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Abstract

:

This review article provides an overview of the bioactive compounds of clove, their health benefits, and their potential application in food and beverages. Cloves are rich in phenolic compounds, mainly eugenol, which exhibit antioxidant, anti-inflammatory, antimicrobial, antifungal, and wound-healing properties. Traditional methods of clove extraction, such as Soxhlet and maceration, have limitations. Green extraction methods, such as ultrasound-assisted extraction, pressurised liquid extraction, and microwave-assisted extraction, have shown promising results. The potential application of clove extract in various food and beverage products are also discussed. Finally, future perspectives and challenges for clove extraction are highlighted. Overall, the review highlights the potential of clove extract as a natural source of bioactive compounds for various applications in the food and beverage industry.
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1. Introduction


Clove (Syzygium aromaticum) is an evergreen tree native to Indonesia, but it is also grown in other countries, such as Madagascar, Tanzania, and Sri Lanka [1]. Clove trees can grow up to 12 m tall and have dark green leaves and small white flowers [2]. Clove production begins with planting clove tree seedlings, usually grown in nurseries for up to a year before being transplanted into the field [3]. Clove trees require a warm, humid climate and well-draining soil. The trees are usually spaced 8 to 10 m apart to achieve adequate sunlight and air circulation [4]. Clove trees take approximately 5 to 7 years to reach maturity and produce their first crop of flowers [5]. The flowers are typically harvested by hand between July and September when they are still blossoming. The blossoms are then exposed to the sun for several days until they attain a dark-brown hue. Once the cloves have been thoroughly dried, they are separated from the stems and other debris before being placed in bags for storage and transportation. The quantity of cloves produced yearly can vary depending on weather conditions and other factors, as clove production is seasonal [6]. Indonesia is the world’s most significant clove producer, accounting for roughly 70% of global production. Madagascar, Tanzania, and Sri Lanka are three other significant producers [7]. Cloves are a significant export commodity for many of these nations and are utilised in numerous industries, including the food, cosmetic, and pharmaceutical sectors [8].



Clove is a spice with a distinct flavour and various health advantages widely utilised in traditional medical and culinary activities [9]. In recent years, there has been a growing interest in clove valorisation, or the process of creating higher-value products from clove, in addition to its traditional applications. Up to 85% of clove essential oil comprises eugenol, the primary bioactive component [10]. Numerous health benefits have been identified, including anti-inflammatory, analgesic, and antioxidant properties. Eugenol has been shown to have antibacterial and antifungal properties, making it effective against a broad range of microorganisms [11]. Acetyl eugenol is another important bioactive compound in clove, accounting for up to 15% of its essential oil [12]. Similar health benefits to eugenol have been discovered, including anti-inflammatory and analgesic properties [13]. It has also been discovered that acetyl eugenol has anticancer properties, making it a potential cancer treatment agent [14]. Clove and other plants, including black pepper and cinnamon, contain the bioactive compound caryophyllene. It has been found to have anti-inflammatory and analgesic properties, making it effective in treating pain and inflammation [15].



Current extraction methods for clove bioactive compounds include steam distillation, solvent extraction, and supercritical fluid extraction [16,17]. These methods have advantages and limitations, but recent advances in extraction techniques have shown promise in increasing the yield and purity of bioactive compounds [18]. Potential applications of clove in food and beverage products include its use as a natural flavouring agent, natural preservative, and antioxidant [19]. Due to its bioactive compounds, clove can also be used to develop functional foods and nutraceuticals. In addition to its potential applications, the valorisation of clove waste can provide an opportunity to create value-added products and reduce environmental impact [20]. Clove stems and leaves can produce biofuels, and clove oil production waste can produce biodegradable plastics [21].



This review will focus on the valorisation of clove, specifically its bioactivities, current extraction methods, potential applications, and future perspectives in food and beverage products. The bioactive compounds found in clove, such as eugenol, acetyl eugenol, and caryophyllene, have been found to have numerous health benefits, including anti-inflammatory, analgesic, and antibacterial properties. These bioactive compounds have led to the development of new pharmaceuticals and nutraceuticals.




2. Bioactive Compounds of Clove Extract


Clove is a spice that is rich in bioactive compounds, which are responsible for its numerous health benefits. The main bioactive compounds found in cloves are eugenol, acetyl eugenol, and caryophyllene. The bioactive compounds found in cloves have led to the development of novel pharmaceuticals and nutraceuticals. The composition of clove extracts is shown in Table 1. The explanation and application of bioactive compounds from clove extract are shown below.



