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ABSTRACT 

Gac fruit (Momordica cochinchinensis Spreng) aril contains extraordinarily high levels 

of β-carotene and lycopene and unsaturated fatty acids, especially oleic and linoleic 

acids. These bioactive compounds have been proven to be beneficial to human health 

and are linked with a reduced risk of cardiovascular disease and cancers. Importantly, it 

has been found that a significant improvement in the absorption of the carotenoids into 

the human body occurs when they are digested with fat.  

The current study hypothesised that optimisation of conditions for several processing 

steps, including oil extraction, emulsion preparation conditions and spray drying 

process using response surface methodology (RSM), is expected to maximise the oil 

yield and increase the retention of bioactive compounds. 

The aim of this study was therefore to develop optimal conditions for the extraction of 

Gac oil enriched in β-carotene and lycopene, and the preparation of the Gac oil rich in 

β-carotene and lycopene encapsulated powder, for use as nutrient supplement or natural 

food additive and natural food colourant. The objectives of this study were to 

investigate the effect of (1) pre-treatments prior to supercritical carbon dioxide 

extraction, (2) ultrasound-assisted aqueous extraction, (3) microwave-drying followed 

by pressing on the Gac oil extraction efficiency, and β-carotene and lycopene contents. 

Moreover, this study was also to optimise the conditions for spray-drying encapsulation 

of Gac oil using RSM: (1) wall material concentration and ratio of Gac oil to wall 

material, and (2) spray-drying conditions including air inlet and outlet temperatures. 

The shelf life and stability of the encapsulated Gac oil powder were also evaluated. 

The results showed that high extraction efficiencies in terms of Gac oil, β-carotene and 

lycopene were obtained using the three different extraction methods. Supercritical 

carbon dioxide extraction gave the highest oil extraction efficiency (95%), followed by 

ultrasound-assisted extraction (90%) and microwave-drying followed by pressing 

(86%). The Gac oil extracts from the different extraction methods contained high 

concentration of β-carotene and lycopene and had low peroxide value. 

For encapsulation, the results indicated that the response surface model was sufficient to 

describe and predict the response variables with high R2 value. Under optimal 



xiv 

conditions for wall material (whey protein and gum Arabic, 7/3) concentration (29.5%) 

and the ratio of Gac oil to wall material (0.2, g/g), the encapsulation efficiencies in 

terms of Gac oil, β-carotene and lycopene, peroxide value, moisture content and total 

colour difference were predicted and validated. For spray-drying, using optimal 

conditions (inlet and outlet temperatures of 154 and 80 oC, respectively), the 

encapsulation efficiencies in terms of Gac oil, β-carotene and lycopene, encapsulation 

yield, moisture content, water solubility and peroxide value were predicted and 

confirmed. Furthermore, physicochemical (Aw, pH, bulk density, fatty acid 

composition, and particle morphology), reconstitution and colour properties of the 

optimally encapsulated Gac oil powder were also evaluated. The results indicated that 

the encapsulated Gac oil powder could be stored for a long time due to low Aw and 

good protective structure of particles against light, oxidation, and unwanted release of 

the oil droplets and carotenoids.  

A storage study was conducted to determine preservation of quality in the encapsulated 

Gac oil powder. Findings from the storage study confirmed that preservation of colour, 

β-carotene and lycopene in the encapsulated Gac oil powder with a lower peroxide 

value was more effective when vacuum-packed into laminated aluminum bag and stored 

at ambient temperature or lower for up to 12 months. 

The results also showed that during storage, the incorporated Gac oil in yoghurt, 

pasteurised milk and cake mix were found to be satisfactory in terms of preserving an 

attractive colour and β-carotene and lycopene contents, and having a low peroxide 

value. 

In summary, the hypothesis was supported and the aims were achieved in this study. 

The high extraction efficiency for Gac oil containing high level of β-carotene, lycopene 

and unsaturated fatty acids was obtained using different extraction methods. The Gac oil 

rich in those bioactive compounds was effectively encapsulated by spray drying. The 

encapsulated Gac oil powder was highly stable at ambient temperature or lower. 

Furthermore, the encapsulated Gac oil powder was found to be easily incorporated into 

a range of food products. Finally, the Gac oil encapsulated powder is considered 

suitable for use as natural food colourant, a nutraceutical or an additive in the food 

industry. 
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PART 1: OVERVIEW 

1.1 Background 

1.1.1 Gac fruit 

Gac fruit, Momordica cochinchinensis Spreng, also known as baby jackfruit, sweet 

gourd and cochinchin gourd, is one of the traditional fruits in Viet Nam. Many studies 

have reported that extraordinarily high concentrations of carotenoids, especially β-

carotene and lycopene, are found in Gac fruit aril, the brightly red coloured flesh 

covering the seeds (Aoki et al., 2002; Bauernfeind, 1972; Ishida et al., 2004; Vuong, 

2000; Vuong et al., 2006). In comparison with other fruits and vegetables, the lycopene 

content in the aril is at least five times higher than in the other well-known fruits 

analysed (grapefruit, tomato, papaya, guava, and watermelon) (Aoki et al., 2002; Rao & 

Rao, 2007). The β-carotene content in the aril is eight times higher than that in carrots, 

which are well recognised as being high in β-carotene (Kandlakunta, Rajendran, & 

Thingnganing, 2008; Singh, Kawatra, & Sehgal, 2001; Vuong, Dueker, & Murphy, 

2002). Gac fruit also contains significantly high levels of unsaturated fatty acids (Ishida 

et al., 2004; Vuong, 2000) and α-tocopherol (vitamin E) (Vuong et al., 2006). Recently, 

Kubola and Siriamornpun (2011) reported that other bioactive compounds such as 

phenolic acids and flavonoids were also found in the Gac fruit arils with having the 

highest content compared to other parts of the fruit, including the yellow pulp and skin. 

More information about the Gac fruit can be found in the review paper (Paper I). 

1.1.2 Health benefits of bioactive compounds in Gac fruit 

Carotenoids are the most widely distributed compounds in nature with a high level of 

structural diversity and large variations in biological functions. Intestinal absorption can 

be affected by the occurrence and properties of carotenoid isomers in plants (Kopsell & 

Kopsell, 2006). Carotenoids are C40 isoprenoid polyene compounds, which are lipid-

soluble pigments. They are responsible for the red, orange and yellow colours in fruits 

and vegetables. Carotenoids are classified into two major groups based on their 

structures, i.e. carotenes, which carotenoids contain only hydrocarbons that are either 

cyclised such as α-carotene, β-carotene, or linear, such as lycopene, and xanthophylls, 

which carotenoids contain oxygen, including lutein, zeaxanthin and β-cryptoxanthin 

(Britton, 1995). Some common structures of all-trans and cis β-carotene and lycopene 
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15-cis β-carotene 

13-cis β-carotene 

isomers found in fruits and vegetables are presented in Fig. 1. To date, among more 

than 700 carotenoids, there are about 40 dietary carotenoids (such as β-carotene and 

lycopene) being regularly consumed in the human diet.  

 

 
 

All-trans β-carotene All-trans Lycopene 

 

 

 

 

 

 

 

 

 

               

                   5-cis Lycopene 

 

 

Fig. 1 Structures of some common all-trans and cis β-carotene and lycopene isomers 

(Kopsell & Kopsell, 2006) 

 

It is well known that the above bioactive constituents in Gac aril play an important role 

in human health. For carotenoids, many studies have reported that lycopene-rich diets 

are linked with a reduced risk of cardiovascular disease and cancers such as lung, 

breast, stomach, and prostate (Agarwal & Rao, 2000; Lu et al., 2011; Rao & Agarwal, 

1999), and also enhance immune system functions (Chew & Park, 2004; Hughes, 1999, 

2001). Furthermore, there are a number of other diseases that have been reported as 

possibly ameliorated by lycopene consumption, for example, ultra violet (UV)-induced 

sunburn, gingivitis, osteoporosis, mental disorders and asthma (Story et al., 2010).  
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There are a small number of carotenoids in plants, which are vitamin A precursors, such 

as α-carotene, β-carotene, and β-cryptoxanthin. Compared to other provitamin A 

carotenoids, β-carotene is the most potent, of which molecule can be split into two 

molecules of retinol by a specific 15,15’-dioxygenase. However, α-carotene and β-

cryptoxanthin have only approximately half the vitamin A activity of β-carotene (Weber 

& Grune, 2012). Vitamin A plays an important role in preventing night blindness, 

proper immune function, growth, development and gastrointestinal function (Grune et 

al., 2010; Haskell, 2012). Moreover, deficiency of vitamin A is a public health problem 

in preschool-age children and in pregnant and lactating women in developing countries 

(Haskell, 2012). Importantly, vitamin A cannot be synthsised in the human body. As a 

result, it is necessary to consume sufficient amounts of β-carotene as a dietary source of 

vitamin A (Donhowe & Kong, 2014; Haskell, 2012).  

