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Abstract

:

Featured Application


Potential application of the paper lies in the identification of new applications and knowledge concerning the possibilities of C. ternatea flower phytochemicals microencapsulation in order to design optimal biological activity.




Abstract


Due to the beneficial health effects of polyphenolics and their limited stability during inadequate processing conditions, there is an increasing interest in their microencapsulation in order to improve the stability. As previous publications do not include a substantive review focusing on these topics, in the present work, we focused on recent reports on the topic of Clitoria ternatea flower bioactive components and the conditions under which they are microencapsulated for subsequent use in food and nutraceuticals. Our findings highlighted the importance of optimizing the variables of the microencapsulation process for optimal application.
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1. Introduction


Clitoria ternatea, commonly known as butterfly pea, is an herbaceous perennial climber plant [1]. It is a tropical flower that can be found widely in gardens and also in the wild. Clitoria ternatea belongs to kingdom Plantae, phylum Tracheophyte, class of Magnoliopsida and family of Fabaceae [2]. It is a native plant of Zimbabwe, Ghana, Guinea, Malaysia, and Indonesia. Nevertheless, it also has been introduced to tropical parts of Australia, America, and South Africa. C. ternatea is widely spread over many countries; hence, it is known variously in other regions as bunga biru, tembang telang (Indonesia), bunga telang (Malaysia), dangchan (Thailand), pokindong (Philippines), kajroti, aparajit (India), lan hu die (China), cunha (Brazil), and Kordofan pea (Sudan) [2,3,4]. The C. ternatea flower is rich in blue anthocyanin, and possesses numerous benefits for humans’ health and well-being. The chemical composition induce C. ternatea flower to possess beneficial properties such as a therapeutic agents due to its bioactive compounds are responsible as antidiabetic, anti-cholesterol, antidepressant, anticonvulsant, memory enhancing, anti-inflammatory, and antioxidant activities [4,5].



Food industries nowadays are interested in finding natural food additives, such as colorants and preservatives, that are stable to develop and have functional derivative products [6,7,8]. C. ternatea can be a great source of natural food additives due to its bioactive compounds, especially anthocyanin. Anthocyanin is a water-soluble flavonoid with a diphenyl propane skeleton (C6C3C6) [9]. It is a natural pigment in plants, imparting several colors, namely, blue, red, and purple, to flowers, fruits, and leaves. Due to its natural colorant, C. ternatea flower extract has been used in previous studies as food colorant as well as to improve the functionality of the products [10,11,12].



Nevertheless, the color and biological activity of anthocyanin are highly influenced by environmental factors such as pH, temperature, and light. The free form of anthocyanins is perishable and sensitive to auto-oxidation, which limits its industrial applications and causes products to have a short life and become unstable upon storage. The microencapsulation method can be a solution which protects the bioactive compound, maintains the natural color, and increases its availability and stability in the form of water soluble matrices [13,14]. Ingredients can be protected by microencapsulation to prevent deterioration from exposure to environmental elements such as water, oxygen, heat, and light. Technically, this process is intended to extend the shelf life of the active ingredients. Microencapsulation can play a role in preventing unwanted interactions and reactions between food ingredients and active food substances. The controllable release or controlled delivery of a food substance is accomplished afterwards by using microencapsulation [15].



This paper reviews the current information on the microencapsulation methods for bioactive compounds extracted from C. ternatea flower and its effect on the phytochemicals, as well as its biological activities.




2. Botanical and Cultivation Characteristics


C. ternatea is an ornamental perennial climber plant which grows to 2–3 m in height [16]. It usually grows wild or is cultivated in gardens, bearing conspicuous blue or white flowers resembling a conch-shell. According to the American origin, it has recently been cultivated and naturalized throughout the wet-tropical climate. Ecologically, this plant generally prefers full sunlight, even though sometimes, partially shaded environments are more favorable [2]. The seeds are able to be germinated by soaking them in water overnight [17]. Subsequently, the germination takes place within 1–2 weeks while flowering occurs within 4 weeks. The cultivation of C. ternatea also includes the stems method, which is fine twinning, as it can grow to 3 m long. Moreover, the leaves are pinnate, with seven leaflets. The shape itself is nearly ovate or orbicular, with a maximum width of 3 cm and length of 5 cm [18].



The flower can be found single or paired, with colors ranging from white, mauve, light blue, to dark blue, with a length of 9 mm. Pedicles can grow to around 4 to 9 mm long, and bracteoles can be around 12 mm long, which are broadly ovate or rounded. The campanulate calyces are able to grow up to 2.2 cm. The flower lobes can be oblong or triangular, which is acute and acuminate, where it can grow up to 1 cm long. Aside from that, the normal flower is funnel-shaped, 2–4 cm broad, rounded or notched at the apex, and up to 5.5 cm long [2]. The seeds’ color is yellowish-brown or blackish and the shape is sub-globose or oval. The root system is made up of a strong taproot with few branches and many slender lateral roots. The root is woody and creamy white, with transverse cracks formed by lenticels. The taste of the fresh root is slightly bitter and acrid [16].




3. Phytochemical Composition


The benefits of C. ternatea have been recognized since ancient times, believed to be a natural cure for many diseases, and also used as a natural food additive. Besides the phytochemical compounds, the nutritional composition of C. ternatea flowers has been identified and reported by Neda et al. [19]. The percentage of fat, carbohydrate, fiber, and protein are, respectively, 2.5, 2.2, 2.1, and 0.32%, while the moisture content is 92.4%. The flowers were also identified as being rich in calcium (3.09 mg/g), magnesium (2.23 mg/g), potassium (1.25 mg/g), zinc (0.59 mg/g), sodium (0.14 mg/g), and iron (0.14 mg/g) [19].



Various phenolic compounds contained in the plant are responsible for the beneficial effects, especially the petals of the flower. C. ternatea contains many bioactive compounds, such as alkaloids, tannins, glycosides, resins, steroids, saponins, flavonoids, and phenols [20]. Another study also stated that malonylated flavonol glycosides were isolated from the flower petals [21].



Mukherjee [1] and Kazuma [22] reported that the phenolics compounds found in the flowers of C. ternatea are mainly ternatin anthocyanins and various flavanol glycosides of kaempferol, rutin, quercetin, and myricetin, which are isolated in a hydrophilic extract. Meanwhile, some fatty acids (palmitic acid, stearic acids, petroselinic acid, linoleic acid, arachidic acid, behenic acid, and phytanic acid), various phytosterols (Figure 1) such as campestrerol, stigmasterol, β-sitosterol, and sitostanol, and tocols such as α-tocopherol and γ-tocopherol are also identified in a lipophilic extract [23]. The composition of the phytochemicals has been described in previous studies in relation to their hydrophobicity (Table 1 and Table 2), although reports about the phytochemical composition quantitatively are still limited. Table 1 demonstrates the hydrophilic compounds found in the C. ternatea flower. Subsequently, Table 2 presents some studies, which reported the lipophilic compounds in C. ternatea flowers.



