in deep-fried food products may be successfully lowered by using specific substances in the batter formula. For instance, adding 10 ml/L methylcelluloses and 5 ml/L sorbitol into the batter of deep-fried potatoes can significantly decrease its oil content by 40.6% (Bo et al., 2017). Another study increased the proportion of wheat flour from 1 to 5% in soybean hull-coated frying batter, and the oil content of the final deep-fried food was reduced from 244 to 33 g/kg (Oke et al., 2018). However, few studies have been reported on decreasing the oil content in deep-fried foods and the effects of water- and oil-holding capacities of FPH on the oil content of deep-fried foods.

In this study, cellulose from kombucha was applied as a sample. This study aims to analyze the several preparation procedures for the water-holding and oil-holding capabilities of hydrolysates made from kombucha cellulose. Furthermore, we report the impacts of kombucha cellulose hydrolysates on the reduction of oil content and the texture profiles for deep-fried foods.



Materials and methods


Materials

Constituents bought from a local market were used to prepare the kombucha. First, a sugared liquid solution was prepared by adding 100 g of sucrose in 800 ml of distilled water and heated for 15 min at 98°C. At first, 4 g green tea was soaked in the sugared liquid for 12 min and then filtered to remove leaves. The mixture's temperature was reduced to 25°C, then inoculated with 600 ml kombucha (Shenzhen Care Pack Co. Ltd.) to begin fermentation. The cellulose film for kombucha was produced after a 15-day fermentation of the culture.



Kombucha cellulose purification

The film was dipped in distilled water for 2 days. Filtration of kombucha was performed by the Buchner funnel to eliminate bacteria and impurities from the mixture. Then, the filtered sample was treated with 1 M NaOH at 50°C for 12 h, which was then neutralized for 1 h by using 1% glacial acetic acid. A neutral pH of washing water was achieved by washing the kombucha cellulose in distilled water and freeze-dried it for further use.



Kombucha cellulose hydrolysates produced using the enzymatic treatment and microwave-intensified enzymatic treatment

Commercial cellulase was used to perform the enzymatic treatment. The cellulase enzyme activity in the kombucha–cellulose mixture with a concentration of 10% (w/v) was 300 leucine aminopeptidase units per gram (LAPU/g). One aminopeptidase unit per gram (LAPU/g) is the amount of enzyme that hydrolyzes 1 μmol of leucine-p-nitroanilide in 60 s. To reach these optimal conditions, the kombucha–cellulose mixture temperature was set to 50°C and the pH was set to 7–8 (adjusted to a neutral pH in 2.2). A water bath was used to perform a 1-h enzymatic treatment with an enzyme:substrate ratio of 1.0% (w/w). A microwave synthesis laboratory station (Milestone S.r.L, Sorisole (BG), Italy) was used to perform the microwave-intensified enzymatic treatment at 500 W. The enzyme:substrate (E:S) ratio was set at 1.0% (w/w) for 10 min.

Following each process, enzyme activity was restricted by boiling at 100°C for 10 min. The processed hydrolyzed solution was centrifuged at 4,000 × g for 30 min, resulting in two layers: an unhydrolyzed, insoluble cellulose precipitate layer at the bottom and a hydrolyzed, soluble cellulose hydrolysate liquid layer on the top. The top layer was collected and freeze-dried. Cellulose hydrolysate powder was stored in sealed 50 ml tubes in a desiccator at room temperature.



Determination of oil-holding capacity

Determination of the oil-holding capabilities was done with the method by Zhang et al. (2015). In brief, the 1 g sample was weighed in a centrifuge tube. A total of 9 g of canola oil was added and well mixed using a vortex mixer and subsequently allowed to stand at room temperature. The oil-holding capacity was recorded by calculating the weight of the oil that was absorbed by the 1 g sample, compared with the original 9 g of canola oil.



Determination of water-holding capacity test

Bowker and Zhuang (2015) method, with a few modifications, was used to determine the water-holding capacity. A total of 1 g of sample was mixed with 5 g of ground fresh carp fish mince, and then added 8 g of tap water. Further, the sample was incubated at 50°C for 1 h, followed by centrifugation at 340 × g for 10 min, and the weight of the supernatant was recorded. The weight difference between the supernatant and added water measured the water-holding capacity.