 

The health benefits of fatty acids in the arils, particularly oleic acid, linoleic acid and α-

linolenic acid, are also well known (DeFilippis, Blaha, & Jacobson, 2010; Poudyal et 

al., 2011; Rodriguez-Leyva, Bassett, McCullough, & Pierce, 2010). Importantly, in 

foods, it has been found that a significant improvement in the absorption of the 

carotenoids into the human body occurs when they are digested with fat (Brown et al., 

2004; Unlu et al., 2005). Moreover, carotenoids such as β-carotene and lycopene can be 

used in oils where they can protect unsaturated fatty acids against peroxidation 

(Steenson & Min, 2000; Warner & Frankel, 1987). In turn, it is interesting that the 

stability of β-carotene in fortified foods during storage can be greatly enhanced by 

appropriate addition of high quality soybean oil (Jia, Kim, & Min, 2007). Therefore, it 

is desirable to produce Gac aril products containing both fatty acids and carotenoids. 

 

Other bioactive compounds found in the arils, including vitamin E (Cordero et al., 2010; 

Kontush & Schekatolina, 2008; Ye & Song, 2008), phenolic acids (Stevenson & Hurst, 

2007) and flavonoids (Yao et al., 2004), have been reported to have beneficial effects on 

health. Particularly, as a natural antioxidant in foods, vitamin E helps protect 

polyunsaturated fatty acids, carotenoids and other phytonutrients in the arils from 

oxidation due to its high antioxidant activity. Therefore, Gac fruit has been known as a 

super fruit for many years and Gac aril products are now gaining more popularity as 

health-promoting foods. 
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1.1.3 Carotenoids as natural colourant  

Generally, food colourants are divided into synthetic, nature-identical and natural 

colourants. The colourants are called synthetic when they are obtained solely by 

chemical synthesis and are not found in nature. The second group is also produced by 

chemical synthesis, but they are chemically identical to natural colourants. Natural 

colourants are extracted from natural edible materials using approved methods, for 

example lycopene extracted from tomatoes (Henry, 1996).  

 

Colour is the first characteristic that the consumer perceives of a food, and it suggests 

the quality and flavour. Natural carotenoid extracts are used as food colourants in many 

processed products such as in oily products (margarines, oils, fats and shortenings), fruit 

juice, beverages, dry soups, canned soups, dairy products, milk substitutes, coffee 

whiteners, dessert mixes, preserves, syrups, confectionery, salad dressings, meat 

products, pasta, egg products, baked goods and others (Delgado-Vargas & Paredes-

López, 2003; Francis, 2000). Natural colourants are particularly evident in 

confectionery, soft drinks, alcoholic beverages, salad dressings and dairy products 

(Wissgott & Bortlik, 1996). 

 

Unfortunately, gaining approval to use natural colourants as food additives is a 

complicated task, because it takes time to meet the requirements of governments and 

organisations (Delgado-Vargas & Paredes-López, 2003). This helps explain why there 

are only 13 natural colourants approved in the EU and 26 natural colourants certified in 

the USA (Downham & Collins, 2000). However, in the European Union, the 

“Southampton Six” colours, being Alurra Red (also called Red 40), Ponceau 4R (E124); 

Tartrazine (Yellow 5) (E102); Sunset Yellow FCF/Orange Yellow S (Yellow 6) (E110); 

Quinoline Yellow (E104); and Carmoisine (E102)) now must have a specific warning 

label on food packaging. This increases the demand for natural colourants such as those 

from Gac fruit. 

 

In addition to use as a nutritional supplement due to their health benefits (section 1.1.2), 

carotenoids such as β-carotene and lycopene are one of the most popular natural food 

colourants highly accepted by food industry (Kong et al., 2010). Lycopene is a bioactive 

red coloured pigment, whereas β-carotene is responsible for orange. It was estimated 
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total world spending on phytonutrients in 2002 including plant extract sold as food 

additives or dietary supplements was USD $600 million, and carotenoids used for food 

colouring and antioxidant properties accounted for more than 60% (USD $375 million) 

(Pigments, 2002). Furthermore, due to their attractive colourant and health benefits, the 

demand for carotenoids is still increasing. The worldwide market of carotenoids was 

worth USD $766 million in 2007, and will increase 2.3% per year, reaching USD $920 

million in 2015, β-carotene accounts for 32% of this market (Ribeiro, Barreto, & 

Coelho, 2011). According to Kong et al. (2010), total world consumption of lycopene 

was tripled to 15,000 tonnes (worth  USD $54 million) in 2004 compared to 5000 

tonnes (worth $30 million) in 1995. Currently, tomatoes and carrots are known as the 

main source of lycopene and β-carotene, which are widely used as a nutritional 

supplement and a natural food colourant, respectively. Therefore, Gac fruit, which 

contains very high levels of these carotenoids (refer to section 1.1.1 and Paper I), is 

considered as an excellent alternative source for their production. 

 

1.1.4 Extraction 

As mentioned above, the content of oil rich in essential fatty acids and carotenoids in 

the Gac arils is high and therefore, it should be of benefit to humans. Consequently, a 

suitable choice and optimisation of Gac oil extraction, one of the most important steps 

in oil processing, is needed. Recently, traditional extraction using industrial solvents has 

been avoided due to health concerns, increased environmental regulations and quality 

degradation. The hazardous solvent residues in food products are increasingly 

considered unsuitable and not acceptable by consumers who are concerned about the 

possible impact of these solvents on their health (Shi et al., 2005). It is important to find 

a suitable extraction method of Gac oil using non-industrial chemical solvents or food 

grade solvents.  

 

Regarding the concerns of industrial chemical solvents, water is becoming the solvent 

of choice for the extraction of vegetable oils and/or bioactive compounds from plant 

materials. This is because water is readily available, relatively cheap, environmentally 

friendly, non-flammable, non-toxic and safe for workers. However, water is often less 

efficient for extracting carotenoids or oils due to low extraction yields compared to 

industrial chemical solvents such as hexane. Therefore, there is a need to apply novel 
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extraction methods such as microwave and ultrasound to overcome the low extraction 

yields to levels resembling that of the industrial solvents while the advantages of water 

used as extraction solvent are maintained. 

 

Several reports have showed that many plant oil materials can be extracted by 

alternative methods such as supercritical carbon dioxide (SC-CO2) extraction, 

microwave-assisted extraction and aqueous ultrasound-assisted extraction. The main 

advantages of these novel methods are that they are environmental friendly, they reduce 

extraction time, increase oil yield, produce high quality oil and are chemical solvent 

free. The extraction principles, advantages and drawbacks of SC-CO2 extraction (Azmir 

et al., 2013; Herrero, Cifuentes, & Ibañez, 2006; Joana Gil-Chávez et al., 2013), 

microwave-assisted extraction (Desai, Parikh, & Parikh, 2010; Kaufmann & Christen, 

2002; Tatke & Jaiswal, 2011) and ultrasound-assisted extraction (Chemat, Zill-E-Huma, 

& Khan, 2011; Soria & Villamiel, 2010; Vilkhu et al., 2008) in food processing have 

been reviewed. However, since there is very little information in the literature on Gac 

oil, further investigations on its extraction using a combination of the mentioned 

methods is highly recommended in order to increase extraction efficiency.  

 

1.1.4.1 Supercritical carbon dioxide (SC-CO2) extraction 

Extraction mechanisms 

The fluid used in this extraction is in its supercritical state, having its pressure and 

temperature above their critical values. In this state, unique properties of the 

supercritical fluid such as density, viscosity and diffusivity are intermediate between 

those of a gas and a liquid. In particular, lower viscosity and higher diffusion coefficient 

are evident, as compared to that of a liquid. The density of the fluid is similar to that of 

a liquid. Those properties depend on the pressure, temperature and composition of the 

fluid (Camel, 2001). Importantly, the density, the dissolving power of the fluid, can be 

adjusted by changing both temperature and pressure of the fluid. Therefore, these 

properties offer a number of advantages including shorter extraction times, higher 

extraction yields and better retention of nutritional and valuable bioactive compounds 

(Herrero et al., 2006). 
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It is important to select the most suitable supercritical fluid in this extraction technique. 

In general, many solvents can be used as supercritical fluids such as ethylene, methane, 

nitrogen, xenon and fluorocarbons. Among those, carbon dioxide (CO2) has been a 

preferred solvent for SFE, known as supercritical carbon dioxide (SC-CO2) extraction. 

The main reasons are the low critical temperature of CO2 (31oC) and the low critical 

pressure (74 bar), which enables the extraction process at low temperature and moderate 

pressures. Due to its low polarity, CO2 is good for extraction of low or non-polar 

compounds, but not suitable for polar compounds. To overcome this drawback, the use 

of a small amount of chemical modifier or co-solvent can significantly enhance the 

solubility of the polar compounds in SC-CO2. The co-solvents include hexane, 

methanol, ethanol, isopropanol, acetonitrile, dichloromethane among others. Of those, 

ethanol is the most suitable co-solvent because of its lower toxicity and miscibility in 

CO2 (Joana Gil-Chávez et al., 2013). In all cases, criteria for selection of the best co-

solvent are the properties of sample, desired compounds of interest and results of 

preliminary experiments (Azmir et al., 2013). 