3.1. Polyphenols in C. ternatea


Polyphenols are known as a group of biologically active plant compounds that are an essential part of the human diet. The primary monomer of polyphenols is the phenolic ring, which is typically divided into phenolic acids and phenolic alcohols. Polyphenols can be categorized into various classes depending on the strength of the phenolic ring, but the major types of polyphenols are phenolic acids, flavonoids, stilbenes phenolic alcohols, and lignans [26]. These polyphenols and their derivatives are notable for their health benefits in humans and for their ability to help prevent various human diseases.



C. ternatea is significantly known as one of the most important sources of polyphenols with a strong antioxidant capacity. The evaluation of C. ternatea flower parts showed the presence of polyphenols as secondary metabolites, such as flavonols glycosides, myricetin, quercetin, phenolic acids, kaempferol, and anthocyanins [2,27,28]. A previous study also reported the presence of polyphenols such as alkaloids, tannins, flavonoids, and phenols [20]. The phenolic content in C. ternatea flowers showed a good correlation with the antioxidant activity, which provides pharmacological effects and benefits for human health [28] including antidiabetic, anticancer, antimicrobial, and anti-inflammatory [27,29].




3.2. Anthocyanins in C. ternatea


Anthocyanins are part of the plant-derived flavonoid compounds and are responsible for colors ranging from pale pink to red purple and deep blue. The word anthocyanin is derived from the Greek words Anthos (flower) and kyanos (blue) [30]. The C. ternatea flower is identified as containing anthocyanins as the main phytochemical compound, which is indicated by a deep blue color on the petals. A wide variety of polyphenols are found in the flower petals; however, the main polyphenol constituents contained within are anthocyanins [31]. The anthocyanins are blue in the petals and acylated based on delphinidin, known as ternatins isolated from C. ternatea, which are ternatin A1–A3, B1–B4, C1–C4, and D1–D3 [21,23,32,33,34,35]. Another study reported that minor delphinidin glycosides and the preternatins A3 and C4 were isolated from the young C. ternatea [34]. The quantitative analysis of each anthocyanin is presented in Table 1 and some of the structures are shown in Figure 2.



Anthocyanins are water-soluble pigments and are mainly stored in the vacuole. Over 500 anthocyanin pigments have been described in the literature; however, most anthocyanin types are based around three primary structures: pelargonidin, cyanidin, and delphinidin, with each type being characterized by the number of hydroxyl groups on the B-ring. A single hydroxyl group (pelargonidin type) produces a more reddish pigment, with increasing B-ring hydroxylation causing a color shift into the blue spectrum [36]. The color of anthocyanin changes, depending on the pH, from acid to base [37]. The color is red at pH 1–2, purple to blue at pH 8–14, and yellow at pH 8–14 [2].





4. Health-Promoting Benefits


C. ternatea has been widely observed for its various health benefits and pharmacological activities. Its utilization in traditional medicine has stimulated researchers to elucidate the pharmacological activities of extracts isolated not only from the flower petals, but also from other the plant tissues. Several animal studies reported that the extracts are able to exhibit diuretic, nootropic, anti-asthmatic, anti-inflammatory, analgesic, antipyretic, antidiabetic, antilipidemic, anti-arthritic, antioxidant, and wound-healing properties [38]. Hence, C. ternatea flowers can be a potent additive to be applied as a functional food incorporated into food products or as a pharmaceutical drug/supplement to improve patients’ treatment efficiency. Subsequently, Table 3 presents some studies, which reported the findings on health benefits of C. ternatea preparations.



4.1. Anti-Cholesterol Activity


C. ternatea flower has been reported to possess anti-cholesterol oxidation capabilities [24,39]. The inhibitory effect on the oxidation of human copper-induced low-density-lipoprotein (LDL) cholesterol was examined by using 50 µL of 2.5 µL/mL C. ternatea flower crude lyophilized extracts (CLE) and partially purified extract (PPE), respectively. After some hours of incubation, PPE showed higher inhibition compared to CLE. Both demonstrated the phenolic compound’s protection against human LDL cholesterol oxidation [39]. In López Prado et al. [24], the extraction was obtained using distilled water, methanol, and a combination of both (1:1) after 6, 12, and 24 h soaking times. The observation was conducted in an emulsion model; the C. ternatea flower extract was used to inhibit cholesterol oxidation and was determined after 24 and 48 h. At 6 h soaking time, the combined solvents yielded 63.9 µg/mL of anthocyanin in the extract and inhibited 89.8% of 7-ketocholesterol production in emulsion. The study indicated that C. ternatea flower extracts can increase the health benefits, especially anti-cholesterol and antilipidemic [24]. These studies demonstrated that phenolic compounds, mainly anthocyanins from C. ternatea, provide anti-cholesterol and antilipidemic properties, which provide defense against the oxidation of human LDL and cholesterol.




4.2. Anti-Inflammatory Activity


C. ternatea flower, root, and leaf extracts have been shown to have anti-inflammatory, analgesic, and antipyretic properties [41,45]. As an anti-inflammatory, a study evaluated the anti-inflammatory activity of petroleum ether extract of C. ternatea flower using the paw edema method with healthy albino rats of either gender. The extract was given to rats in 200 and 400 mg/kg doses, and significantly inhibited paw edema compared to a control untreated group. The study demonstrated the possibility that the extract may have protective benefits against the release of prostaglandins, kinnins, and other chemicals in carrageenan-induced edema [40]. Another study reported that carrageenin-induced rat paw oedema and acetic acid-induced vascular permeability in rats were considerable reduced after oral administration of methanolic root extracts of C. ternatea [41]. The extract’s antipyretic efficacy was found to be comparable to paracetamol. Recently, C. ternatea leaf extracts have been linked to analgesic properties [46]. The effects of pre-treatment with both ethanolic and petroleum C. ternatea extract were analyzed using the well-established rat tail flick pain assay. After 1 h treatment, C. ternatea leaf extract had a favorable analgesic effect comparable to diclofenac sodium (10 mg/kg) [46]. Therefore, other than the flowers’ part, the anti-inflammatory, analgesic, and antipyretic properties are also possessed by other parts of the flowers.




4.3. Nootropic Activity


Some conducted studies have reported that C. ternatea has nootropic activity. It is reported when C. ternatea extracts were given to experimental animals, it improved their cognitive performance [47,48]. A study found that rats fed with “medhya rasayana” for 60 days, a 1:1 mixture of crushed the whole plant of C. ternatea and jaggery, had significantly lower autophagy in the brain. According to this study, C. ternatea protects the brain by affecting the autophagy-directed pathway [42]. Another subsequent study examined rats that were orally dosed with 300 mg/kg ethanolic extracts derived from C. ternatea roots or aerial tissues, and they were shown to attenuate electric shock-induced amnesia better than the controls [48]. In another study, the memory retention and spatial learning performance of 7-days old newborn rats orally dosed with 100 mg/kg aqueous C. ternatea root extract improved 48 h and 30 days after treatment [49]. In this term, instead of the flower part, the root part is where the nootropic activity features are more pronounced.