2.1. Eugenol


Eugenol, as shown in Figure 1a, is the main bioactive compound found in clove extract, and it is responsible for many of its beneficial properties [23]. Eugenol has been comprehensively studied for its various biological activities, which include antioxidant, anti-inflammatory, analgesic, antimicrobial, and anticancer properties [24]. One of the most well-known properties of eugenol is its analgesic influence, which makes it effective in relieving pain. Eugenol has been shown to inhibit the activity of certain enzymes that play a role in pain perception, such as cyclooxygenase-2 (COX-2) and lipoxygenase (LOX) [25]. It makes eugenol a potential natural alternative to synthetic analgesics. Eugenol is also known for its potent antioxidant activity, which makes it effective in preventing oxidative damage induced by free radicals [26]. Free radicals are unstable molecules that can cause damage to cells and tissues, resulting in various diseases and ageing [27]. Its antioxidant activity is attributed to its ability to scavenge free radicals and protect cells against oxidative stress [28].



In addition, eugenol has been found to have anti-inflammatory properties that make it effective in reducing inflammation. Inflammation is a normal immune system response to injury and infection, but chronic inflammation can contribute to the development of various diseases. Eugenol’s anti-inflammatory properties are attributed to its capacity to inhibit the production of pro-inflammatory cytokines, such as interleukin-1 beta (IL-1β) and tumour necrosis factor-alpha (TNF-α) [29]. It has been investigated for its potential as a drug delivery agent. Due to its lipophilic nature, eugenol has been found to enhance the solubility and bioavailability of certain pharmaceuticals [30]. One example of eugenol’s use as a drug delivery agent is in the treatment of cancer. Eugenol has been shown to enhance the solubility and bioavailability of certain anticancer drugs, such as paclitaxel and curcumin, which can increase their therapeutic efficacy [31]. In addition, eugenol has been found to have anticancer properties, making it a potential adjuvant therapy for cancer treatment [32]. Eugenol has also been studied for its potential in transdermal drug delivery. Transdermal drug delivery is a non-invasive technique for delivering drugs through the skin and into the bloodstream [33]. Eugenol’s lipophilic nature allows it to penetrate the epidermis and enhance the permeation of certain drugs [34].




2.2. Acetyl Eugenol


The natural compound acetyl eugenol is found in clove extract and is structurally related to eugenol. The chemical structure of acetyl eugenol is shown in Figure 1b. Similar to eugenol, acetyl eugenol has been investigated for its diverse biological activities, such as antioxidant, anti-inflammatory, and antimicrobial properties [35]. One of acetyl eugenol’s most well-known properties is its analgesic effect, which makes it an effective pain reliever [36]. It has been demonstrated that acetyl eugenol inhibits the activity of pain-related enzymes, such as cyclooxygenase-2 (COX-2) and lipoxygenase (LOX) [14]. It causes acetyl eugenol to be a possible natural substitute for synthetic analgesics.



Additionally, acetyl eugenol possesses antioxidant properties, effectively preventing oxidative damage induced by free radicals [37]. In addition, acetyl eugenol has anti-inflammatory properties, making it an effective anti-inflammatory agent. Inflammation is a normal immune response to injury and infection; however, chronic inflammation can contribute to the development of various diseases. Due to its capacity to inhibit the production of pro-inflammatory cytokines, such as interleukin-1 beta (IL-1 β) and tumour necrosis factor-alpha (TNF-α), acetyl eugenol possesses anti-inflammatory properties [38]. It also has been discovered that acetyl eugenol has antimicrobial properties that make it effective against infections. It has been demonstrated that acetyl eugenol is effective against various bacteria and fungi, making it a potential alternative to synthetic antimicrobial agents [39].




2.3. Caryophyllene


Caryophyllene is a natural compound present in the essential oil of clove extract. It belongs to the class of compounds known as sesquiterpenes, which occur naturally in plants and have diverse biological activities [40]. Caryophyllene has been found to have a range of biological activities, including anti-inflammatory, antioxidant, and anticancer properties [41]. One of the most remarkable properties of caryophyllene is its ability to operate as a selective agonist of cannabinoid receptor type 2 (CB2) [42]. CB2 receptors are predominantly expressed in immune cells and have been implicated in regulating inflammation and immune response. Studies have shown that caryophyllene can reduce inflammation and pain by activating CB2 receptors, which modulate the immune response. It makes caryophyllene a prospective therapeutic agent for treating various inflammatory diseases, such as arthritis, asthma, and inflammatory bowel disease.