Particle size distribution of kombucha cellulose and kombucha cellulose hydrolysates

Dynamic light scattering (DLS) (Nano ZS90, Malvern instruments, Worcester, UK), was applied to measure the particle size distribution. The freeze-dried samples were crushed and dispersed in water with a concentration of 2% (w/v) for DLS studies. Based on the particle sizes, the time-dependent fluctuations of light scattered were measured using a Malvern zeta-sizer instrument.



Deep-fried donut production

The dough and donut were prepared by the proposed method of Sirichokworrakita et al. (2015) with slight modifications. To prepare the control sample, 3 g of yeast was weighed, and 10 ml of water was added and incubated for 20 min. Further, the dough's control sample was prepared by adding 40 g of sugar, 2 g of salt, and 3 g of yeast to the 100 g of flour and mixed until the dough base was fully developed. As for the other samples, 2 g of 100 g flour was replaced with kombucha cellulose hydrolysates or kombucha cellulose. In a pan, 60 ml of milk and 15 g of butter were heated. Melted butter was added to the dough mixer. Then, two drops of vanilla extract and a whole egg (110 g) were added in a mixing pan followed by adding the sunflower oil. The dough was covered with a bowl cover and incubated for 2 h at room temperature. Once the dough volume increased, it was placed on a clean flat surface. The 3 cm diameter round donut cutter was used to shape the donuts after being rolled to a thickness of 1.27 cm. Then, donuts were deep fat fried into 2 L of sunflower oil (purchased from a local market) approximately for 4 min at 150°C (Zolfaghari et al., 2013; Arash et al., 2018). Furthermore, we took out the donuts from the frying pan and drained any remaining oil using absorbent paper. The processed donuts were cooled at room temperature, placed in high-density polyethylene, and kept for further analysis.



Measurement of texture profile analysis

Texture profile analysis (TPA) was used to measure deep-fried donuts' hardness (g) and brittleness (mm). After deep frying, the donuts were cut immediately into a cylindrical form. The height of the cut samples was 2 cm, and the diameter was 2.5 cm. Further, the texture of the samples was analyzed by putting them in a specimen of texture analyzer, Perten Instruments 31, SE-126, 53, Hagersten, Sweden) and analysis was performed with a speed of 2.0, 1.0, and 2.0 mm/s, for pre-test, test, and post test, respectively; and 50% sample deformation. After each compression, the force deformation graph was recorded by the analyzer to calculate the hardness and brittleness of the samples (Figure 1).
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FIGURE 1
 Instrumental texture analysis yielded a force–displacement curve that displayed hardness and brittleness.




Determination of donut internal micro-structure

The donut's internal structure was measured with a scanning electron microscope (SEM) (Alto 2100, Gatan Ltd., Abingdon, UK), and by the method followed by Vos et al. The colonial-shaped samples were cut by a Stanley knife with a diameter of 1.5 mm × 1.5 mm, and samples adhered to gold stage. Further, the samples were frozen in liquid nitrogen. In the sample preparation room, the head of the specimen shattered, and furthermore, the sublimation of samples was done at −90°C. The internal structure of the samples was analyzed at 30 kV with 5.0 spot values to see and evaluate the interior micro-structure.



Determination of water and oil contents

The water and oil content was determined with the ethylene to deaminate AOAC procedures 950.46 and 960.3928, respectively.



In vitro digestion

The in vitro digestibility of the sample (donut) was determined with a method by Gao et al. (2016). In brief, the 2.5 g of doughnut and 30 ml of distilled water were mixed in a biopsy pot. Further, we put in a heated magnetic stirring block (IKAAG RT 15, IKA-Werke GmbH & Co., Staufen, Germany), and after 10 min of stirring at 37 °C, we prepared the solution with 0.8 ml HCL (1 M) and 1 ml pepsin (10%) and added in 0.05 M HCl to imitate the stomach digestion. Then we stopped the digestion process after 30 min using 2 ml NaHCO3 (1 M). Therefore, 5 ml sodium maleate (0.1M) buffer having pH 6, and 5 ml of 2.5% pancreatin solution in 0.1 M sodium maleate buffer with pH 6 were added to start small intestine digestion, which was continuously stirred for ~120 min. Moreover, we took 1 ml aliquots before the addition of the pancreatin and added them to 4 ml ethanol at different time intervals such as 20, 60, and 120 min. To analyze reducing sugar content [3,5-dinitrosalicylic acid (DNS) method], samples were kept at 4°C. Allotted into trapezoids, the graph area under the curve (AUC) was determined. After being freeze-dried, the digest supernatants were put in storage at 20°C.