4.4. Antidiabetic Activity


Researchers also concentrated on the effects of C. ternatea flower extracts on human glycemic response and antioxidant capability [43]. A small clinical research study involving 15 healthy males found that when 1 or 2 g of C. ternatea flower extract were combined with 50 g of sugar, plasma glucose and insulin levels were reduced [43]. In general, these studies indicated that hypoglycemic activity might be exerted by flavonol glycosides and anthocyanins, as well as alkaloids that exist in the extract, which are able to involve the potential of insulin secretion from β-cell or increment of the transport of blood glucose from plasma to peripheral tissues. C. ternatea leaf extracts have recently shown potential as an anti-diabetic [43,44]. Wistar rats given 400 mg ethanolic leaf extracts of C. ternatea per kg of body weight per day for 28 days demonstrated considerably lower blood glucose, insulin, glycosylated hemoglobin, urea, and creatinine levels than diabetic control [44]. Hence, the flavonoids in the flowers demonstrate antidiabetic properties. Alkaloids, glycosides, flavonoids, phenolic compounds, and tannins in leaves are responsible for these properties.




4.5. Antioxidant Potential of C. ternatea Components


It is well known that one of the primary causes of many chronic and degenerative diseases is oxidative stress. Antioxidant activity in the C. ternatea flower has been reported by several studies. Phenolic compounds, flavonoids, and anthocyanins, which were isolated in the water extract of C. ternatea flower, were found to effectively prevent the hemolysis and oxidative damage that 2,2′-azobis-2-methyl-propanimidamide dihydrochloride (AAPH) induces in canine erythrocytes [50]. A study conducted by Zakaria et al. [32] showed that human HaCaT keratinocytes pre-treated with the polyacylated anthocyanins and flavonol glycosides, two key components of C. ternatea flower water extracts, showed a reduction in UV-induced mitochondrial DNA damage. Likewise, it showed antioxidant properties that protect skin cells from oxidative stress imposed over by H2O2 and UV radiation on skin cell [32]. Another study demonstrated that the acute administration of C. ternatea flower extract/beverage was observed to boost plasma antioxidant capacity in a randomized crossover study, and the effect was strengthened when ingested with sucrose in healthy men [43].



Antioxidants in C. ternatea flowers also provide advantageous effects for food products from a technological perspective. In functional beverages, polyphenols and flavonoids provide antioxidant activity which cause shelf stability of the product for a period of 28 days without preservatives [12]. Antioxidant activity of C. ternatea flower was also found in pork patties, which showed high radical scavenging activity and inhibition of oxidative rancidity [51]. Polyphenols from C. ternatea flower extract also indicate antioxidant activity to reduce lipid peroxidation in sponge cakes, which leads to longer shelf life [52].





5. Safety and Toxicity Issues


Besides the merits of the curative abilities of this plant, several safety and toxicity issues have been discussed. The Thai Food and Drug Administration (FDA) database reported that dried C. ternatea flowers are allowed to be used as food and beverage ingredients and possess a history of long-standing consumption as food in Thailand. C. ternatea flower powder is also accepted as a food additive in ordinary food in Japan [53]. The Taipei City Government Department of Health advised the application of C. ternatea merely as a food colorant and advised not to introduce it directly in food or as a food ingredient. Likewise, it was advised by the Taipei City Government Department of Health that beverages containing it should not be consumed by pregnant women [53]. Hence, the use of C. ternatea flower in Asian countries as a traditional food colorant was noted without apparent adverse effects. However, the EFSA raised concerns about the safety of dried C. ternatea being sold in the EU due to the unknown toxicological profile of the cyclotides present in the C. ternatea and the possibility of exposure to cyclotides resulting from its planned use in the preparation of herbal infusions. The EFSA believes that the C. ternatea may provide a safety risk to human health.



Other than the flower part of C. ternatea, the dosing trial on mice showed an unexpected impact. For instance, an ethanolic extract of aerial parts and root of C. ternatea, when is given orally to mice at a dose of 1500 mg/kg and above, caused the mice to become lethargic [48]. However, acute toxicity testing with albino mice Wistar rats orally given an aqueous ethanol extract (2000 mg/kg bodyweight) of the flower showed no evidence of mortality or abnormalities, and hematological results were not altered significantly [54]. The extract showed no signs of acute toxicity and was safe to consume [54]. Clitoria ternatea flowers have the potential to be used as a functional food that may be included into a variety of foods or as a pharmaceutical supplement/drug that can be mixed with commercial medications to improve patient treatment efficacy [4].




6. Bioavailability of C. ternatea Components—Anthocyanins


Globally, phytochemical components like polyphenols and anthocyanins from edible plants have been utilized as functional ingredients to fortify food and beverages due to their ability to prevent various diseases. The advantages of phenolic compounds are their accessibility, their specificity of response, and their tendency for low toxicity; however, their rapid metabolism and low availability are unexpected properties [26,55].



Biological pathways of anthocyanins, such as metabolism [56], gastrointestinal absorption [57,58], and tissue accumulation [59], are influenced significantly by the types of anthocyanin ingested, as demonstrated by previous studies. It was discovered that pelargonidin-3-O-β-D-glucopyranoside has high bioavailability (>13%), whereas other anthocyanins, such as cyanidin-3-O-β-D-glucopyranoside and delphinidin-3-O-β-D-glucopyranoside, have low bioavailability (<1%) [56,58,60]. The low absorption profile of anthocyanins in the gastrointestinal tract may be partly caused by the instability of cyanidin-3-O-β-D-glucopyranoside and delphinidin-3-O-β-D-glucopyranoside in intestinal condition, which are weakly acidic to alkaline.



Furthermore, acylated anthocyanins are comparatively stable due to their intramolecular hydrophobicity, stacking between the aromatic ring on the acyl moiety and the anthocyanidin (aglycone of anthocyanin) [61]. An acylated anthocyanin is protected by its side chains of acyl and sugar groups, which boosts the anthocyanin’s molecular stability and biological activity [62]. The metabolic pathways of these molecules in vivo have been well elucidated by studies on the absorption of acylated anthocyanins with a molecular weight range of 817–1185 from different plant components [63,64,65,66]. Acylated anthocyanins are absorbed to a similar degree as non-acylated anthocyanins, despite having a higher molecular weight [64,65].



Ichiyanagi et al. [67] conducted an examination of the gastrointestinal absorption of ternatins, the polyacylated anthocyanins that contain two or more aromatic acyl groups that are found in C. ternatea flowers. Gastrointestinal absorption of ternatins in rats was examined after oral administration of the C. ternatea flowers extract. The results indicated that preternatin A3 and nine other ternatins were detected in the blood plasma of rats 15 min after oral dosing. Similar to other acylated and non-acylated anthocyanins, 10 ternatin analogues produced from C. ternatea flowers are absorbed in their original acylated forms. This indicates that ternatins derived from C. ternatea flowers may benefit the health-promoting effects in vivo in their polyacylated forms.




7. Application in Traditional Food and Food Industry


Nowadays, C. ternatea attracts a lot of interest due to its potential applications in traditional and modern medicine, cosmetics, agriculture, and the food industry as a source of natural food colorants and antioxidants. C. ternatea has been cultivated for a long time as a fodder and forage crop, and previous studies observed the plant for these purposes [38]. Parts of the plant are widely used for disease prevention, health promotion, and because they are believed to promote memory and intelligence in the Indian system of medicine, particularly in Ayuverda [16]. Differently in Malaysia, the flowers are consumed to make Nasi Kerabu blue in color, which is a famous local dish [19]. Some sweets, namely kuehs in Malaysia, are colored blue for specific religious occasions. Meanwhile, the use of the flower as a food and drink colorant is currently becoming more popular in Indonesia. In Myanmar, C. ternatea flowers are dipped in batter, fried, and eaten as snacks [68]. In Thailand, the common Thai drink named Nam Dok Anchan is colored with butterfly pea flower and served with pandan-flavored syrup and lime juice [53]. The blue petals are also used to decorate and garnish dishes such as salads, soup, and rice.