Moreover, caryophyllene has been found to have antioxidant properties that make it effective in preventing oxidative damage induced by free radicals [43]. Free radicals are unstable molecules that can damage cells and tissues, leading to diseases and ageing. Caryophyllene’s antioxidant activity is attributed to its ability to scavenge free radicals and protect cells against oxidative stress. Additionally, caryophyllene has been found to have anticancer properties that make it effective in inhibiting the growth and proliferation of cancer cells [44]. Studies have shown that caryophyllene can induce apoptosis (cell death) in cancer cells and inhibit the formation of new blood vessels that supply nutrients to tumours.





3. Bioactivity of Clove Extract


Clove extract has many bioactivities, including antioxidant, anti-inflammatory, antimicrobial, anticancer, and neuroprotective effects [45]. The antioxidant activity of clove extract is attributed to the presence of phenolic compounds, which scavenge free radicals and reduce oxidative stress [27]. Its anti-inflammatory activity is also due to these phenolic compounds, which reduce the production of inflammatory cytokines and enzymes. Clove extract exhibits antimicrobial activity against a wide range of microorganisms, which is predominantly attributed to the presence of eugenol [46]. Studies have also shown that clove extract has anticancer activity, inducing cell demise in cancer cells and inhibiting their proliferation [47]. Furthermore, clove extract has neuroprotective effects, which is ascribed to eugenol and has been shown to reduce oxidative stress and inflammation in the brain [48]. These bioactivities are attributed to clove extract’s abundant bioactive compounds, making it a potential therapeutic agent for preventing and treating various diseases.



3.1. Antioxidant Activity


Clove extract has also been discovered to have a synergistic antioxidant effect when combined with other natural antioxidants, such as vitamins C and E, and carotenoids [49]. In one study, clove extract and vitamin C produced a more significant antioxidant effect than either compound independently [50]. Clove extract’s antioxidant activity has also been studied for its potential in food preservation [51]. It has demonstrated efficacy in inhibiting lipid oxidation and preventing food deterioration due to its potent antioxidant properties. It is known that the liver plays a crucial role in the metabolism of various compounds, including those from natural sources, such as herbs and spices. In the case of clove extracts, liver enzymes such as cytochrome P450 are likely to be involved in their metabolism. These enzymes help to break down the compounds in clove extracts into smaller molecules that can be excreted from the body. The antioxidant compounds in clove extracts, such as phenolic acids and flavonoids, may also exert their effects by interacting with liver enzymes and reducing oxidative stress [52,53].



Furthermore, the caryophyllene present in clove extract has been shown to have a regulatory effect on various genes involved in antioxidant defence, apoptosis, and energy metabolism. Specifically, it has been shown to activate the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway, which is a major regulator of antioxidant genes, such as heme oxygenase-1 (HO-1) [54]. This pathway is responsible for the production of endogenous antioxidants, which help to protect against oxidative stress [55]. In addition to its effects on antioxidant defence and apoptosis, clove extract has also been shown to regulate genes involved in energy metabolism. For example, it has been shown to activate the sirtuin 1 (SIRT1) pathway, which is involved in regulating cellular energy metabolism and maintaining cellular homeostasis [56]. Clove extract has also been shown to increase the expression of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1a), which is involved in regulating mitochondrial biogenesis and energy metabolism.



Clove extract’s antioxidant properties have prospective applications in cosmetics [39,57]. Clove extract has been demonstrated to have anti-ageing properties as it inhibits the formation of reactive oxygen species and prevents UV-induced damage. Additionally, it has been incorporated into anti-wrinkle lotions and other cosmetics [58]. In conclusion, clove extract’s antioxidant activity is an essential bioactivity with potential health benefits in preventing and treating chronic diseases. Its potent antioxidant activity, synergistic effects with other natural antioxidants, and potential applications in the culinary and cosmetic industries make it a promising natural antioxidant for further investigation and development.




3.2. Anti-Inflammatory


Clove extract has exhibited significant anti-inflammatory effects [59]. These effects are attributable to eugenol, the primary bioactive compound found in clove extract. Eugenol is known to inhibit the production of pro-inflammatory mediators and enzymes, including cyclooxygenase (COX) and lipoxygenase (LOX) [60]. Clove extract effectively reduced inflammation in the paws of rats with induced inflammation. The study demonstrated that the extract inhibited the production of inflammatory cytokines, including tumour necrosis factor-alpha (TNF-α) and interleukin-1beta (IL-1β), and decreased the activity of COX-2 and LOX enzymes [61]. When given to mice with induced inflammation, eugenol reduced the expression of genes implicated in the inflammatory response. According to another study, it decreased inflammatory cytokine levels in the blood. Furthermore, clove extract has been shown to modulate the expression of apoptotic genes, such as Bcl-2 and Bax. Bcl-2 is an anti-apoptotic gene that helps to prevent cell death, while Bax is a pro-apoptotic gene that promotes cell death [62]. By regulating the expression of these genes, clove extract can help to maintain cellular homeostasis and prevent cell damage.