Statistical analysis

After three replications of each measurement, the data were presented as means with standard deviations. To conduct the statistical analysis, Minitab was used to apply a one-way analysis of variance (ANOVA) and the least significant difference (LSD). The F value at a probability (p) ≤ 0.05 was used statistically to determine the significance.




Results and discussion


The oil-holding and water-holding capacities of kombucha cellulose and kombucha cellulose hydrolysates

The oil-holding capacities are shown in Table 1. Any liquid oil can be used in the measurement of oil-holding capacity with the same principle: The oil-holding capacity was recorded by calculating the weight of the oil that was absorbed by 1 g of the sample, compared with the original weight of the oil. Considering that canola oil is one of the cooking oils that is the easiest to be sourced in the market, and many previous studies used canola oil for oil-holding capacity measurement (Li et al., 2020; Hadi and Sudiyono, 2021), this study also selected canola oil for the measurement of oil-holding capacity.


TABLE 1 Oil-holding and water-holding capacities of samples from various processing techniques.
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The analysis stated that the oil-holding capacities of kombucha cellulose hydrolysates were significantly reduced as compared to the original kombucha cellulose (16.56 g oil/g). The lowest oil-holding capacity was shown with kombucha cellulose hydrolysates produced by microwave-intensified enzymatic treatment (2.18 g oil/g sample), which is a reduction ratio of ~88%. It has been reported that the size reduction of biomaterials may cause the reduction of its oil-holding capacities. For example, He et al. (2012) reported that the oil-holding capacity dropped from its highest capacity of 14.77 g oil/g sample to the lowest capacity of 4.45 g oil/g in fish protein after its molecular weight was reduced from above 100 kDa to 0–30 kDa via enzymatic hydrolyzation, which is a reduction ratio of ~71%. The oil-holding capacity of the kombucha cellulose hydrolysates that were produced via microwave-intensified enzymatic treatment was significantly lower than other samples (2.18 g/g in comparison with 6.11 and 16.56 g/g). The DLS measurement demonstrated a substantial reduction in particle size from kombucha cellulose (Kashcheyeva et al., 2019) to kombucha cellulose hydrolysates produced from microwave-intensified enzymatic treatment (Kashcheyeva et al., 2019) (Figure 2), which is consistent with previous findings. However, as observed by SEM (Figure 3), the kombucha cellulose showed network micro-structures cross-linked by multiple long chains of intact cellulose fibers. By contrast, after hydrolyzation, the cross-linked network micro-structure was dismantled due to the multiple long chains of intact cellulose fibers being broken down into tiny pieces through hydrolyzation and therefore unable to form a network. The better the cross-linked network of microstructures in the bio-materials, the more oil it could entrap in this micro-structure, increasing its oil-holding capacity (Tanti et al., 2016). This combinatorial effect of a reduction in particle size and dismantling of the cross-linked network micro-structure caused by enzymatic hydrolyzation explains the higher reduction ratio of the oil-holding capacity.


[image: Figure 2]
FIGURE 2
 DLS data at 25°C (He–Ne laser 633 nm; detector angle 173°) for original kombucha cellulose, kombucha cellulose hydrolysates produced via enzymatic treatment, and kombucha cellulose hydrolysates produced using microwave-intensified enzymatic treatment.
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FIGURE 3
 The internal images of (A) original kombucha cellulose. (B) Kombucha cellulose hydrolysates produced via enzymatic treatment. (C) Kombucha cellulose hydrolysates produced via microwave-intensified enzymatic treatment.