Concerns about healthy food have been growing rapidly, leading researchers to use antioxidants for natural product development, maintaining nutritional quality, minimizing rancidity, retarding the formation of toxic oxidation products, and increasing the shelf life of products. The application of medicinal plants like C. ternatea in food products is a good alternative source of a cure or health-booster in daily diets for an existing disease, which is becoming a current trend called functional food. Functional food can be defined as any modified food or food ingredient that may provide health benefits beyond the traditional nutrients it contains [69]. Hence, researchers are currently encouraged to develop functional foods and find the most appropriate formulation to maintain the nutrients and bioactives, while still considering the organoleptic properties. Numerous studies reported recommendations for the application of C. ternatea flower to food products in liquid extract form; however, studies about the application in the form of microencapsulated extracts are still limited. Table 4 shows the application of C. ternatea flower to food products in the form of dried petals, liquid extract, and microencapsulated extract.




8. Microencapsulation of C. ternatea’s Phytochemical


The free form of anthocyanins and other bioactive compounds is susceptible to auto-oxidation and other destruction, which limits its active component bioavailability, physical properties, especially its color, industrial applications, and causes the product to be unstable upon storage [71]. Microencapsulation technology is able to control the release properties of active compounds which improves the bioavailability of the delivered active ingredients [76]. Microencapsulation in food industry application can be defined as a process whereby various food materials can be stored within a microscopic-size shell or coating for protection and/or later release. Microencapsulation technology is applied for ingredient protection, to avoid degradation due to exposure from environmental factors such as water, oxygen, heat, and light. Technically, it is carried out to improve the active materials’ shelf-life. Microencapsulation can play a role in preventing reactions and undesirable interactions between active food ingredients and food components. Subsequently, microencapsulation is also applied to control the delivery of a food ingredient, which is known as controlled release or controlled delivery [15].



Microencapsulation is also specifically a process to enclose small particles, a liquid, or a gas within a layer of coating or within a matrix [15]. Several encapsulation processes are available to combine the shell and core materials into microcapsules, which generally are atomization, spray coating, coextrusion, or emulsion-based processes [77]. Previous studies have reported how microencapsulation affects the physicochemical properties of C. ternatea flower extract, which are shown in Table 5. Various coating agents and their formulations, as well as the drying methods (Figure 3), showed different abilities to retain the active components’ bioavailability and stabilize the physical properties, especially the color intensity.



8.1. Coating Materials


The materials which are encapsulated are commonly called active, core, pay-load, internal phase, encapsulate, or fill, while the materials that envelope the core are usually called the wall, shell, coating, external phase, support phase, or membrane. The coating material is able to form a cohesive film on the core, stabilize it, and provide strength to the capsules. The coating material is commonly insoluble, nonreactive with the core or inert, and does not give any specific taste to the product [15,77]. Additionally, it is impermeable and capable of releasing the core at a specified time and location after receiving a specific treatment. The materials that can be used as the microencapsulating-agent are sugars, gums, proteins, natural and modified polysaccharides, lipids, waxes, and synthetic polymers [15,83].



Various types and combinations of coating agents used to encapsulate anthocyanin have been studied and reported in the literature. Maltodextrin and Arabic gum are the most common materials used for microencapsulation [6], as well as their combination together or with other coating agent materials such as gelatin, carrageenan, and cyclodextrin. Maltodextrin is commonly used as a coating agent due to its high solubility in water and high retention of bioactive compounds [84,85]. The microencapsulation of C. ternatea flower extract by maltodextrin has a retention of more than 90% (92.02%) [13]. The physicochemical properties and the retention of bioactive compounds by microcapsules can be modified and improved by the addition and combination of other coating materials [85,86]. The combination of maltodextrin and gelatin showed a slightly higher retention, which is 92.8%, with the greatest lightness in color but least saturation, while the combination with cassava starch showed lower retention and the darkest color, but the color was more vivid [13]. Maltodextrin and gelatin, respectively, were used alone to microencapsulate anthocyanins from juçarat pulp, and showed that overall, gelatin has the ability to retain more than maltodextrin [87]. However, gelatin’s ability to maintain the originated pigment is lower than anthocyanin’s, which was indicated by the overall difference of color (ΔE), where juçarat microcapsules with gelatin and maltodextrin were 12.8 and 4.45. Low ΔE values demonstrate that following reconstitution, the powdered pigment retains the color of the pulp from which it was derived [87]. Therefore, gelatin as a coating agent has a higher ability to retain more active compounds but a lower ability to maintain the pigment of anthocyanin.



Another coating agent combination was conducted by Veerathummanoon [82], using maltodextrin and β-cyclodextrin, with freeze drying as the drying method. Various water extract of C. ternatea and coating agent ratios were examined, namely, 1:1, 1:2, and 1:3. The coating agents’ concentrations between maltodextrin and β-cyclodextrin used were 75:25, 50:50, and 75:25. The 1:1 ratio of water extract to coating agents with 75% maltodextrin and 25% β-cyclodextrin indicated the highest retention of anthocyanin content, as high as 88.4%, with an acceptable color profile. The increment of coating agents ratio to the extract, as well as the β-cyclodextrin concentration, tended to cause fading in color and indicated low ability to retain anthocyanin content in the microencapsulation system [82].



Numerous studies used Arabic gum as a coating agent, both alone or combined with other coating agents. Water extract of C. ternatea flower was microencapsulated with various Arabic gum concentrations, namely 0, 2, 4, 6, 8, and 10%, and dried with an ultrasonic spray dryer [79]. Microcapsules of C. ternatea flowers extract produced with 6% Arabic gum was indicated to be the most effective in maintaining the antioxidant activity and the microbial activity was shown to be active. Moreover, microcapsules with 6% Arabic gum were found to have very good homogenous morphology, such as spherical shaped smooth surface particles, slightly varied size distribution, and being visibly free of cracks and hollows [79]. Another study by Hamzah et al. [14] conducted a comparison between maltodextrin, Arabic gum, and a combination of both to microencapsulate C. ternatea with two different drying methods, namely freeze drying and vacuum drying. Microcapsules produced by the vacuum drying method with maltodextrin and Arabic gum as coating agents showed the least total anthocyanin content with slightly different, however the most stable at maintaining the anthocyanin content during storage. As opposed to the freeze drying method, for which the sample with a combination of maltodextrin and Arabic gum had the highest anthocyanin content after drying but was slightly less stable during storage compared to maltodextrin alone. After drying, the redness in the sample with maltodextrin alone and the combination of maltodextrin and Arabic gum were similar, with good saturation compared to Arabic gum alone with both drying methods [14]. A combination of maltodextrin and Arabic gum as coating agents may be recommended to microencapsulate anthocyanins, with the appropriate drying method. Hence, to obtain microcapsules with desirable properties, it is necessary to carefully choose the coating agents and their combination, as well as the drying methods to be used.