Additionally, clove extract has been studied for its potential for treating inflammatory bowel disease (IBD) [63]. Clove extract reduced inflammation and damage to the colon in rodents with induced colitis. The study demonstrated that clove extract reduced the activity of inflammatory enzymes such as myeloperoxidase (MPO) and the levels of inflammatory cytokines [64]. The study investigated the potential anti-aging effects of clove extract and eugenol on UVB-irradiated normal human dermal fibroblasts and hairless mice [65]. The results showed that extract and eugenol suppressed matrix metalloproteinase secretion and activator protein 1 phosphorylation while activating nuclear erythroid 2-related factor/antioxidant-response element signalling and inhibiting nuclear factor-κB and interleukin-6 expression. In vivo, the extract improved procollagen type I and elastin levels via TGF/Smad signalling, reduced wrinkles, and increased filament aggregating protein. The study concluded that the clove extract effectively ameliorated UVB-induced photoaging and has potential as a natural anti-aging product.



Moreover, clove extract has anti-inflammatory effects on the skin [66]. It has been applied topically in creams and ointments to treat acne, eczema, and psoriasis, which induce inflammation and redness.




3.3. Antimicrobial


It has been discovered that clove extract has substantial antimicrobial activity against a broad spectrum of microorganisms, including bacteria, fungi, and viruses [67]. This activity can be ascribed to eugenol, the primary bioactive compound in clove extract. Eugenol is known to disrupt the cell membranes of microorganisms and inhibit their growth and reproduction [68]. Oulkheir et al. [69] demonstrated that clove extract possesses potent antibacterial activity against various bacteria, including Gram-positive and Gram-negative bacteria. Clove extract was also found to inhibit the growth of methicillin-resistant Staphylococcus aureus (MRSA), an antibiotic-resistant strain of bacteria [70]. El-Shouny et al. [71] also demonstrated that clove extract is effective against Helicobacter pylori, a bacterium that is a leading cause of stomach ulcers and stomach cancer.




3.4. Antifungal Activity


Clove extract has been found to have significant antifungal activity against a wide range of fungi. Eugenol is known to disrupt the cell membranes and inhibit the growth and reproduction of fungi [68]. Several studies have investigated the antifungal activity of clove extract against Candida albicans [72]. The study showed that when applied topically, eugenol reduced the severity of skin infections caused by Candida albicans. Moreover, clove extract has been investigated for its potential to treat other fungal infections. Studies have shown that clove extract has antifungal activity against other pathogenic fungi, such as Aspergillus flavus, a common cause of food spoilage and respiratory infections [73]. In addition, clove extract has been studied for its potential to prevent viral infections. Several varieties of viruses, such as herpes simplex virus (HSV), influenza virus, and human immunodeficiency virus (HIV), can be inhibited by clove extract, according to scientific studies [74].




3.5. Wound Healing


Clove extract has been found to have potential wound-healing properties due to its antimicrobial and anti-inflammatory effects [62]. Clove extract has anti-inflammatory properties that can help to reduce swelling and pain associated with wounds. Inflammation is an essential part of the wound-healing process. However, excessive inflammation can delay healing and cause tissue damage. Eugenol, the main bioactive compound in clove extract, has been shown to accelerate wound healing by promoting angiogenesis, increasing collagen production, and reducing inflammation [75]. In addition, eugenol has been found to increase the expression of growth factors that are involved in the wound-healing process, such as vascular endothelial growth factor (VEGF) and transforming growth factor beta (TGF-β) [76]. This promotes angiogenesis, which is the formation of new blood vessels, and stimulates the growth of fibroblasts, which produce collagen and help repair damaged tissue. Eugenol has been shown to inhibit the production of pro-inflammatory cytokines, such as interleukin-1 beta (IL-1β) and tumour necrosis factor-alpha (TNF-α), which can contribute to excessive inflammation [29].





4. Application of Clove Extract


As a result of its diverse bioactive compounds and advantageous properties, clove extract has a vast array of potential applications. Clove extract is a versatile natural substance with numerous potential applications in various industries. It is a valuable ingredient for promoting health and well-being due to its abundant bioactive compounds and beneficial properties. The following are prevalent applications of clove extract:




	
Food and beverage industry: Due to its robust flavour and antimicrobial properties, clove extract can be used as a natural food flavouring agent and preservative. It is a prevalent ingredient in baked goods, chewing gum, and beverages [77].