 

Applications of SC-CO2 extraction for vegetable oil 

For vegetable oils, hydraulic pressing and/or traditional solvent extraction have been 

commonly used. High extraction efficiency is usually achieved using the hazardous 

solvent extraction, however, solvent elimination after the extraction is an inconvenient 

step. Furthermore, the main drawbacks of the traditional solvent extraction are thermal 

degradation of the bioactive compounds and the incomplete solvent elimination. Since 

CO2 is the main solvent used in the SC-CO2 extraction, it is most effective when the 

desirable compounds are nonpolar. Importantly, separation of the solute from the CO2 

solvent can be easily obtained by depressurising the SC-CO2 (Martínez & de Aguiar, 

2014). Therefore, the SC-CO2 extraction can be employed as an alternative to 

traditional extraction methods with hazardous solvent. In recent years, vegetable oils 

from plant materials have been extracted using SC-CO2 extraction technique (Santos et 

al., 2013; Tomita et al., 2013). According to those studies, material characteristics 

(particle size and moisture content) and SC-CO2 extraction conditions (pressure, 

temperature, time and flow rate) significantly influenced the extraction yield of the 

vegetable oils. In fact, a faster rate of the CO2 diffusion is achieved when using a 

smaller particle size because of increasing surface area to volume ratio of material and 
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rupturing cell membranes (Del Valle & Uquiche, 2002). As a result, grinding the 

sample to an appropriate particle size is recommended. This is because there can be a 

problem with channelling inside the extraction bed if very fine particles are used. 

Furthermore, it should be noted that when filling the vessel, it is necessary to ensure a 

homogeneous bed of material to avoid channelling. Moisture content of the material is 

also an important parameter in the SC-CO2 extraction. High moisture content can cause 

mechanical problems such as restrictor clogging due to ice formation. To overcome this, 

addition of anhydrous Na2SO4 and silica gel to the wet plant sample to capture the 

moisture can be used (Lang & Wai, 2001). However, the preferred pre-treatment is to 

dry the plant materials to appropriate moisture content before the extraction. It has been 

reported that the moisture content of the plant materials should not be higher than 12% 

because water can cause unwanted difficulties such as ice formation in pipelines 

(Fornari et al., 2012). 

 

There are numerous extraction conditions such as pressure, temperature, time and flow 

rate influencing the extraction efficiencies. It is generally agreed that applying higher 

pressure and temperature increases mass transfer and release of bioactive compounds 

from the plant matrix. However, high pressure and temperature also produces more 

undesirable compounds in the extract. Generally pressure and temperature can be 

controlled to optimise the extraction yield of carotenoids. Many studies reported that the 

extraction pressures between 30 and 40 MPa resulted in the maximal extraction 

efficiencies of β-carotene and lycopene from different plant matrices (such as tomato 

and carrot). For extraction temperature, the low temperature of 60oC gave the highest 

extraction efficiencies of β-carotene and lycopene, which were reported in many studies 

(Nobre et al., 2009; Şanal et al., 2004). Furthermore, the high extraction temperature of 

80oC also favours lycopene extraction from plant materials (Rozzi et al., 2002; Sabio et 

al., 2003). However, as isomerisation into its cis form at temperature higher than 80oC 

is promoted, the lower temperature is recommended. Therefore, it is necessary to 

investigate the most important factors affecting the efficiencies and then optimise the 

conditions.  

 

The use of co-solvents to enhance the extraction efficiencies has been limited due to 

safety and environmental concerns. An alternative solvent such as vegetable oil, which 

is relatively cheap and safe, is of growing interest for extracting high molecular weight 
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compounds such as carotenoids. For example, α- and β-carotene and lutein were 

extracted using SC-CO2 extraction at pressure of 27.6 - 41.4 MPa and temperature of 40 

- 70oC with canola oil as a co-solvent (Sun & Temelli, 2006). Results indicated that 

significant improvement in the carotenoid yields was achieved compared with the SC-

CO2 extraction without modifier. Likewise, extraction yield of lycopene from tomato 

was also significantly increased using hazelnut oil as a modifier (Ciurlia, Bleve, & 

Rescio, 2009; Vasapollo et al., 2004).  

 

1.1.4.2 Ultrasound assisted extraction (UAE) 

Extraction mechanisms 

Ultrasound technology is mechanical waves at frequencies above human hearing (16 Hz 

to 16-20 kHz). The applications of ultrasound in the food industry can be divided 

basically into two different categories: low-intensity and high-intensity ultrasound. The 

power levels used in low-intensity ultrasound are very small, typically less than 1 W 

cm-2. This ultrasonic wave is most commonly applied in the food analysis due to no 

physical and chemical modifications in the physicochemical properties of the materials, 

such as firmness, sugar content and acidity (McClements, 1995; Soria & Villamiel, 

2010). In contrast, the high-intensity ultrasound uses the large power levels, typically 

from 10 to 1000 W cm-2. The power ultrasound can alter the properties of food 

physically and chemically. During the past years the high-intensity ultrasound, which is 

applied at higher frequencies up to 2.5 MHz, has attracted attention due to strong 

physical disruption of tissues for extraction purposes.  

 

The main principle of the ultrasound power used in the extraction is the propagation of 

ultrasound pressure waves, resulting in cavitation. In liquid systems, longitudinal waves 

are formed via a series of compression and rarefaction waves of elastic materials (Knorr 

et al., 2011; Soria & Villamiel, 2010). A sufficiently high intensity results in the local 

pressure waves below the vapour pressure of the liquid, generating a constant growth of 

gas bubbles being distributed throughout the liquid. These bubbles will reach a critical 

size, then become unstable and violently collapse (cavitation). High temperature of 

5000 oK and high pressure up to 100 atm are momentarily generated when the bubbles 

collapse, thus producing very high shear energy waves and turbulence in the cavitation 

zone (Patist & Bates, 2008). Therefore, it can be seen that the combination of heat, 
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pressure and turbulence are responsible for a variety of effects of high-intensity 

ultrasound in the extraction. For instance, the release of extractable compounds is 

facilitated due to the fast changes in pressure and temperature (cavitation phenomena), 

which cause shear disruption of cell membranes of the plant matrix. They also enhance 

the mass transfer by disrupting the plant cell walls (Chemat et al., 2011) and hence 

extraction rate. 

 

Applications of UAE for bioactive compound extraction 

UAE is also known as a novel technique for extraction of bioactive compounds from 

plants. Reducing extraction time, increasing yield and producing high quality of the 

plant extracts are the main benefits of this method. In order to achieve an efficient and 

effective ultrasound-assisted extraction, it is of interest to understand influence of the 

extraction conditions and the plant characteristics. 

 

For the conditions of ultrasound-assisted extraction, proper choice of the solvent is the 

key to successful extraction. The important criterion is the extent of ultrasound 

cavitation in the solvent. For instance, the physical properties such as surface tension, 

viscosity and vapour pressure of the solvent affect the intensity of cavitation in a liquid 

medium. In addition, the solubility of the analytes of interest and the interactions 

between the solvent and plant matrix should also be considered. Other important factors 

including ultrasound power, temperature and extraction time also need to be taken into 

account. It is necessary to control the extraction temperature during UAE because 

ultrasound generates heat. As a result, it is also important to minimise the sonication 

time to avoid degradation of bioactive compounds.  

 

Carotenoids from plant materials have been successfully extracted using UAE technique 

(Vilkhu et al., 2008; Xu & Pan, 2013; Ye et al., 2011). Results indicated that UAE 

conditions such as ultrasound power, temperature and extraction time, type of solvent, 

ratio of solvent to solid positively affected the extraction yield of the bioactive 

compounds. Reduction in extraction time and improvement in quality of bioactive 

components are also the two main advantages of this technique. Thus, it is interesting to 

note that implementation of UAE may improve throughput in commercial bioactive 

compound production process. 
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In addition to the extraction mechanism, it is also desirable to understand the process 

parameters, which affect extraction rate, to achieve the maximum effect. There are a 

number of parameters influencing the extent of cavitation phenomena in ultrasound-

assisted extraction, including temperature, pressure, frequency and the medium 

viscosity. For example, more rapid formation of cavitation bubbles occurs at higher 

temperatures due to increasing vapour pressure and reducing tensile strength (Earnshaw, 

1998). In addition, at lower frequencies (e.g. 20 kHz), bigger size of the bubbles is 

formed when higher energies accumulated are produced because of the implosion of 

cavitation bubbles. However, at higher frequencies (above 2.5 MHz), bubbles are not 

formed and cavitation does not occur. The medium viscosity is another important 

parameter determining the extent of cavitation. Cavitation bubbles form less easily in a 

highly viscous environment and decrease the effectiveness (Earnshaw, 1998; Patist & 

Bates, 2008). To overcome this by increasing temperature, which result in reducing 

viscosity, more violent collapse occurs. Moreover, surface tension, nature and 

concentration of dissolved gas and presence of solid particles also affect the 

effectiveness of cavitation (Soria & Villamiel, 2010).  

 

The application of pre-treatment with ultrasound for oil extraction has been successfully 

reported. Zhang et al. (2009) stated that response surface optimisation of pre-treatment 

with ultrasound could enhance the oil recovery from autoclaved almond powder. Three 

variables being extraction time, extraction temperature and a ratio of solvent to solid 

were investigated. Similarly, many other studies confirmed that increased oil yield and 

higher quality of oil could be achieved by ultrasound pre-treatment prior to oil 

extraction from plant materials such as Jatropha seed kernels (Shah, Sharma, & Gupta, 

2005), soybeans (Li, Pordesimo, & Weiss, 2004), flaxseed (Zhang et al., 2008) and 

camellia seed (Wu & Li, 2011). From these reports, it can be seen that ultrasound 

assisted extraction may be applied to obtain high yield of oils from many kinds of plant 

materials. Therefore, this method should be considered for production of oil from Gac 

arils. 