8.2. Drying Methods


The drying process of a microcapsules solution system is an important step due to anthocyanins’ long storage requirement before the manufacture and consumption of the product. Spray drying is a technique in which a mixture of the core material and wall material, or so-called encapsulation system or feed solution, is atomized and formed into a mist inside a drying chamber, where hot air is flowed to transform the mist into a powder [77]. In spray drying, the core material or the material of interest, usually the active compound, gets trapped inside the dried powder. This method can be used for different microencapsulating agents and materials; it is also considered economical and flexible, and can be scaled up easily.



Numerous studies have been conducted on the optimization of anthocyanin microencapsulation using a spray dryer with different treatments. Fuzetti [13] spray dried anthocyanin extract from C. ternatea with an inlet temperature of 140 °C and an outlet temperature of 82 °C, as well as combined gelatin and maltodextrin as coating agents, which showed the most appropriate physicochemical and morphological properties of the microcapsules. Another study microencapsulated C. ternatea extract with an ultrasonic spray dryer outlet temperature of 90 °C and a wall material of 6% of Arabic gum indicated thst the efficiency of antioxidant activity retention and antimicrobial activity was found to be active [79]. Righi da Rosa et al. [88] microencapsulated anthocyanin extract from blueberry (Vaccinium spp.) by spray drying with different inlet air temperatures, namely, 120, 140, and 160 °C, and maltodextrin as the coating agent. The result showed that the lowest degradation of anthocyanin and longest half-life during storage were indicated by drying at 140 °C. This treatment also showed better physical properties, namely, uniform particles, ensuring a better protection and retention of the active materials [88]. Another study microencapsulated anthocyanin extract from mulberry juice with microcrystalline cellulose and Arabic gum as the coating agent, and dried it at different inlet temperatures, namely, 120, 130, 140, 150, and 160 °C [89]. The microcapsules dried at 160 °C showed the highest total phenolic content, while those dried at 140 °C showed the highest total anthocyanin content [89]. Hence, in order to obtain the best properties of microencapsulated anthocyanin extract, the most appropriate inlet temperature to use for spray-drying the extract can be considered to be 140 °C.



The drying process of a microcapsules’ solution system is an important step due to anthocyanins’ long storage requirement before the manufacture and consumption of the product. Spray-drying and freeze-drying methods are commonly used for encapsulation among various drying technologies. Spray drying is a simple, fast, low cost, flexible and scalable drying technology [90,91], while freeze drying is more suitable for dry, thermosensitive compounds to preserve their functional properties [92]. Freeze drying is a drying process in which water is removed by sublimation from the frozen state (ice). Firstly, the food is frozen (solid phase) and then subjected to a high vacuum, whereby the water ice sublimates and evaporates directly without melting [93]. In the food industry, the interest in commercial freeze drying arises from the superior quality of the freeze-dried products compared to foods dehydrated by other methods. Freeze drying is conducted at low temperature, thus preserving flavor, color, and appearance, as well as minimizing thermal damage to heat-sensitive nutrients [93]. However, freeze drying is an expensive dehydration method. It is considered economically feasible merely in the case of high value-added products and whenever the superior quality of the product highlights the higher production cost [94]. Moreover, this method requires quite a long time, usually 4–12 h [95].



Microencapsulation of C. ternatea flower extract was carried out with gelatin as the wall material and dried by three different types of dryer, namely, freeze dryer, ultrasonic spray dryer, and convection oven [80]. This study reported that freeze drying indicated the most effective encapsulating method due to its highest encapsulation efficiency and antioxidant activity compared to other drying methods. Moreover, freeze dried powders have the lowest moisture content and the most acceptable color, which is magenta, with the highest L* value [80]. Compared to the spray-drying method, the freeze-drying method tended to sustain the bioactive compounds due to its low temperature process. Meanwhile, the atomization of feed materials by spray drying can produce very fine misty droplets with increased surface area, which means more exposure to heat. Due to this, some bioactive compounds can be degraded because of high temperature, or some part of the coating material might get removed from the core materials due to the atomization. El-Messery et al. [96] also stated that the spray-drying method has lower encapsulation efficiency than the freeze-drying method. Hence, in order to produce microcapsules with a higher availability of bioactive compounds and better physicochemical properties, the freeze-drying method can be considered the most appropriate method to use.





9. Effects of Microencapsulation Methods on the Physicochemical and Biological Properties of C. ternatea


Microencapsulation is considered the best solution for maintaining the good properties of bioactive compounds. Improved physicochemical properties are indicated in microencapsulated active compounds, such as better solubility in water, the retaining of high amounts of active compounds, maintainance of the color, lower moisture content, and longer shelf life. Likewise, biological properties such as the antioxidant and antimicrobial properties are also essential to be developed after microencapsulation. The improvement of physicochemical and biological properties after microencapsulation has been discussed by some studies, which showed advantageous prospects for the future of its application by the food industry



9.1. Physicochemical Properties of Microencapsulated C. ternatea


Several studies presented the improvement of the physicochemical properties of extracts from C. ternatea after microencapsulation. Microencapsulation can maintain the intensity of anthocyanin color from C. ternatea extract [13,78,80,81]. The extract of C. ternatea microencapsulated with maltodextrin, cassava flour-maltodextrin, and gelatin-maltodextrin showed high solubility in water, around 99%, which was caused by the water-soluble encapsulants used, primarily maltodextrin [13]. High solubility in water is advantageous since most of food matrixes are water soluble. Under scanning electron microscopy, the shape of the microcapsules exhibited predominantly spherical structures with concavities and rough surfaces, which are caused by the high rate of water evaporation during spray drying. From the third formulation, the gelatin–maltodextrin microcapsules possess the most desirable structure because the higher level of maltodextrin caused a more shrunk surface [13]. Similarly, the microencapsulated C. ternatea extract with alginate and CaCl2 demonstrated that the microcapsules were more spherical in shape and had a high degree of surface smoothness [31]. The results imply that the bioactive compounds filled any matrix holes, resulting in a decrease in porosity and an increase in surface smoothness [31]. The water activities in [13] were lower than 0.3, while in another study, C. ternatea extract microencapsulated with maltodextrin and dried by microwave shows very low water activity which was found to be less than 0.5 [81]. This indicates that during storage, these microcapsules are unlikely to experience significant microbial development and tend to have a longer shelf life compared to liquid extract. Hence, microencapsulation is able to improve the physicochemical properties of the C. ternatea extract, which can be an advantageous for the better handing, shelf life, and other application by the food industry.




9.2. Antioxidant Activity of Microencapsulated C. ternatea Extract


Oxidative stress contributes to the development of degenerative and chronic diseases such as cardiovascular and neurodegenerative diseases, cancer, and autoimmune disorders. The isolation and application of antioxidants from natural sources have many benefits towards human health [97,98,99]. Previous studies have been conducted on the antioxidant activity of C. ternatea flower extract using antioxidant assays such as the 2,2-diphenyl-1-picryhydrazyl radical (DPPH) radical scavenging and Thiobarbituric Acid (TBA) tests.