	
Oral care products: Clove extract is a natural treatment for various oral health conditions, including toothache, bad door, and gum disease. It is a ubiquitous component of toothpaste, mouthwash, and dental floss [78].



	
Skincare products: Clove extract’s antimicrobial and antioxidant properties make it an effective treatment for acne, wrinkles, and other skin conditions. Creams, lotions, and cleansers typically contain this ingredient [79].



	
Nutraceuticals: Clove extract is a rich source of potentially beneficial bioactive compounds. It is frequently used as a dietary supplement to enhance digestion, reduce inflammation, and strengthen the immune system [80].



	
Pharmaceuticals: Clove extract and its bioactive compounds have diverse therapeutic properties that make them effective in the treatment of a variety of diseases, including arthritis, cancer, and diabetes. It is a common ingredient in herbal remedies and dietary supplements [81].









5. Traditional Extraction for the Valorisation of Cloves


Bioactive compounds can be extracted from cloves using Soxhlet and maceration, two traditional extraction methods [82]. The Soxhlet extraction method entails placing ground cloves in a thimble and then placing the thimble in a Soxhlet apparatus. The apparatus is coupled to a solvent reservoir and condenser, and the solvent is heated until it boils. As the solvent boils, it vaporises and ascends the apparatus, condensing and dripping onto the ground cloves in the thimble. The clove bioactive compounds are dissolved by the solvent, which then drips back into the solvent reservoir, where it is heated and proceeds. This cyclical process is repeated until the desired quantity of bioactive compounds is achieved.



Maceration is a more straightforward extraction technique that entails soaking ground cloves in a solvent, such as water or alcohol [78,83]. The solvent dissolves the clove bioactive compounds, and the solution is filtered to remove solid particles. The solution that has been filtered can then be concentrated to produce a rudimentary extract. The Soxhlet and maceration techniques are straightforward and efficient for extracting bioactive compounds from cloves. However, they may be less effective than green extraction methods, reducing yields and bioactive compound concentrations. Therefore, these methods may be best adapted for small-scale extractions or use in traditional medicine.



5.1. Soxhlet Extraction


Soxhlet extraction is a widely used method for extracting bioactive compounds from plant materials, including cloves. Clove is a spice that has been used for centuries for its flavour and medicinal properties. Soxhlet extraction is a well-established method for obtaining high-quality extracts from plant materials, as it efficiently extracts a wide range of bioactive compounds. This method involves using a specialised glassware setup consisting of a heating mantle, a boiling flask, a reflux condenser, and a collection flask. A suitable solvent, such as ethanol or methanol, is used to dissolve the bioactive compounds from cloves, and the extraction process continues until all the desired compounds have been extracted. The extracted solution is then concentrated to obtain a more concentrated crude extract, which can be used for various food, pharmaceutical, and cosmetic applications [84]. While Soxhlet extraction is a time-consuming process, it is an effective method for obtaining high yields of bioactive compounds from cloves, making it an essential method for valorising this valuable natural resource [85].



Guan et al. [86] examined the optimal conditions for the Soxhlet extraction of essential oil from clove stems utilising a response surface methodology (RSM) with a central composite design (CCD). The effects of extraction time, solvent-to-sample ratio, and extraction temperature on oil yield were evaluated. The optimal conditions were determined to be 3.3 h extraction time, a solvent-to-sample ratio of 27.9:1, and an extraction temperature of 79.8 °C, yielding a maximal oil yield of 16.6%. The study also found that the extracted oil contained high levels of bioactive compounds with antioxidant and antimicrobial properties, such as eugenol and eugenol acetate. The study determined that the extraction time and sample-to-solvent ratio were the most influential variables influencing the yield of clove oil during Soxhlet extraction. Increasing extraction time and decreasing the sample-to-solvent ratio increased clove oil yields. The study found that the type of solvent used significantly affected yield, with ethanol producing the maximum yield compared with other solvents tested, such as hexane and acetone.