 

The application of aqueous ultrasound assisted extraction techniques for plant oil, in 

which oil separation is based on the insolubility of the oil in water, has been studied 

widely (Do & Sabatini, 2010; Hou et al., 2013; Naksuk, Sabatini & Tongcumpou, 
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2009). When using water as the main extraction solvent, there is no energy required for 

hazardous solvent stripping and no high investment is required for monitoring and 

controlling the emissions of volatile organic compounds. The advantages of this 

extraction generally are more environmentally friendly, economical, safer and a higher 

oil quality than the traditional extraction using hexane. This aqueous extraction process 

also offers high oil quality without requiring degumming and removal of anti-nutritional 

factors (Rosenthal, Pyle, & Niranjan, 1996).  

 

1.1.4.3 Microwave assisted extraction (MAE) 

Extraction mechanisms 

Microwaves are non-ionising electromagnetic waves within the frequency band of 300 

MHz to 300 GHz in the electromagnetic spectrum, corresponding to wavelengths 

between 1 mm to 1 m. Generally, microwave applications are performed at 915 MHz 

(United States), 896 MHz (United Kingdom) and 2450 MHz (worldwide) for all 

practical purposes. According to Singh and Heldman (2001), as the velocity of light is 3 

x 108 m/s, the microwave wavelengths at 915 MHz and 2450 MHz are calculated as 

0.328 and 0.122 m, respectively. Therefore, the frequency of 915 MHz is considered as 

most useful for industrial applications with its greater penetration depth, whereas 

domestic microwave ovens use the frequency of 2450 MHz. 

 

When microwaves penetrate deeply into a material, the absorption of microwaves by the 

dielectric component of this material results in release of their thermal energy to it. The 

two main mechanisms of heating using microwaves are ionic polarisation and dipole 

rotation (Kaufmann & Christen, 2002). Food materials contain water molecules, which 

are the most common, and generally have a random orientation. When an electric field 

is applied, the molecules orient themselves according to the polarity of this field. As the 

electric field is alternated rapidly, the polar molecules rotate to follow the applied field. 

This leads to friction with the surrounding medium, resulting in heat being generated. 

For ionic polarisation, this happens when ions in food solutions move due to their 

inherent charges as the electric field is applied. Kinetic energy of the moving ions is 

converted into heat by the resulting collisions between ions; there is a rapid increase in 

temperature as a consequence (Kadam, Tiwari & O'Donnell, 2013; Zhang, Yang, & 

Wang, 2011).  
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Recently, the development of microwave-assisted extraction has been applied to heating 

the moisture inside a plant cell using microwave radiation, thus evaporation and high 

pressure on the cell wall are generated. The physical properties of the biological tissues 

(cell membrane and organelles) are modified by the generated pressure inside the 

material. The cell membrane is ruptured; the bioactive compounds from the ruptured 

cells are released into the medium. The penetration of extraction solvent through the 

porous biological matrix is facilitated. Therefore, the extraction yield of desired 

compounds could be increased. In addition, the use of this extraction also offers several 

benefits such as less chemical solvent use, reduced processing time and uniform heating 

(Azmir et al., 2013; Uquiche, Jeréz, & Ortíz, 2008). These advantages have recently led 

to microwave-assisted extraction to be considered as one of the most novel techniques 

for the extraction of bioactive substances from different plant materials. 

 

Applications of MAE for bioactive compounds 

Recent interest in microwave-assisted extraction for plant oil has been highlighted 

owing to their benefits. Effect of pre-treatment with microwave radiation prior to 

mechanical pressing on oil recovery and quality of oil from Chilean hazelnut was 

investigated by Uquiche et al. (2008). Different microwave treatment conditions 

(intensities and times) were studied, and an increase in oil yield was found in 

comparison to untreated samples. Moreover, the microwave pre-treated oil samples also 

possess superior quality characteristics in terms of oxidative oil stability, oil 

composition and other physicochemical properties, as compared to untreated one. 

Similarly, Azadmard-Damirche et al. (2010) reported that a significantly higher yield of 

oil from rapeseed could be obtained by pre-treating with microwaves before pressing. 

The results also indicated that this extraction method could be used to produce the 

rapeseed oil with high oxidative stability and nutraceutical content. Therefore, future 

investigation on the microwave pre-treatment conditions prior to pressing oil from Gac 

arils should be performed. According to Desai at al. (2010), optimisation of microwave 

assisted extraction conditions has been reported in the literature. Experimental designs 

such as factorial and central composite have been effectively chosen to optimise the 

conditions. Several parameters and their levels including solvent type or composition, 
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solvent volume or solid loading, power applied or extraction temperature, extraction 

time and material size need to be studied.  

 

Generally, the pre-treatment comprises three main steps being drying, grinding and 

sieving. Water from raw material can be removed using different drying methods, such 

as air, vacuum, freeze or microwave drying. Depending on the desirable quality of the 

extract, a suitable drying method can be chosen. When the conventional and cheap air 

drying method is applied, the bioactive compounds, which are sensitive to high 

temperature and oxygen in the air, can easily degrade. Alternatively, the vacuum, freeze 

and microwave drying methods can be used. Vacuum drying lessens the effect of heat 

and oxygen on the product. Freeze drying can be used for the samples which are very 

sensitive to heat and oxygen. However, it takes a lot of time to freeze dry and it is 

expensive due to high capital and energy costs related to the operation of refrigeration 

and vacuum system. Therefore, the microwave drying can be applied as an alternative 

due to decrease in the drying time of the sample without or insignificant nutrient loss 

(Wojdyło et al., 2014). Furthermore, microwave drying under vacuum, called vacuum-

microwave drying technique, has been successfully applied for many natural plant 

materials (Figiel, 2009). As an example, Regier et al. (2005) reported that both freeze-

drying and vacuum-microwave drying techniques improved actual retention of 

carotenoids in carrot, particularly β-carotene and lycopene. Shorter drying time is also 

an advantage of vacuum-microwave drying as compared to freeze-drying. Many studies 

confirmed that drying pre-treatments could have significant effects on yield and quality 

of bioactives in subsequent extraction (Divya, Puthusseri & Neelwarne, 2012; García-

Martínez et al., 2013; Nawirska et al., 2009; Shivanna & Subban, 2013). In all cases, 

other than the quality of the pre-treated material, the availability of equipment should be 

also considered.  

 

1.1.4.4 Comparison of different novel extraction methods 

The different extraction techniques including SC-CO2, UAE and MAE have been 

presented in the previous sections. Depending on the availability of equipment, the 

target bioactive compounds and the processing cost, a proper choice of the extraction 

technique or a combination of different extraction methods can be made.  
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It is well known that the conventional Soxhlet extraction method takes a very long time 

to complete the extraction process of desired bioactive compounds. Another drawback 

of the conventional method is the likely degradation of thermolabile compounds due to 

the high temperature applied. In addition, the large amounts of chemical solvent used 

and wasted in the solid-liquid extraction incur costs for solvent disposal and 

environmental control measures, and contribute to the criticism of the conventional 

extraction methods (Luque de Castro & García-Ayuso, 1998).  

 

To overcome these limitations of the conventional method, the development of 

innovative technologies for extracting bioactive compounds from plant materials 

addresses specific human requirements for health and safety. The main advantages of 

the novel extraction methods including SC-CO2, UAE and MAE are shorter extraction 

time, higher extraction yield and better retention of valuable bioactive compounds. The 

use of SC-CO2 extraction in the extraction of the bioactive compounds, which can be 

used as nutraceuticals and pharmaceuticals, has been reported. The extracts containing 

high bioactive compounds can be used to treat or prevent disease (Henry & Yonker, 

2006). SC-CO2 extraction method uses nil or a small amount of chemical solvent (as a 

co-solvent) in the extraction, so is considered as more environmentally friendly than the 

conventional extraction method. However, the main drawbacks of SC-CO2 extraction 

technique are economics and onerous operating conditions, thus its use so far is limited 

to areas such as essential oil extraction and coffee decaffeination (Wang & Weller, 

2006). 

 

There have been many studies reporting the benefits of MAE and UAE methods for 

extracting bioactive compounds. Similar to SC-CO2, the MAE and UAE methods can 

operate at low temperature, allowing the extraction of thermolabile compounds from 

various plants. Between them, UAE device is cheaper and its operating process is easier 

compared with MAE. Like Soxhlet extraction, UAE can be used with any solvent, in 

contrast, the extraction solvent used in the MAE must absorb microwave energy. 

Overall, MAE and UAE techniques are comparable to other innovative extraction 

techniques such as SC-CO2 and are considered as strong novel extraction methods in 

terms of process simplicity, low investment cost and practicality (Wang & Weller, 

2006).  
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Although these methods are very promising as alternatives to the conventional 

extraction method, they have been used only at laboratory or bench scale, except for 

several industrial applications of SC-CO2 extraction (Wang & Weller, 2006). It is 

important to conduct more research to up-scale these novel extraction methods. 