Zainol et al. [79] spray dried C. ternatea flower water extract with some levels of Arabic gum concentration (0, 2, 4, 6, 8, and 10%) and examined the antioxidant activity with two different methods, namely, DPPH and TBA. The results demonstrated that microcapsules with 8% of Arabic gum indicated the best radical scavenging activity due to the most appropriate condition or non-clotting state of the microcapsules powder, which were capable of performing the antioxidant activity completely. Similarly, the antioxidant activity examined by the TBA test showed that microcapsules with 8% of Arabic gum had the highest activity. Nevertheless, the antioxidant activity detected with the TBA test was lower than the DPPH method. This may be caused by the lipid peroxidation in the secondary stage, which is higher than the initial stage [79]. Moreover, there is a peak concentration of Arabic gum, which is the most effective concentration to maintain the antioxidant activity of microencapsulated extracts. This result is in line with the report by Sukri et al. [6], which encapsulated phenolic extract from propolis with different concentrations of Arabic gum and showed a peak of the most effective Arabic gum concentration to preserve the phenolic content in microcapsules.



One study compared three different drying methods to microencapsulate C. ternatea extract with gelatin as the wall material; the freeze-dried C. ternatea flower extract indicated the strongest inhibition of DPPH radicals, although the total anthocyanin contents were the lowest compared to the spray-dried and oven-dried samples [80]. This phenomenon conforms with Yu [100], who reported that the antioxidant activity of freeze-dried raspberry was higher than the spray-dried sample due to the higher drying temperature, which caused a significant decrease in DPPH free radical scavenging activity. This might occur due to the existence of other phenolic compounds in the freeze-dried microencapsulation system, although the total anthocyanin contents were lower than the ultra-spray dried sample. Moreover, despite the fact that the total anthocyanin content is lower, the efficacy and quality of the bioactive compounds in the freeze-dried sample is better than the spray-dried sample due to its low temperature process, which can preserve the antioxidant capacity of the bioactive compounds during drying.




9.3. Antimicrobial Activity of Microencapsulated C. ternatea Extract


Antibiotic-resistant microbes are urgently needed by the food industry and medical field. The development of antibiotic-resistant microorganisms dramatically reduces the efficacy of currently available medications, leading to the failure to effectively treat infections. In light of this challenge, the development of alternative approaches to find new antimicrobial compounds is needed. Various methods can be used to analyze the activity of antibacterial and antifungal agents, such as disk diffusion assay, broth microdilution assay, and agar diffusion test. Several studies investigated the antibacterial activity of microencapsulated C. ternatea flowers extract, although the number is still limited.



Ab Rashid et al. [71] studied the antibacterial activity in C. ternatea extracts microencapsulated by maltodextrin through disk diffusion assay. Their study showed the significant exhibition of antibacterial activity on all test foodborne bacteria, both gram-positive bacteria such as Bacillus cereus, Staphylococcus aureus, Streptococcus sp., and Bacillus coagulans, and gram-negative bacteria such as Yesirnia sp., Proteus mirabilis, Pseudomonas aeruginosa, and Escherichia coli. Another bactericidal effect of the anthocyanin also examined through broth microdilution assay showed that gram-positive bacteria were more susceptible to anthocyanin in C. ternatea extract microcapsules compared to gram-negative bacteria [71]. Generally, the gram-negative bacteria possess a double-layered membrane which is built from peptidoglycan and lipopolysaccharide [71,101]. Hence, the layer is the cause of the resistance of bacteria, and makes it less susceptible to any bioactive compounds.



Another study conducted an antimicrobial activity test of C. ternatea extract microencapsulated with gelatin, which consisted of antibacterial and antifungal activity through an agal well diffusion test [80]. The foodborne pathogenic bacteria Bacillus cereus and Salmonella enterica indicated a greater inhibition zone among bacteria, while Escherichia coli and Staphylococcus aureus illustrated the lowest inhibition zone. Hence, this indicated that freeze-dried C. ternatea flower extract is able to retard gram-positive and gram-negative bacteria [80]. In terms of food pathogenic fungi, Aspergillus niger was demonstrated to be the most affected fungi, followed by Candida albicans. Similarly, a study by Kamilla et al. [102] also reported that the methanol extract of C. ternatea flower (100 mg/mL) has the highest activity against Candida albicans. Therefore, the microcapsules of C. ternatea flower extract have the advantageous ability to retard the food pathogenic bacteria and fungi, which make them a potential alternative to be used in food products. Various coating agents and their formulations, as well as the drying methods, showed different abilities to retain the active components’ bioavailability and the physical properties’ stability, especially the color intensity.





10. Limitations and Future Prospects


Nowadays, the demand for healthy and natural products is increased, which becomes an interest and a challenge for the food industry. C. ternatea flower is one of the most abundant sources of natural pigment that is also a functional compound; however, natural plant colorants are only rarely used because of their instability and propensity to deteriorate when exposed to pH, light, and temperature [103]. The most effective way to safeguard the pigments in natural colorants is through microencapsulation, considering that they are frequently unstable and readily degrade. It is claimed by some studies that, other than extending the shelf life and maintaining the physicochemical properties of bioactive compounds in C. ternatea extract, microencapsulation is also able to preserve the biological activity, which makes the microcapsules a natural pigment, as well as a functional ingredient [13,80,81]. Since microencapsulated extract is mostly dried, the water activity is low, and is therefore unlikely to suffer microbial growth during storage, making it easier to handle and transport compared to C. ternatea extract in liquid form. Moreover, microencapsulation can increase the bioavailability of active compounds in the water soluble matrix, especially if the coating agents are highly water-soluble, which is suitable for food industry requirements [6]. Therefore, microencapsulation is an advantageous method that is a very good prospective method for producing natural colorants and preservatives by the food industry.



On the other hand, microencapsulation may also have some drawbacks. Microencapsulation technology may increase the production cost, which causes the production to be economically limited. In terms of choosing coating agents, there are many restrictions on microencapsulating compounds because the wall materials must be of food quality or generally recognized as safe (GRAS). When a core material is microencapsulated, its stability and interaction with other components needs to be properly understood; for instance, the coating material for microencapsulating anthocyanin should not be acidic nor basic, since the anthocyanins’ pigment is sensitive to pH changes. Moreover, one crucial aspect for the research and development of food microencapsulation is an understanding of the industrial limits and requirements, such as the upgrade from laboratory size to pilot scale production of microencapsulation technology. However, as its benefits outweigh its drawbacks, it may eventually provide numerous benefits.




11. Conclusions


C. ternatea flower petals are a great source of natural bioactive compounds, especially polyphenols and their derivatives, introducing additional health benefits to humans and the prevention of various diseases. Due to the exhibition of diuretic, nootropic activity, anti-asthmatic, anti-inflammatory, analgesic, antipyretic, antidiabetic, antilipidemic, anti-arthritic, antioxidant, and wound healing properties, C. ternatea flowers can be a potent additive to be applied in a functional food or as a pharmaceutical drug/supplement in order to improve patients’ treatment efficiency. Regarding the safety and toxicity issues, every country has different regulations and claims; however, some studies claimed that C. ternatea flower was safe to consume and showed no sign of acute toxicity. Numerous studies reported a recommendation on how to apply C. ternatea flower to food products in liquid extract form; however, studies about application in the form of microencapsulated extracts are still limited.