5.2. Maceration Extraction


Maceration is a common technique for extracting bioactive compounds from plant materials, such as cloves. This technique involves soaking cloves in an appropriate solvent, such as ethanol, for an extended time to dissolve the bioactive compounds. Depending on the solvent employed and the desired outcome, the extraction process may be conducted at room or higher temperatures [87]. During maceration extraction, the solvent permeates the clove material and dissolves the bioactive compounds of interest, such as eugenol, acetyl eugenol, and caryophyllene. Depending on the desired yield and the type of solvent used, the extraction time can range from several hours to several days [88]. After the clove material has been extracted, the solvent is separated from it using filtration or centrifugation, and the resulting extract is concentrated using evaporation to yield a more concentrated, unrefined extract. Maceration extraction is a straightforward, cost-effective, and equipment-free technique for extracting bioactive compounds from cloves [89]. In contrast to other procedures, such as Soxhlet extraction, maceration extraction typically yields a smaller quantity of bioactive compounds. Therefore, optimising the extraction duration, temperature, and the solvent-to-sample ratio is essential to obtain a high-quality clove extract with a high bioactive compound yield.



Ferioli et al. [90] optimised clove maceration extraction using response surface methodology (RSM) with three variables: ethanol concentration, extraction time, and extraction temperature. Using maceration, the optimal conditions for extracting phenolic compounds from cloves were 50 °C, a solvent-to-sample ratio of 10:1, and an extraction time of 120 h. In addition, the study revealed that the extract exhibited potent antioxidant and antimicrobial properties with applications in the food industry. Because ethanol is a polar solvent, it can dissolve polar compounds such as eugenol and acetyl eugenol, the primary bioactive compounds in clove. Ethanol concentration and solvent ratio can affect the efficacy of clove extraction using maceration. The greater the concentration of ethanol is, the more excellent the solubility of these polar compounds is, resulting in a greater extraction yield. In addition, the solvent-to-plant-material ratio can influence extraction efficiency. A higher solvent-to-plant-material ratio can enhance the contact between the solvent and the plant material, allowing greater solvent penetration into the plant tissue and more efficient extraction of the target compounds to be achieved. However, a solvent ratio that is too high can result in the dilution of the target compounds and diminished extraction efficiency.





6. Green Extraction for the Valorisation of Clove


Clove is a famous spice that has been utilised for its medicinal properties for centuries. Clove bioactive compounds have been extracted using traditional extraction methods such as Soxhlet and maceration. However, these methods have several drawbacks, such as lengthy extraction periods, toxic solvents, and low yields. Green extraction techniques have been devised to overcome these limitations, such as supercritical fluid extraction, microwave-assisted extraction, ultrasound-assisted extraction, and pressurised liquid extraction. These techniques use non-toxic solvents, reduce extraction duration, and produce greater yields than conventional procedures. Green extraction techniques have transformed the extraction of bioactive compounds from clove, making it more sustainable and efficient. These benefits make green extraction techniques ideal for producing natural products with high added value for use in the food, pharmaceutical, and cosmetic industries.



6.1. Ultrasound-Assisted Extraction


Ultrasound-assisted extraction (UAE) is a green extraction technique that uses ultrasonic waves to enhance the extraction of bioactive compounds from plant materials. In the case of clove, UAE is an effective method for extracting high yields of bioactive compounds, including eugenol, caryophyllene, and acetyl eugenol [91]. The UAE process involves immersing clove powder or whole cloves in a solvent and subjecting them to high-frequency ultrasonic waves. These waves create cavitation bubbles that implode and generate high temperatures and pressures, leading to enhanced mass transfer and faster extraction. UAE offers several advantages over traditional extraction methods, including shorter extraction times, lower solvent consumption, and higher yields [92]. Moreover, UAE uses non-toxic solvents, making it an eco-friendly and sustainable extraction method. Additionally, using ultrasound waves has been shown to improve the functional properties of the extracted compounds, such as antioxidant activity and antimicrobial properties [88].



The yield of cloves derived using ultrasound-assisted extraction varied depending on the operating conditions, according to Tekin et al. [93]. At a frequency of 20 kHz, a temperature of 50 °C, a solvent-to-material ratio of 30 mL/g, and extraction duration of 30 min, the highest yield (6.98%) was obtained. Increases in temperature, solvent-to-material ratio, and extraction time were observed to increase yield, while a decrease in frequency was observed to increase yield. The increase in yield with the increase in temperature, solvent-to-material ratio, and extraction time can be attributed to the increased solubility of the active compounds in the solvent, enhanced diffusion of the solvent into the plant matrix, and increased release of compounds from the plant material [94]. On the other hand, the relationship between frequency and yield can be explained by the fact that high-frequency ultrasound waves can induce cavitation, forming bubbles that can rupture the cell walls and release bioactive compounds [95]. However, excessive cavitation can also degrade the compounds, resulting in a reduction in yield.