 

Potentially, from understanding the advantages and drawbacks of different extraction 

methods as presented above, there are opportunities to combine different extraction 

methods to overcome the limitations and retain the advantages. Several combined 

extraction techniques, including ultrasound with microwaves, were successfully applied 

to extract bioactive compounds from plant materials (Rostagno et al., 2010). For 

example, Lianfu and Zelong (2008) successfully extracted lycopene from tomato using 

the combination of ultrasound and microwave. The results confirmed that the shorter 

extraction time, higher yield of lycopene and less amount of solvent used were obtained 

in this combined extraction method compared with the ultrasound-assisted extraction on 

its own.  

 

1.1.5 Encapsulation 

In addition to achieving high extraction efficiency of Gac oil, it is also important to 

preserve the bioactive compounds in the oil extract including carotenoids and 

polyunsaturated fatty acids. Due to high number of double bonds in the structure of 

carotenoids and polyunsaturated fatty acids, the oil is susceptible to isomerisation and 

oxidation during processing and storage. Therefore, it is desirable to find an effective 

method to preserve the bioactive components in the oil. Encapsulation by spray drying 

is one of the most effective techniques, which can be employed to protect, stabilise, and 

release the compounds while also enabling their solubility in an aqueous medium 

(Rocha, Fávaro-Trindade & Grosso, 2012). During recent years, increasing attention has 

been given to the application of encapsulation of bioactive compounds, particularly 

unsaturated fatty acids and carotenoids. The degradation of these compounds can be 

prevented by applying the encapsulation technique (Arana-Sánchez et al., 2010; Rocha 

et al., 2012; Shu et al., 2006).  

 

A prerequisite for successful encapsulation is high stability of the emulsion over a 

certain period of time. As a result, an appropriate choice of wall materials 
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(encapsulating agent) and ratio of oil to wall material are a very important step to 

effectively encapsulate Gac oil. Various materials have been reported for effectively 

encapsulating food oils and carotenoids in terms of good protection against heat, light 

and oxidation. The encapsulating agents are classified as carbohydrates, cellulose, gum, 

lipids and protein, which have been thoroughly reviewed (Desai & Park, 2005; Jafari et 

al., 2008; Jena & Das, 2007; Shahidi & Han, 1993). Several properties of encapsulating 

agents including viscosity, solubility, stabilisation, reactivity and cost need to be 

considered and have been reviewed by several authors (Jafari et al., 2008; Shahidi & 

Han, 1993). The important molecular characteristics of these agents are presented in 

Table 1. It is important to select the appropriate wall material, a ratio of the material to 

bioactive compounds, encapsulation technique and desired microcapsule properties. 

Since there is lack of information on choosing the right wall material for Gac oil 

encapsulation, more research is therefore needed. 

 

Whey protein (WP), which has nutritional, physicochemical and functional properties, 

has been used in foods because of its ability form thick and flexible film and preventing 

coalescence (Stǎnciuc et al., 2012). It is widely used for microencapsulation of bioactive 

compounds. WPs are compact and globular proteins, which can interact with 

polysaccharides to form either soluble or insoluble complexes. Importantly, WP can 

also be formed into micro or nanoparticles, which are the matrix systems of a dense 

polymeric netwwork. As a result, the bioactive compounds may be dispersed 

throughout the matrix. Another advantage of using WP as encapsulating agent in the 

emulsion is easily to control release of bioactive compounds. This is because they are 

entirely biodegradable, and hence there is no requirement for any chemical crosslinking 

agent in the preparation (Gunasekaran, Ko, & Xiao, 2007).  

 

Gum Arabic (GA) is another widely used as encapsulating agent for microencapsulation 

of bioactive compounds. GA is a branched complex heteropolysaccharide containing D-

galactopyranose units linked by β-glycosidic bonds, which has the ability to form a 

strong protective film around the oil particles (Tatar et al., 2014). According to  Garti 

(1999), GA is considered to be the best gum in use for stabilisation of oil-in-water 

emulsion systems. 
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Table 1 Important molecular characteristics of common wall materials (Jafari et al., 

2008; Matalanis, Jones & McClements, 2011) 

Name Source Main structure type Major monomer 

Alginate  Algal Linear β-D-Mannuronic acid 

Beet pectin Sugar beet pulp Branched coil with 

protein 

Glucuronate 

(backbone) 

Carrageenan Algal Linear/helical Sulfated galactan 

Gelatin  animal or fish 

collagen 

Linear Amino acid 

Gum arabic Acacia sap Branched coil domains 

on protein scaffold 

Galactose 

Methyl cellulose Wool pulp Linear Methylated glucose 

Pectin Plant cell walls Highly branched coil Glucuronate 

(backbone) 

Xanthan gum Xanthomonas 

campestris 

exudate 

Linear/helical β-D-glucose 

(backbone) 

Whey protein Milk Globular β- lactoglobulin and 

α-lactalbumin 

 

Furthermore, different wall materials have different physical and chemical properties, 

combinations of encapsulating agents are required to effectively protect and control the 

bioactive compounds (Sun-Waterhouse et al., 2011). Klein et al. (2010) reported that 

wall materials containing whey protein (WP) and gum Arabic (GA) could enhance 

stability of emulsion against significant droplet size increase. In addition to the wall 

materials, it is also important to optimise the ratio of oil to wall material (Jafari et al., 

2008). A matrix with the hydrophilic carbohydrates dissolved in the water phase and the 

hydrophobic polypeptide chain adsorbed onto the oil water phase can be obtained. As a 

result, optimisation of the concentration of the wall materials and the ratio could 

improve encapsulation efficiency. 

 

In general, spray drying is the most widely used method in the food industry. This 

process can potentially offer many benefits of being economical, flexible and producing 
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good quality of spray-dried products (Ré, 1998). In order to obtain a good encapsulation 

efficiency after optimising the conditions for preparation of oil emulsion, spray drying 

conditions are importantly optimised. The two key parameters need to be optimised 

include air inlet and outlet temperatures (Gharsallaoui et al., 2007; Jafari et al., 2008). 

The inlet temperature directly affects the drying rate. In fact, a low inlet temperature 

results in low evaporation rate, thus high water content and ease of agglomeration. The 

spray-dried bioactive compounds are also substantially lost when a high inlet 

temperature is applied. On the other hand, it is difficult to predict and control the outlet 

temperature as it depends on the inlet temperature and the quantity of the moisture to be 

removed (feed flow rate). In addition, it is controversial and unclear if the encapsulation 

efficiency of food flavours and oils is affected by the outlet temperature (Jafari et al., 

2008). The high outlet temperature detrimentally affects the quality of the dried powder 

due to heat damage (Jena & Das, 2007). Hence, optimisation of the inlet and the outlet 

temperatures needs to be intensively investigated. 

 

1.1.6 Response surface methodology 

It is well known that response surface methodology (RSM) is one of the most effective 

methods to evaluate the relationship between the response and the independent variables 

and then optimise the process or products (Baş & Boyaci, 2007; Bezerra et al., 2008). 

This technique also allows the evaluation of the effect of multiple parameters and their 

interactions on the output variables with a reduced number of trials (Lee et al., 2000). It 

is a faster and more economical method than other approaches required to optimise a 

process.  

 

In general, the quality of a product is affected by numerous parameters. It is impossible 

to control the effects of all variables; hence the major effects of parameters on the 

process must be identified. It is useful to use RSM to develop, improve and optimise the 

effects on the processes such as extraction and spray drying processes. According to 

Baş & Boyaci (2007) and Bezerra et al. (2008), optimisation study using RSM includes 

three main stages, (1) screening of independent variables and their levels; (2) the 

selection of experimental design and the prediction and verification of the model 

equation; and (3) graphical presentation of the model equation and determination of 

optimal operating conditions.  
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According to Baş & Boyaci (2007), it is important to screen all variables, which may 

affect the process. Factorial designs may be used for determining major effects of 

independent parameters. After this, the levels of key parameters should be identified. 

This is because the success of the optimisation process is directly related to these levels. 

To make sure the response is affected more evenly, each variable is coded to range from 

-1 to 1, and expressed as follows: 

 

where x is the natural variable, X is the coded variable and xmax and xmin are the 

maximum and minimum values of the natural variable, respectively. 

 

The second stage of RSM is to select the experimental design, predict and verify the 

model equation. The experimental designs are usually taken from some computer 

packages, which are based on the special criteria and input. The experimental points, 

number of runs and blocks will be identified. However, it is very important to choose 

the appropriate design. If the data show curvature, experimental design for first-order 

models cannot be used, hence it should use experimental designs for quadratic response 

surfaces, including a three-level factorial, Box-Behnken, central composite or Doehlert 

design (Bezerra et al., 2008). 

 

After selection of the design, the model equation is defined and coefficients of the 

model equation are predicted. The estimated response is easily calculated from the 

model equation after obtaining the regression coefficients. To verify whether the model 

fits well to the practically determined experimental data, prediction error sum of squares 

residuals are normally used. In addition, other techniques such as residual analysis, 

scaling residuals, or testing of the lack of fits can be used (Baş & Boyaci, 2007).  

 

The optimal operating conditions can be determined by the response surface plot and 

contour plot. The response surface plot is the three-dimensional plot, which shows 

relationship between the response and the independent variables, whilst the contour plot 

is the two-dimensional plot, which helps to visualize the shape of a response surface. 

Therefore, it is useful to use the plots to evaluate the fit of model (Baş & Boyaci, 2007). 