The kombucha cellulose hydrolysates showed a higher water-holding capacity than the kombucha cellulose. It has been reported that kombucha cellulose has a high level of hydrophilicity (Guzel and Akpinar, 2020). This refers to abundant hydrophilic groups of kombucha cellulose that are exposed to the surroundings. The increased hydrophilic groups during the hydrolyzation process are the reason for the improved water-holding ability of kombucha cellulose. Furthermore, a higher frequency of exposed hydrophilic groups led to a lower frequency of exposed hydrophobic groups, and after hydrolyzation, it also contributes to the reduction of oil-holding capacity.

It is noteworthy that though the microwave-intensified enzymatic processing period (10 min) was significantly shorter than the time taken for enzymatic treatment (1 h), it was more efficient in terms of hydrolyzation, as indicated by the smaller particle size and the oil-binding capacity of the kombucha cellulose hydrolysates produced. The heat is transmitted from the outside, which caused delays with traditional heating techniques (such as heating water baths). This delay was quickly reduced by the electromagnetic energy heating of microwave irradiation (Thostenson and Chou, 1999). Microwaves heat evenly from the inside samples (Su et al., 2022).



Donuts water and oil contents

Table 3 lists the water and oil content of deep-fried donuts processed using different preparation methods. The oil content of the donuts processed with kombucha cellulose hydrolysates was ~15.32%, while control samples had an oil content of 28.11%. There was no discernible change between the donut oil content of the control sample and that of the sample with the addition of the original kombucha cellulose. The oil-holding capacity is very important in food products, and ingredients with different oil-holding capacities have been studied and employed to control the oil content and structure of food products (Rajan et al., 2014). It is reasonable to believe that the oil contents of deep-fried donuts with FPH from various treatments would be positively correlated with the oil-holding capacities of samples from different treatments. However, this correlation could not be established due to the model of the deep-fried food products. First, while frying, the donut was not evenly in contact with the oil; moreover, the major inner part of the donut was not in contact with the oil. The mechanism for the volume ratio of the outside (crust) to the inner part of deep-fried foods has been studied by (Kumar et al., 2014), and the oil does not penetrate deeply into the interior during deep frying. The thickness of the food crust during deep frying is ~6 mm, while the oil in the outside crust can be 6–10 times greater than that which is absorbed by the inner parts. On average, there may be no discernible variation in the oil content of the complete deep-fried food product.

However, Table 3 indicated a positive correlation between the oil content in the donut crust and the oil-holding capacity of the samples. It is also noticeable that the oil content in the crust was much higher than that in the entire donut after deep frying (Table 3), while a lower water content was observed in the whole donut (Table 2).


TABLE 2 Water and oil content of deep-fried donuts produced using various techniques.
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The oil content of the deep-fried donuts (Table 1) and their water-holding capabilities (Table 2) were correlated. The samples' ability to retain water increases as oil concentration decreases. Because of the higher water-holding capacity, the water content after deep frying was higher. The oil content of fried food is affected by its water content. An increase in oil content is related to a reduction in water content. After the water is removed from fried food, oil can easily penetrate into it. The temperature of the food surface rapidly rises with the addition of heated oil, resulting in immediate boiling of the water on the food surface (Giuseppe and Camilla, 2015). This leads to low water content and surface porosity on the crust of the deep-fried food (Table 3). The crust structure has many voids for oil to penetrate the interior. Free water is more easily evaporated than bound water. Kombucha cellulose hydrolysates have a strong water-holding capacity. The water inside the donut evaporates more slowly, lowering the number of holes for oil to enter, resulting in low oil content.


TABLE 3 Water content and oil content of deep-fried donut crusts made using different processes.
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Texture analysis of donuts