6.2. Supercritical Carbon Dioxide (SC-CO2)


SC-CO2 extraction is a modern technique for extracting bioactive compounds from natural sources, including clove, that has recently gained significant attention. SC-CO2 extraction is a green method that uses carbon dioxide in its supercritical state as the solvent. It offers several advantages over traditional extraction methods, such as higher extraction efficiency, shorter extraction times, and better selectivity for the target compounds [96]. In SC-CO2 extraction, carbon dioxide is pressurised to a supercritical state, exhibiting both liquid-like and gas-like properties, making it an excellent solvent for extracting hydrophobic and hydrophilic compounds [97]. The extraction process involves passing supercritical carbon dioxide through the clove matrix, where it dissolves and carries the target compounds.



Additionally, the short extraction times in SC-CO2 extraction can reduce the risk of the degradation and alteration of the extracted compounds. Finally, the selectivity of SC-CO2 extraction can be optimised by adjusting the pressure and temperature conditions, making it possible to target specific compounds of interest. Overall, SC-CO2 extraction has significant potential as a modern extraction technique for extracting bioactive compounds from cloves.



Chatterjee and Bhattacharjee [98] found that supercritical carbon dioxide extraction at a temperature of 45 °C, a pressure of 30 MPa, and a CO2 flow rate of 2.5 L/min resulted in the highest yield of essential oil from cloves (16.6%). The extracted essential oil was found to contain a high concentration of eugenol (81.6%) and caryophyllene (8.5%), the major bioactive compounds responsible for the pharmacological properties of the oil. Pressure, temperature, flow rate, and extraction time are the process parameters that affect clove supercritical carbon dioxide extraction. As they influence the solubility of the target compounds in the supercritical fluid, pressure and temperature are regarded as the most significant parameters. High pressure and temperature increase the density of the supercritical fluid, resulting in enhanced compound penetration and extraction.



The flow rate of the supercritical fluid is also crucial, because it impacts the residence time of the solvent in the extraction vessel, which can impact extraction efficiency [99]. A slower flow rate permits a prolonged residence time and improved extraction efficiency. The extraction time is also crucial, because it affects the extract’s overall yield and quality. Generally, longer extraction times result in greater yields, but they may also contribute to the extraction of undesirable compounds.




6.3. Pressurised Liquid Extraction


Pressurised liquid extraction (PLE) is a green extraction method that has recently garnered popularity due to its ability to efficiently and effectively extract bioactive compounds [100]. PLE employs solvents at high pressure to extract the desired compounds from plant matter. In the case of cloves, PLE has been utilised to extract bioactive compounds, including eugenol, acetyl eugenol, and caryophyllene, which have become known for their antioxidant, anti-inflammatory, and antimicrobial properties [101]. It has been demonstrated that PLE is a more effective and quicker extraction method than conventional techniques such as maceration and Soxhlet extraction [86].



Multiple process parameters influence the efficacy of PLE in clove extraction. The type of solvent employed is a crucial factor in determining the extraction yield. In a study, water, methanol, and ethanol were more effective solvents for clove oil extraction than acetone, ethyl acetate, and n-hexane [102]. Temperature and pressure within the PLE system also influence clove extraction efficiency. An increase in temperature and pressure results in an increase in extraction yield. However, elevated temperatures and pressures can degrade some bioactive compounds [103]. The duration of extraction is another variable that affects PLE yield. Longer extraction times result in greater yields and increase the risk of bioactive compound degradation. Therefore, it is essential to optimise the extraction time to acquire the highest possible yield without sacrificing extract quality [104]. The particle size of the plant material is also a significant factor in PLE production. The smaller the particulate size is, the greater the surface area is, facilitating the extraction process and increasing the yield [105].




6.4. Microwave-Assisted Extraction


Microwave-assisted extraction (MAE) is a green extraction technique that has recently gained attention due to its efficiency, speed, and potential for reducing solvent consumption. MAE uses microwave radiation to heat the solvent and extract the desired compounds from the plant material [106]. MAE has been used to extract bioactive compounds such as eugenol, acetyl eugenol, and caryophyllene from cloves [107]. MAE is a more efficient and faster extraction technique than traditional maceration and Soxhlet extraction methods.



In clove extraction, the efficiency of MAE can be influenced by several parameters. The type of solvent used can affect the solubility and selectivity of the target compounds. Ethanol, methanol, and water are commonly used solvents in clove extraction using MAE [108]. The power and frequency of microwave radiation also play a crucial role in extraction efficiency. Kapadiya et al. [109] found that higher power and lower frequency can result in better extraction yields, but excessive heating can lead to the degradation of the target compounds. The extraction time is another critical parameter affecting the extracted compounds’ yield and quality. Longer extraction times generally result in higher yields, but there is a risk of degradation due to prolonged exposure to microwave radiation [110]. Finally, the plant material’s particle size can also affect MAE efficiency. Finer particle sizes have a higher surface area, which can facilitate the extraction process but can also lead to clogging of the extraction system [111].