 

X = x − (xmax + xmin ) / 2
(xmax − xmin ) / 2



	
  
21 

1.1.7 Storage study of encapsulated Gac oil powder and its fortification 

Generally, the stability of encapsulated food products during storage also plays an 

important role in the food industry. The quality of the products changes over time as a 

result of certain storage conditions. The environmental conditions for storage, such as 

relative humidity, exposure to light, temperature and oxygen, are well known as 

affecting the quality of the final products, especially encapsulated oil product. As a 

result, the need for a storage study of encapsulated Gac oil product is important in 

establishing the effects of storage conditions on the final product. 

 

The degradation of encapsulated powder during storage is due to physico-chemical and 

biological changes. Humid atmospheres and elevated storage temperature are the main 

cause of the physical degradation. For example, the phenomenon of caking or 

spontaneous agglomeration of powder during storage occurs due to the moisture 

sorption (Robertson, 2006). For the chemical deterioration, environmental factors such 

as light, oxygen, temperature and Aw affect the rate of lipid oxidation in foods during 

storage. Especially, the powder containing high fatty acids and carotenoids will be 

degraded readily as exposure to light, oxygen or high temperature. The degradation of 

fatty acids and carotenoids by enzyme or non-enzyme reactions also happens 

(Robertson, 2006; Singh, 2000). Additionally, the presence and growth of 

microorganisms reduce the shelf life of powder products. However, the low moisture 

content of powder can prevent or minimize the growth of microbial organisms. 

Therefore, it is very important to investigate the environmental factors that influence the 

degradation of powder product during storage at certain conditions.  
 

The surface oil or non-encapsulated oil of the powder is highly susceptible to oxidation 

during storage (Velasco, Dobarganes & Márquez-Ruiz, 2000; Velasco et al., 2009). The 

shelf life of the powder will reduce when the surface oil content increases. It is due to 

more rapid oxidation process of non-encapsulated oil was observed as compared to 

encapsulated oil. Several parameters such as high relative humidity conditions, low 

encapsulation efficiency and temperature over the glass transition temperature were 

reported as increasing the surface oil content (Velasco et al., 2000). Therefore, certain 

accelerated storage conditions should be investigated to predict the shelf life of the oil 

product.  
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The final step of the encapsulation process is to apply in foods; therefore, it is important 

to test the stability of the encapsulated product in several kinds of food products. For 

example, fish oil containing high omega-3 fatty acids has been fortified in several 

marketed food products such as bakery products, margarines, dairy products, juice and 

soft drinks worldwide (Borneo et al., 2007). Similarly, carotenoids (lycopene and β-

carotene) have been successfully incorporated in various foods such as dairy products, 

juices, soft drinks, alcoholic beverages and others as a natural colourant and/or nutrient 

supplement (Delgado-Vargas & Paredes-López, 2003; Francis, 2000; Wissgott & 

Bortlik, 1996). Therefore, the stability of foods which have been incorporated with 

encapsulated with encapsulated Gac oil should also be investigated.  

 

1.2 Synopsis of Literature review paper 

In this thesis, the review paper entitled ”Gac fruit: Nutrient and Phytochemical 

Composition, and Options for Processing” reports the overview of Gac fruit including 

traditional uses, propagation and cultivation, morphology, bioactive compounds and 

health benefits. Processing options outlined for all parts of Gac fruit such as the skin, 

the yellow pulp, the arils and the seeds and utilisation of the processed products in a 

range of foods as nutrient supplements and/or natural colourants are also highlighted. 

Processing of Gac fruit including different drying methods, extraction methods and 

encapsulation is also presented. 

 

The Gac fruit remains underutilised. The yellow pulp and the skin containing high 

carotenoids, and the seeds containing high levels of fatty acids are usually discarded. 

Therefore, it is also important to utilise these components in order to reduce the 

environmental problem of waste and to enhance the economic value of the fruit. Those 

issues are also reported in this paper. 

 

1.3 Literature review paper 

Some parts of literature review for this thesis is based on the following review paper: 

 Paper I: Tuyen C. Kha, Minh H. Nguyen, Paul D. Roach, Sophie E. Parks & 

Constantinos Stathopoulos (2013). Gac fruit: Nutrient and Phytochemical Composition, 

and Options for Processing. Food Reviews International, 29(1), 92-106. 
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Gac fruit: Nutrient and Phytochemical Composition, and Options for 

Processing 

 

 

Tuyen C. Kha, Minh H. Nguyen, Paul D. Roach, Sophie E. Parks & Costas E. 
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Gac Fruit: Nutrient and Phytochemical
Composition, and Options for Processing
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Momordica cochinchinensis Spreng or Gac fruits are rich in nutrients, including
carotenoids, fatty acids, vitamin E, polyphenol compounds, and flavonoids. Medicinal
compounds are also found in the seeds, but the benefits of traditional preparations
from these need to be clarified. The plant has the potential to be a high-value crop,
particularly as parts of the fruit can be processed into nutrient supplements and/or
natural orange and yellow colorants. However, the plant remains underutilized. There
is limited information on its requirements in production, and the processing of health
products from the fruits is a relatively new area of endeavor. The versatility of the fruit
is highlighted through processing options outlined for fruit aril, seeds, pulp, and skin
into powders and/or encapsulated oil products. These Gac fruit products will have the
potential to be utilized in a range of foods such as pasteurized juice and milk beverages,
glutinous rice, yogurt, pasta, and sauces.

Keywords Antioxidant, Carotenoids, Encapsulation, Fatty acid, Gac fruit, Oil
extraction

Introduction

The cucurbit Momordica cochinchinensis Spreng, called Gac in Vietnam, is a variable
species and is widespread across South East Asia, Malesia, and India.(1) English names
for the fruit include baby jackfruit, sweet gourd, and cochinchin gourd. Nutritionally, this
fruit is special because the flesh around the seeds (aril) is rich in carotenoids, especially
β-carotene and lycopene. Gac fruits also contain relatively high levels of α-tocopherol (vita-
min E), polyunsaturated fatty acids,(2–4) and polyphenol compounds and flavonoids.(5) A
number of studies highlight the important role these products play in human health. Beyond
its natural distribution, Gac aril products are gaining popularity as health-promoting foods.
Gac fruit products also have market potential as alternatives to the artificial colorants
Tartrazine, Sunset Yellow, and Quinoline Yellow, which are associated with behavioral
problems in children.(6)

In addition to the Gac aril having a very high nutritional content, the total carotenoid
content (TCC) in the yellow pulp of the Gac fruit (mesocarp) is relatively high as compared

Address correspondence to Minh H. Nguyen, School of Environmental and Life Sciences,
University of Newcastle, PO box 127, Ourimbah, NSW 2258, Australia. E-mail: Minh.Nguyen@
newcastle.edu.au
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with many plant foods.(2,7) Furthermore, the yellow pulp represents approximately half of
the weight of an entire fresh fruit and is the highest anatomical component.(7) However,
whereas the aril is traditionally used for food preparation due to its attractive color and
high nutrients, the pulp is often discarded. Similarly, Gac skin, which represents about 17%
of the total weigh of the fruit, is not used. Importantly, the seeds containing high levels
of fatty acids and other products are not usually used. Therefore, identifying means of
utilizing of these components is necessary to reduce the environmental problem of waste
and to enhance the economic value of the fruit

This review will focus on the traditional uses and production of Gac fruit, fruit nutrient
and phytochemical composition, and the use of Gac products as nutrient supplements and
natural food colorants. A potential processing scheme for Gac fruit is proposed to help
facilitate greater use of this fruit.

Traditional Uses

Gac fruit is a traditional Southeast Asian fruit. In Vietnam, ripe Gac fruit is most commonly
prepared as “Xoi Gac” (the Gac aril cooked in glutinous rice) for Tet (Vietnamese New
Year) and wedding celebrations. In India (Assam and Andamans), the fruits are harvested
small and green with immature seeds to be consumed as a vegetable.(8) The spiny skin is
removed and the fruits are sliced and cooked sometimes with potato or bottle gourd and in
some areas the tender leaves and shoots of the plant are also cooked.(9)

Gac fruit seeds are used in traditional Chinese medicine, known as Mubiezhi, to treat
fluxes, liver and spleen disorders, wounds, hemorrhoids, bruises, boils, sores, scrofula,
tinea, swelling, and pus.(10,11) Practically, many people in rural areas in Vietnam use ground
Gac seeds mixed with alcohol or vinegar to cure furuncle, swelling, hemorrhoids, and
mumps. However, future research needs to clarify the benefits of these preparations.

Propagation and Cultivation

Limited information is available on the requirements in production of the Gac plant for
optimum yield and quality of the fruits. The Gac plant is not usually intensively cultivated
but can be seen (in Vietnam) growing wild or in domestic settings with the vines growing
on lattice in rural homes or in gardens. The plant can be cultivated from seeds or root tubers,
and grows as dioecious vines (separate male and female plants). Rooted vine cuttings can
also be used for propagation and are more reliable than production from seeds, which
can be affected by dormancy and a long lead time into production.(9) Furthermore, several
seedlings need to be planted in the one pit so that the male plants can be removed once they
are identified as male at flowering, as only a few are needed for pollination.(9) Alternatively,
it is possible to graft female scion material onto the main shoot of the unwanted male plant,
making it productive.(12)

Hybridization studies using several Mormordica species including Gac(13) and studies
on the effects of plant growth regulators on Gac(8,14,15) indicate that new varieties with
bisexual flowers will be possible, overcoming some of the difficulties currently associated
with Gac production.