A texture analyzer was used to measure the influences of water and oil content on the texture of deep-fried donuts. While testing, the samples were compressed two times to mimic chewing behavior by a human. Amada et al. subjected different extruded snacks to TPA and a sensory test (Di et al., 2014) and analyzed the adhesiveness, hardness, fracturability, crispness, and chewiness of extruded snacks, although different snack food shapes could also cause different sensory profiles. The two most crucial parameters in the TPA test for foods produced using flour were hardness and brittleness (Amanda and Ana, 2014). Table 4 shows the hardness and brittleness of kombucha cellulose, kombucha cellulose treated with enzyme and microwave, and deep-fried kombucha cellulose without cellulose as a control sample. The results showed that the brittleness of kombucha cellulose treated by an enzyme (13.88 ± 3.60) and microwave (11.76 ± 1.71) increased as compared to control sample (10.83 ± 2.63). while it could be noticed that brittleness of microwave-assisted kombucha cellulose decreased as compared to enzymatic treatment. Further analysis of the hardness of these samples revealed that enzymatic- (17.21 ± 1.73) and microwave (17.31 ± 1.39)-treated kombucha cellulose exhibits more hardness compared to the control sample (16.88 ± 2.03). The characteristics of deep-fried donuts manufactured using various procedures, and these two parameters revealed no significant changes across samples, although the water and oil content of the deep-fried donuts made using various methods differed (Table 2). Deep-fried food products' textures are impacted mainly by their soft and wet core, while the exterior crust offers sensory qualities, that is, color and flavor. It also shows that their impact on the water lost during the deep-frying process is primarily free water (Huanghuang et al., 2017).


TABLE 4 Brittleness* and hardness* of deep-fried donuts made using various techniques.
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However, there was no more water loss from the control sample (with no additional ingredients) when compared with the deep-fried donut produced with the addition of kombucha cellulose or cellulose hydrolysates. According to (Koerten et al., 2017), a significant shift in the free water percentage from 50 to 30% had little impact on the food items' textural characteristics, and they demonstrated how the mechanically trapped water primarily influenced the food textural attributes.



Micro-structures of donuts

Scanning electron microscopy is a dependable method for exploring the inner micro-structures of matrices in food products (Koerten et al., 2017). The texture profile of the food can be determined by using structured matrices (Wilkinson et al., 2000). Shan et al. (2010) found that steam-cooked kamaboko with a pre-treatment of carp mince washed with aqueous H2O2 under optimal conditions possessed the highest degree of chewiness and hardness because of its more regular, cross-linked inner micro-structure. Figure 4 shows the images of deep-fried donuts produced using different processes. There were no significant inner structural differences, indicating the similarity of textures in deep-fried donuts produced using different methods. This finding was in accordance with the relationship between the texture of deep-fried kamaboko and its inner structure reported by Zeng et al. (2018).
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FIGURE 4
 The micro-structures of deep-fried donuts are produced using different processing methods. (A) Kombucha cellulose, (B) Kombucha cellulose produced via enzymatic treatment, (C) Kombucha cellulose produced via microwave-intensified treatment, and (D) Control (deep-fried donuts without cellulose) using a scanning electron microscope (×3,000).




In vitro digestion

The amount of reducing sugar released by in vitro digestion of deep-fried donuts is shown in Figure 5. The risk of obesity and dental decay can be decreased by reducing the intake of sugar (Stanhope, 2016). The results of this in vitro digestion show that the release of reducing sugars was unaffected by the different treatments. This is different from protein-based materials. Xi et al. (2021) reported that in comparison with cereal protein, cereal protein hydrolysate increased the release of reducing sugars when it was applied as a food supplement in bakery products. However, the cellulose-based materials presented in this study do not show this negative health impact.
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FIGURE 5
 The AUC of deep-fried donuts produced by different treatments. Error bars represent the standard deviation of replicates (n = 3). Values with different letters indicate significant differences (p < 0.05). Minitab was used to apply a one-way analysis of variance (ANOVA) and the least significant difference (LSD).Within each trial, different letters indicate significant differences (p < 0.05), according to one-way ANOVA and LSD test.





Conclusions

Kombucha cellulose hydrolysates were developed by enzymatic treatment and a microwave-assisted enzymatic treatment as well. The water-holding and oil-holding capacities of kombucha cellulose hydrolysates created from both processes showed all higher and lower capacities, respectively, compared to intact kombucha cellulose. By replacing flour with 2% kombucha cellulose hydrolysates in the production of deep-fried donuts, the oil contents of the deep-fried donuts could be significantly decreased from ~28 to 15%. The texture profile analysis results showed slight differences, that is increasing brittleness and hardness, as compared to the deep-fried donut samples without cellulose. SEM analysis found that the deep-fried samples' inner microstructures were also similar or exhibit negligible differences. In vitro digestion test did not change the release of reducing sugars. So, this study concludes that kombucha cellulose hydrolysates in deep-fried donuts would not show adverse health effects.
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