Microencapsulation technology allows for the control of the release properties of active compounds, thereby improving the bioavailability of delivered active ingredients. Various coating agents and their formulations, as well as the drying methods, showed different abilities to retain the active components’ bioavailability and the physical properties’ stability, particularly the color intensity. In order to have higher availability of bioactive compounds and better physicochemical properties, the freeze-drying method can be considered the most appropriate method to use. Moreover, the efficacy and quality of bioactive compounds in the freeze-dried sample was better than the spray dried sample due to its low temperature process, which can preserve the antioxidant capacity of the bioactive compounds during drying. Likewise, the microcapsules of C. ternatea flower extract have the advantageous ability to limit the number of pathogenic bacteria and fungi, which can make it an alternative in food products.
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Figure 1. Phytosterols in C. ternatea flower: (a) β-sitostrerol; (b) stigmasterol; (c) taxaxerol; (d) campesterol; (e) sitostanol. 
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Figure 2. Anthocyanins in C. ternatea flowers: (a) Ternatin A1; (b) Ternatin A2; (c) Ternatin B1; (d) Ternatin B2; (e) Ternatin D1; (f) Ternatin D2; (g) Delphinidin 3-O-glucoside; (h) Kaempferol 3-neohesperidoside; (i) Quercetin 3-O-rutinoside. 
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Figure 3. Illustration of the microencapsulation process and the basic principles for the most commonly used drying techniques. Created with BioRender.com (accessed on 26 January 2023). 
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Table 1. Hydrophilic compounds composition of C. ternatea flower.
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Group

	
Compound

	
Concentration (mg/g)




	
[23]

	
[24]

	
[22]






	
Anthocyanin

	
Cyanidin-3-sophoroside

	
0.31

	
N.D.

	
N.D.




	
Ternatin A1

	
0.51

	
0.39

	
0.61




	
Ternatin A2

	
N.D.

	
N.D.

	
0.75




	
Ternatin A3

	
N.D.

	
N.D.

	
0.46




	
Ternatin B1

	
N.D.

	
N.D.

	
1.42




	
Ternatin B2

	
0.32

	
0.73

	
1.52




	
Ternatin B3

	
0.50

	
N.D.

	
0.48




	
Ternatin B4

	
N.D.

	
N.D.

	
0.40




	
Ternatin C2

	
1.81

	
N.D.

	
0.11




	
Ternatin D2

	
1.45

	
0.67

	
0.63




	
Ternatin D3

	
0.54

	
N.D.

	
0.24




	
Anthocyanidin

	
Delphinidin derivative

	
2.13

	
N.D.

	
N.D.




	
Flavanol

	
Rutin

	
0.89

	
N.D.

	
N.D.




	
Kaempferol 3-neohesperidoside

	
1.76

	
1.29

	
4.89




	
Kaempferol 3-rutinoside

	
N.D.

	
N.D.

	
0.04




	
Kaempferol 3-(2G-rhamnosylrutinoside)

	
N.D.

	
N.D.

	
2.7




	
Quercetin 3-(2G-rhamnosylrutinoside)

	
0.37

	
0.89

	
0.39




	
Quercetin 3-glucoside

	
N.D.

	
N.D.

	
0.15




	
Quercetin 3-rutinoside

	
N.D.

	
N.D.

	
0.27




	
Quercetin 3-neohesperidoside

	
N.D.

	
N.D.

	
0.39




	
Ellagic acid

	
0.21

	
N.D.

	
N.D.




	
Caffeoylmalic acid

	
N.D.

	
1.37

	
N.D.








N.D.: Not Detected.
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Table 2. Hydrophobic compounds composition of C. ternatea flower.
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Group

	
Compound

	
Concentration




	
[23]

	
[25]






	
Fatty Acid

(mg/g)

	
Palmitic acid (C16:0)

	
2.13

	
N.E.




	
Stearic acid (C18:0)

	
1.99

	
N.E.




	
Petroselinic acid (C18:2n6c)

	
1.01

	
N.E.




	
Linolenic acid (C18:2n6c)

	
4.72

	
N.E.




	
Arachidic acid (C22:0)

	
0.36

	
N.E.




	
Behenic acid (C22:0)

	
0.30

	
N.E.




	
Phytanic acid

	
0.81

	
N.E.




	
Phytosterol

(mg/100 g)

	
Campesterol

	
1.24

	
N.E.




	
Stigmasterol

	
6.70

	
N.E.




	
β-Sitosterol

	
6.77

	
18.3–33.4




	
Sitostanol

	
1.20

	
N.E.




	
Taraxerol

	
N.D.

	
35.8–104.0




	
Tocols

(mg/100 g)

	
α-tocopherol

	
0.20

	
N.E.




	
γ-tocopherol

	
0.24

	
N.E.








N.D.: Not Detected, N.E.: Not Evaluated.
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Table 3. Health benefits of C. ternatea.
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	Study Model
	Findings
	Mode of Action
	References





	Examination of human copper-reduced low-density-lipoprotein (LDL) cholesterol
	50µL of 2.5µL of C.ternatea flower crude lyophilized extracts (CLE) and partially purified extract (PPE) were used respectively. PPE showed higher inhibition compared to CLE. Both demonstrated the phenolic compounds’ protection against human LDL cholesterol oxidation
	Anti-cholesterol activity
	[39]



	Emulsion model observation.
	C. ternatea flower extract was used to inhibit cholesterol oxidation and determined after 24 and 48 h. The extract was made by 0.2 g of C. ternatea petal and 4 mL of distilled water, methanol, and both in combination (1:1) after different soaking times. The combined solvents yielded 63.9 µg/mL of anthocyanin in the extract after 6 h of soaking time and inhibited 89.8% of 7-ketocholesterol production in emulsion.
	Anti-cholesterol activity
	[24]



	Paw edema method in healthy rates
	Healthy albino rats of either gender were dosed with 200 and 400 mg/kg of C. ternatea flower extract. The doses significantly inhibited paw edema compared to control untreated group. The study demonstrated the possibility that the extract may have protective benefits against the release of prostaglandins, kinnins, and other chemicals.
	Anti-inflammatory activity
	[40]



	Examination of the inhibition of carrageenin-induced rat paw oedema and acetic acid-induced vascular permeability in rats.
	After oral administration of 200 and 400 mg/kg methanolic root extracts C. ternatea, carrageenin-induced rat paw oedema and acetic acid-induced vascular permeability in rats were considerable reduced.
	Anti-inflammatory activity
	[41]



	Autophagy measurement
	Rats fed with “medhya rasayana” for 60 days, a 1:1 mixture of crushed the whole plant of C. ternatea and jaggery, had significantly lower autophagy in the brain, which indicates that C. ternatea protects the brain by affecting the autophagy-directed pathway.
	Nootropic activity
	[42]



	Examination of human plasma glucose and insulin levels
	15 healthy males found that when 1 or 2 g of C. ternatea flower extract were combined with 50 g of sugar, plasma glucose and insulin levels were reduced.
	Antidiabetic activity
	[43]



	Examination of blood glucose, insulin, glycosylated hemoglobin, urea, and creatinine levels in rats
	Wistar rats given 400 mg/kg ethanolic leaf extracts of C. ternatea weight per day for 28 days indicated considerably lower blood glucose, insulin, glycosylated hemoglobin, urea, and creatinine levels than diabetic control.
	Antidiabetic activity
	[44]
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Table 4. Application of C. ternatea flower in food products.
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Food Products

	
Main Findings




	
C. ternatea Extract Concentration

	
Notes for Recommendation

	
References






	
Chinese steam bread

	
20–30% of flower water extract added to the bread dough

	
Total anthocyanins and free polyphenols, as well as antioxidant activities, were increased as the extract concentration increased. However, 30% extract highly reduced the springiness, cohesiveness, and elasticity of the bread. Overall, all concentrations are acceptable sensory attributes.