Approximately 2–3 months after planting, flowering occurs. Pollination is chiefly car-
ried out by insects rather than wind and hand pollination results in a higher fruit set than
open pollination.(16) It takes approximately 5 months after flowering before the ripe fruits
can be harvested. One plant can produce 30–60 fruits in one season,(17) although this may
depend on factors such as climate and plant age, yet to be described.
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94 Kha et al.

Figure 1. Fresh Gac fruit components (from Kha(19)) (color figure available online).

Fruit Morphology

The fleshy Gac fruit can be botanically described as a pepo. Gac fruits grown in Vietnam
are typically round or ovoid in shape but one cultivar grown in India is recorded as oblong-
shaped.(18) The exterior skin of Gac is covered in short spines, which can sparsely or densely
cover the skin. Its green color becomes red or dark orange when ripe. Gac fruit (Fig. 1)(19)

comprises orange/yellow skin containing spines, yellow pulp, and aril (red flesh surround-
ing the seeds). The highest anatomical component of a Gac fruit is yellow pulp (49%, by
weight), whereas the aril, which contains the highest level of carotenoids, accounts for only
18%.(19) The aril weight has also been reported as 10% and 24.6%.(3,7) Storage time and
growth stage during which loss of water may contribute to this variation.(3)

Bioactive Compounds of Gac Fruit

Gac fruit is an exceptional fruit whose aril contains excellent sources of carotenoids,
α-tocopherol (vitamin E), polyphenol compounds, flavonoids, and essential fatty
acids.(2,3,5,7,10,11,20) Depending on the component, these phytochemicals are present in all
parts of the fruit so there is the potential to utilize all parts in processed products. Future
research will need to focus on the effect of growing, storage, and processing conditions
on the phytochemical qualities of fruits such that techniques and varieties are developed to
protect and/or enhance the desired bioactive qualities.

Carotenoids

Carotenoids from plant-based foods play a crucial role in human health.(21,22) For example,
numerous studies have reported that lycopene-rich diets are linked with reduced risk of
cardiovascular disease and cancers such as lung, breast, stomach, and prostate.(23–25) β-
Carotene is converted to vitamin A in the body.(26)

Evidence suggests that Gac has promise as a bioavailable source of carotenoids and
it has been examined as a food supplement in a study with Vietnamese children. In the
study, 185 Vietnamese preschoolers participated in a 30-day supplementation trial and were
randomly divided into three groups, one group given Xoi Gac (sticky rice mixed with Gac
fruit containing 3.5 mg β-carotene), one group given rice mixed with 5 mg synthetic β-
carotene powder, and a control group given rice without fortification. Results indicated that
plasma levels of retinol and carotenoids (β-carotene, α-carotene, zeaxanthin, and lycopene)
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after supplementation were significantly increased. Moreover, the increase in plasma β-
carotene level after supplementation in the fruit group (1.86 μmol/L) was significantly
higher than that in the powder group (1.48 μmol/L).(27) Therefore, using Gac fruit as a
food-based intervention may be effective for reducing vitamin A deficiency.

The Gac aril, in particular, contains extraordinarily high levels of carotenoids, espe-
cially carotenes and lycopene (Table 1), in comparison with other fruits and vegetables.
It is claimed that the lycopene concentration in Gac fruit is at least 5 times higher than
in other well-known fruits analyzed (grapefruit, tomato, papaya, guava, and watermelon)
(Fig. 2).(2,21) It is also shown that Gac aril has the highest known concentration of β-carotene
of all fruits and vegetables.(4) For example, it is 8 times higher than the level in carrots,
which are recognized as being high in β-carotene (Fig. 3).(27–29)

In addition to the aril, the yellow pulp and skin are good sources of carotenoids
and should not be overlooked as carotenoid sources (Table 1). For example, lutein has a

Table 1
Carotenoid content of fresh Gac fruit (mg/100 g)

Carotenoids Skin Pulp Aril

β-Carotene 38.4–141.6(5)a 24.0–43.2(5) 160.0(5)

2.2(2) 63.6–83.6(7)

10.1(2)

8.3(20)

Lycopene 38.4–81.6(5) 14.4–49.6(5) 154.6–305.4(7)

0.1(2) 140.0(5)

38.0(2)

40.8(20)

Lutein 189.6–1248(5) 16.0–144.8(5) na
Zeaxanthin na 0.2(2) 0.9(2)

β-Cryptoxanthin na 0.4(2) 0.2(2)

Note. na = not available. aData(5) converted from dry weight to fresh weight using
the moisture content of skin, pulp, and aril of 76%, 92%, and 80%, respectively.

Figure 2. Lycopene content of fruit and vegetables (adapted from Aoki et al.(2) and Rao and Rao(21))
(color figure available online).
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96 Kha et al.

Figure 3. β-Carotene content of fruit and vegetables (adapted from Kandlakunta et al.,(28) Singh
et al.,(29) and Vuong et al.(27)) (color figure available online).

higher concentration in the skin than in the aril or the pulp.(5) Many studies have reported
that lutein plays an important role in the prevention of age-related macular degradation
(AMD).(22,30–32) These components of Gac fruit are usually discarded when the aril is
scooped out and used for processing purposes.

Although high, the concentrations of carotenoids content in Gac fruit are variable
(Table 1). The factors responsible for this remain to be investigated but may include vari-
ety, genotype, season, geographic location, stage of maturity, growing conditions, and
storage conditions. For example, one single study investigated concentration changes in
carotenoids (lycopene and β-carotene) in Gac fruit as affected by ambient storage condi-
tions and stage of maturity. Fruit maturity was the most important factor, with the content of
carotenoids highest in the ripe fruits.(3) Ultimately, the factors that affect the concentration
of carotenoids in Gac will need to be actively investigated to allow for production of fruits
with a consistently high source of carotenoids.

α-Tocopherol (Vitamin E)

Vitamin E or α-tocopherol is an important fat-soluble antioxidative component in foods and
the human body and potentially plays a key role in preventing cardiovascular disease,(33,34)

preventing coronary heart disease,(35–37) and delaying Alzheimer’s disease.(38,39) The
concentration of vitamin E in Gac fruit, at 76 μg/ g of fresh weight, is high compared
with other fruits.(20) Vitamin E, as a natural antioxidant, helps protect Gac aril oil from
oxidation.(40) In foods, vitamin E could potentially preserve valuable phytonutrients rich
in Gac fruit from oxidation.

Polyphenolics and flavonoids

Phenolic acids and flavonoids are found in Gac fruit and potentially have beneficial effects
on human health.(41–43) These compounds are in all fruit parts at concentrations between
1.5 to 4.3 mg/g of dry weight. The aril contains the highest concentrations of phenolic
acids and flavonoids, 4.3 and 2.1 mg/g, respectively.(5)

Fatty Acids

Primarily, the benefit of Gac-derived fatty acids would be in using these as an alternative
to saturated fats in the diet. The benefits of essential fatty acids in human health are well
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known. The presence of fat in the Gac fruit aril plays an important role in the absorption of
carotenes and other fat-soluble nutrients.(27,44) Similarly, several studies also show that fat
ingested with carotenoid compounds in plant foods significantly improves their absorption
by the body.(45–47)

Gac fruit (aril and seeds) are rich in fatty acids, particularly monounsaturated and
polyunsaturated acids. Unlike the aril, the seeds are usually discarded; therefore, utilization
of the seeds contributes to preventing waste disposal problems and maximizing available
sources.

The Gac aril contains significant amounts of fatty acids, at 102 mg/g of fresh weight
(FW).(27) Seventy percent of total fatty acids in the aril are unsaturated, and 50% of these
are polyunsaturated.(4) Unusual for fruits, Gac has a high concentration of linoleic acid
and omega-3 fatty acids.(7) The fatty acid composition and total oil content of Gac aril are
presented in Table 2.