7. Future Perspective and Challenge for Green Clove Extraction


The extraction of bioactive compounds from cloves has been the subject of intensive study, with several traditional and green extraction techniques being developed and optimised. Nevertheless, problems must be solved before clove extract can reach its full potential. The standardisation of extraction methods and the quantification of bioactive compounds are among the challenges. Clove extract quality and efficacy can be affected by the varying quantities of bioactive compounds produced by distinct extraction techniques. To assure the consistency and quality of clove extract, the standardisation of extraction methods and the development of reliable methods for quantifying bioactive compounds are required.



Identifying and isolating novel bioactive compounds from cloves is a further obstacle. Despite the fact that numerous bioactive compounds in cloves have been identified and characterised, it is still possible to discover additional compounds with potential health benefits. Developing efficient techniques for identifying and isolating novel compounds can result in the discovery of new bioactive compounds and the creation of new applications for clove extract. In addition, the scalability of extraction methods is an essential factor in the commercial production of clove extract. Some extraction techniques, such as supercritical fluid extraction and pressurised liquid extraction, necessitate costly apparatuses and high operating expenses. For clove extract to be widely used in the food, pharmaceutical, and cosmetic industries, developing more cost-effective and scalable extraction techniques will be crucial. Conclusion: The future of clove extraction is bright, with numerous potential industrial applications. For the development and commercialisation of clove extract, it will be essential to address the obstacles of standardisation, identification of novel compounds, and scalability.




8. Summary


Clove (Syzygium aromaticum) is a spice widely used in cooking and traditional medicine due to its unique flavour and numerous health benefits. However, in recent years, there has been growing interest in the valorisation of clove, or the process of creating higher-value products from clove beyond its traditional uses. The valorisation of clove can involve various processes, such as extraction and purification of its active compounds, development of new applications in food and beverage industries, and conversion of clove waste into valuable products. One major area of focus in the valorisation of clove is the extraction and purification of its active compounds, such as eugenol, acetyl eugenol, and caryophyllene. These compounds have been found to have numerous health benefits, including anti-inflammatory, analgesic, and antibacterial properties, making them valuable in the development of new pharmaceuticals and nutraceuticals. Another area of interest in the valorisation of cloves is the development of new applications in the food and beverage industries. Clove can be used as a natural flavouring agent in various products, such as candies, baked goods, and beverages. It can also be used as a natural preservative due to its antimicrobial properties. This review article provides an overview of the principles and mechanisms of green extraction and compares the advantages and disadvantages of each method. The article also discusses the essential active compounds in cloves and presents the appropriate green extraction conditions for obtaining high-quality extracts.



The potential applications and future perspectives of clove extracts in the food and beverage industry are vast and promising. However, some limitations or challenges may arise in the production and utilisation of clove extracts, such as variability in the chemical composition of the extracts, possible toxicity at high doses, and limited knowledge of the mechanism of action of specific bioactive compounds. To address these challenges, further research is needed to better understand the composition and activity of clove extracts, optimise extraction methods, and develop innovative applications in food and beverages. Additionally, regulatory measures and quality control standards should be established to ensure the safety and efficacy of clove extracts in the industry. Future prospects for the use of different extraction methods are also discussed. Overall, the valorisation of clove has the potential to create new economic opportunities, promote sustainable practices, and expand the use of this versatile and beneficial spice beyond its traditional applications.
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Figure 1. Chemical structure of (a) eugenol, (b) acetyl eugenol, and (c) caryophyllene obtained from PubChem. 
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Table 1. Composition of active compounds from clove extract adapted from Haro-González et al. [22].
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	Compound
	Concentration Range (mg/g)





	Eugenol
	480–630



	Acetyl eugenol
	22–37



	β-Caryophyllene
	14–17



	α-Humulene
	2.2–2.9



	α-Caryophyllene oxide
	2.5–3.0



	α-Murolene
	1.6–2.0



	γ-Murolene
	1.2–1.8



	β-Selinene
	0.9–1.4



	α-Selinene
	0.7–1.2



	δ-Cadinene
	0.6–1.1



	Caryophyllene oxide
	0.8–1.0



	α-Trans-bergamottin
	0.7–0.9



	α-Pinene
	0.3–0.6



	Limonene
	0.3–0.5



	β-Pinene
	0.2–0.4



	Methyl eugenol
	0.1–0.4
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