	
[70]




	
Muffin

	
5 g of spray dried flower acetic water extract to the muffin dough

	
Providing inhibitory activity on foodborne bacteria, both gram-positive bacteria such as Bacillus cereus, Staphylococcus aureus, Streptococcus sp., and Bacillus coagulans, and gram-negative bacteria such as Yesirnia sp., Proteus mirabilis, Pseudomonas aeruginosa, and Escherichia coli, as well as longer shelf life of product. Physical attributes are acceptable.

	
[71]




	
Gummy candy

	
100 mL of concentration 30 g/1000 mL water extract added into gummy candy ingredients

	
The highest level of acceptability in color and appearance.

	
[72]




	
Yogurt

	
Addition of dried flower extracted with water 3:1 (g/L) ratio to skim milk to produce yogurt.

	
Showing the highest antioxidant activity in yoghurt made from skim milk or added skim milk compared to other types of milk without the addition of skimmed milk.

	
[73]




	
Parboiled milled rice

	
1% (w/v) of flower water extract used to water to soak 20 g of rice at ratio (1:2).

	
For maximum phenolic compounds fortification from the C. ternatea flower extract, it is suggested to use low amylose milled rice.

	
[74]




	
Water kefir

	
2 g of flower/250 mL of water before kefir strain is added.

	
Improved antioxidant activity and TPC.

	
[10]




	
Cupcake

	
50 g of diluted flower water and ethanolic mixture extract (ratio 1:80 with concentrated flower extract)

	
Preferred by consumers over the traditional mixture due to the color changes, aroma, flavor, and overall organoleptic assessment.

	
[11]




	
Functional beverage

	
Ratio of flower water extract, stevia extract, and lime is respectively

983.25 mL/L:1.75 mL/L:15 g/L.

	
Significantly most acceptable for sensory attributes, possesses an antioxidant activity and is shelf stable for a period of 28 days without preservatives.

	
[12]




	
Flours (potato, rice, glutinous rice, wheat, and corn)

	
Addition of 1% and 2% (w/v) flower water extract into each flour.

	
Inhibition of the pancreatic α-amylase activity in all flours, reduction in glucose release, hydrolysis index, and predicted glycemic index.

	
[75]




	
Wheat bread

	
5%, 10%, and 20% (w/w) flower water extract of wheat flour basis.

	
Significant reduction in starch digestibility of the bread.

	
[75]




	
Sponge cakes

	
5% of spray dried flower extract (commercially bought from Thai market) of wheat flower basis.

	
Organoleptically more satisfactory than control, 10%, 15% and 20% concentration. Overall, as the concentration increased, it provided higher total phenolic and anthocyanins content as well as antioxidant activity.

	
[52]




	
Pork patties

	
0.02–0.16% (w/w) of spray dried extract (commercially bought from Thai market) to 100 g pork meat

	
Increased radical scavenging activity

	
[51]











[image: Table] 





Table 5. C. ternatea extract microencapsulation in diverse methods and coating agents.
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Extract

	
Microencapsulation Method

	
Notes for Recommendation

	
References




	
Coating Agent

	
Drying Method






	
Water extract

	
20% maltodextrin,

19% maltodextrin and 1% cassava starch,

15% maltodextrin, and 5% gelatin

(w/w of extract)

	
Spray drying

Inlet temperature 140 °C, Outlet temperature ±92 °C, feed rate 5 mL/min

	
The retention of anthocyanins for all treatments are >90% and the gelatin–maltodextrin formulation had the best physicochemical and morphological characteristics, as well as better color preservation.

	
[13]




	
Acidic extract (Acidic acid)

	
Maltodextrin 100%, Arabic gum 100%, and combination of maltodextrin 60%, and Arabic gum 40%

	
Vacuum oven drying

Under 0.085 pa, 45 °C, 24 h

Freeze drying

−80 °C, 24 h

	
Microcapsules produced by vacuum oven drying with combination of maltodextrin and Arabic gum indicates as the most effective in preserving anthocyanins as powder colorant during storage at room temperature. For freeze-dried microcapsules, using maltodextrin also showed to be effective in maintaining anthocyanins.

	
[14]




	
Water extract

	
Sodium alginate (1–2% (w/v)) and calcium chloride (1.5–5% (w/v))

	
Air drying

25 °C, 24 h

	
The beads with 10% C. ternatea extract, 1.5% alginate, and 3% CaCl2 showed the highest encapsulation efficiency, maximal antioxidant capacity, physicochemical properties, and improved the biological activity.

	
[31]




	
Ethanolic extract

	
85% maltodextrin and carrageenan,

90% maltodextrin, and 10% carrageenan

(w/w of coating materials)

	
Freeze drying

48 h

	
The formulation with a ratio of maltodextrin (90%) and carrageenan (10%) indicated the best results compared to maltodextrin (85%) and carrageenan (15%) in maintaining the antioxidant activity and color intensity of microcapsules.

	
[78]




	
Water extract

	
Arabic gum 0, 2, 4, 6, 8, and 10%

(w/v of extract)

	
Ultrasonic spray drying

Outlet temperature 90 °C, feed rate 8 mL/min

	
Among the various concentrations, the sample with 6% Arabic gum concentration relative to solid content was the most effective in maintaining the antioxidant activities and microbial activity, and was acceptable physically.

	
[79]




	
Water extract

	
5% gelatin

(w/v of 100 mL distilled water)

	
Ultrasonic spray drying

Outlet temperature 100 °C

Feed rate 3 mL/min,

Convection oven

80 °C, low air pressure, 2 h.

Freeze drying −80 °C, 24 h

	
The highest encapsulation efficiency was shown by the freeze-dried product, according to the anthocyanin contents, antioxidant activity, microbial properties, and color lightness.

	
[80]




	
Water extract

	
Maltodextrin 20%, 30%, 40%, and 50%

(w/w of distilled water)

	
Microwave drying

550 W, 6 min

770 W, 7 min

770 W, 8 min

	
The best encapsulation condition resulted from the concentration of maltodextrin 40%, microwave power 770 W, and 7 min drying, which has high encapsulation efficiency (73.24%), high anthocyanin contents, and low water activity value.

	
[81]




	
Water extract

	
Maltodextrin and β-cyclodextrin (75:25, 50:50, and 75:25)

	
Freeze drying

24 h

	
The ratio of extract to coating materials 1:1 with composition 75% maltodextrin and 25% β-cyclodextrin showed the highest anthocyanin retention, as high as 88.4%, with good color profile.

	
[82]
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