The total fatty acid content in Gac seeds is between 15.7% and 36.6% of the total
weight of the seed.(7) The fatty acid composition includes stearic acid (54.5–71.7% by
weight), linoleic acid (11.2–25.0%), and α-linolenic acid (0.5–0.6%). Several other types
of fatty acids are found in Gac seeds in smaller amounts.(7)

Gac aril oil contains a high concentration of oleic acid, 34 % of total fatty acids (see
Table 2); hence, it can be used in addition to other sources such as sunflower, palm, and
soya. However, research on the effects of oleic acid in Gac fruit is still needed to confirm
its benefits. Gac aril and seeds also contain α-linolenic acid, which is beneficial to human
health. For example, α-linolenic acid has been seen in some studies to play important role
in reducing the incidence of cardiovascular disease.(48–50)

Other Components

Gac fruit seeds are used in traditional Chinese medicine and they are rich in benefi-
cial chemical compounds such as oleanodic acid, diterpene columbin, chondrillasterol,

Table 2
Fatty acid composition and total oil content of Gac aril(27)

Fatty acids Abbreviation Concentration (mg/g, FW) % of total fatty acids

Myristic 14:0 0.89 0.87
Palmitic 16:0 22.48 22.04
Palmitoleic 16:1�9 0.27 0.26
Stearic 18:0 7.20 7.06
Oleic 18:1�9 34.76 34.08
cis-Vaccenic 18:1�11 1.15 1.13
Linoleic 18:2�9,12 32.06 31.43
α-Linolenic 18:3�9,12,15 2.18 2.14
Arachidic 20:0 0.40 0.39
Gadoleic 20:1�9 0.15 0.15
Arachidonic 20:4 0.10 0.10
Behenic 22:0 0.19 0.19
Lignoceric 24:0 0.14 0.14
Total 101.98
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Momordica saponins momordins, and pentacyclic triterpenoid ester.(10,11) Some evidence
supports the beneficial effect of Gac seed components. Ethanol extract from Gac seed
was shown to significantly decrease blood glucose levels and increase insulin in diabetic
rats. The presence of saponins, flavonoids, and other compounds in seeds may synergisti-
cally or independently contribute to this beneficial effect.(51) Other components in seeds,
such as multiple trypsin inhibitors,(52) play an important role in the prevention of human
cancer.(53,54)

Processing of Gac Fruit

If the fruit was to be used for all the applications indicated above and more, then appropri-
ate processing would be needed. However, little information is available on how the Gac
fruit might be processed to make full use of its components and maintain its quality charac-
teristics. It is envisaged that Gac fruit can be processed in several ways (Fig. 4), including
drying, extraction of oil, encapsulation, and incorporation into foods.

Drying Methods

Generally, fruit powders are often used in the food industry, as they are convenient to store,
handle, and transport. This is particularly important for fruits such as Gac that are only
available fresh for a short season. Powders are also favored when used as natural colorants.
Gac fruit, available as a powder, will ensure its supply for use as colorings in food products,
including juices and dairy products.

Gac aril. Studies show that the choice of pretreatments and drying treatments plays an
important role in effectively maintaining the highest content of carotenoids, color, and
antioxidant activity.

In comparing different drying methods, it is clear that freeze-drying processes can sub-
stantially preserve the nutritional values of samples, in terms of TCC and total antioxidant
activity (TAA). This has been confirmed for Gac powder,(19,55) carrot slices,(56) and paprika
powder.(57) However, freeze-drying is generally seen as a very expensive preservation
method. For example, freeze-drying costs are 4–8 times higher than that of air-drying.(58)

Figure 4. A potential processing scheme of Gac fruit (color figure available online).
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Freeze-drying may not always be the superior process, since it did not show any advan-
tage over convective air-drying at below 70 ◦C in terms of carotenoid retention in carrots.
The β-carotene and lycopene contents remained almost constant after the convection air-
drying.(56) Similarly, in a comparison of freeze-drying and oven-drying (at 25–75 ◦C) of
tomato pulp solids, the lycopene content was not significantly different.(59) Some research
indicates a negative impact of freeze-drying on the content of carotenoids. For example, the
amounts of lycopene in two tomato varieties after freeze-drying were reduced to 33–48%
of the levels in fresh fruits.(60) In contrast, the lycopene contents after air-drying increased
by 152–197% of levels in fresh fruits. In this case, the heating process breaks down the cell
walls and the bonding force between lycopene and the tissue matrix. As a result, lycopene
is more accessible and increases more cis-isomerization.(60)

For Gac, the TCC of samples presoaked in ascorbic solution or bisulfite prior to
vacuum-drying at low temperature of 40 ◦C was highly comparable with the freeze-
dried samples.(19) Also, a good-quality Gac powder was obtained, in terms of color, total
carotenoids, and antioxidant activity when produced by spray-drying at inlet tempera-
ture of 120 ◦C and adding maltodextrin concentration at 10%.(61) On the basis of these
studies, a suitable drying technique has good potential for producing powder from Gac
aril.

Gac skin and pulp. Gac skin and pulp may also be suitable for production as powders, since
they have a high nutritional value even when dried. For example, air-drying at a temperature
of 60 ◦C was performed to produce powders from Gac skin and pulp.(19) This showed that
skin powder is higher in TCC and TAA compared with the pulp powder. Additionally, the
TCC of skin and pulp powders is high compared with other fruits and vegetables, including
cherry tomatoes, pumpkin, carrot,(62) and several tomato cultivars.(63) This confirms skin
and pulp powders as desirable sources of carotenoids and may encourage greater utilization
of these by air-drying.

Oil Extraction Methods

Oil rich in essential fatty acids can be extracted from Gac aril and seeds but optimiza-
tion of Gac oil extraction is needed. Traditional extraction using potentially harmful
organic solvents has been abandoned due to health concerns, environmental problems, and
quality degradation and it is important to find an alternative extraction method using non-
organic solvent or food-grade solvent. Many reports show that plant oil can be extracted
by other methods such as supercritical carbon dioxide (SC-CO2) extraction, aqueous
enzymatic extraction, microwave-assisted extraction, and ultrasound-assisted extraction.
These methods are environment-friendly and solvent-free. The advantages and draw-
backs of ultrasound-assisted pressing extraction(64–66) and microwave-assisted pressing
extraction(67–69) in food extraction have been reviewed.

Among the existing methods, SC-CO2 extraction has been considered as a most
promising alternative to traditional solvent extraction and mechanical pressing. It offers
a number of advantages, including nonsolvent residues, shorter extraction times, higher
extraction yields, and better retention of nutritional and valuable bioactive compounds.(70)

In recent years, SC-CO2 extraction technique has been employed to extract essential
oils,(71–73) fatty acids,(74,75) carotenoids,(76–78) and vitamin E(78,79) from fruits and vegeta-
bles. However, the SC-CO2 extraction of fatty acids, carotenoids, and α-tocopherol from
Gac aril has not yet been reported.
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Encapsulation Process

Encapsulation is the process by which bioactive components (core material) such as food
oils are enveloped within a wall. This process is used for protection, stabilization, and slow
release of food ingredients. Recently, increased attention has been given to the application
of encapsulation of bioactive compounds, particularly unsaturated fatty acids. The degra-
dation of these compounds can be prevented by applying encapsulation techniques. The
encapsulation of fatty acids has been successfully reported in numerous studies.(80–82) the
process requires agents to protect the oils and emulsifiers to achieve good encapsulation in
the spray-drying technique commonly used in the food industry. However, the study of Gac
oil encapsulation has not yet been reported.

There are various encapsulating agents (wall materials) effective for encapsulating
food oils in providing good protection against heat, light, and oxidation. The agents
are classified as carbohydrates, cellulose, gum, lipids, and protein, which are reviewed
elsewhere.(83–86) The wall materials have different physical and chemical characteris-
tics, and their properties, including viscosity, solubility, stabilization, reactivity, protective
capacity, and cost, have been reviewed by several authors.(84,86) Cyclodextrins are an exam-
ple of an agent widely used in spray-drying encapsulation of food oil. The monomers of
cyclodextrins are connected to each other, giving a ring structure that is relatively rigid and
has a hollow cavity with the ability to encapsulate other molecules.(84) Its suitability as an
encapsulation agent for Gac fruit is unknown.

The encapsulation process requires an emulsifier, particularly for stabilizing the emul-
sion used in spray-drying encapsulation. Generally, the choice of emulsifier is determined
by its hydrophile-lipophile balance (HLB) value. According to Davis,(87) a high HLB
value (8–13), indicates a more hydrophilic surfactant, and is suitable for facilitating oil
in water emulsion formation and enhancing its stability. Earlier, Griffin(88) claimed that
this range should be about 8–18 for oil-in-water emulsifier. The HLB values of some com-
mon emulsifiers can be found elsewhere.(85) Other parameters needing consideration for
emulsification include total solids concentration, viscosity, droplet size, and emulsification
method.(84)

Among various encapsulation techniques reported,(83,86) spray-drying encapsulation is
the most widely used in the food industry.(89,90) This process can potentially offer many
benefits such as economics, flexibility, and good quality of encapsulated materials(91) and
may be suitable for Gac fruits. However, to achieve good encapsulation efficiency for Gac,
the conditions for wall materials, emusifiers, and spray-drying conditions all need opti-
mizing. The key parameters for spray-drying include feed temperature, air inlet and outlet
temperatures,(84,92) atomization type and conditions, drying air flow rate and humidity, and
powder particle size.(84)

Utilization of Gac Products

Finally, utilization of Gac powder or encapsulated Gac oil can be achieved by incorporating
it into foods as a natural colorant and/or nutrient supplements. Natural carotenoid extracts
are used as food colorants in many processed products, including oily products (margarines,
oils, fats and shortenings), fruit juice, beverages, dry soups, canned soups, dairy products,
milk substitutes, coffee whiteners, dessert mixes, preserves, syrups, confectionery, salad
dressings, meat products, pasta, egg products, baked goods, and others.(93–95)

Gac aril powders produced by different drying methods such as freeze-drying, vacuum-
drying, and spray-drying are easily incorporated into the Vietnamese dish “Xoi Gac,”
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Gac Fruit Composition and Processing 101

pasteurized Gac juice, pasteurized Gac milk beverages, yogurt, fettuccine pasta, and creamy
sauce.(19,96) Also, the color, TCC, and TAA of the juice and the milk beverages are main-
tained after storage for 30 days under refrigeration.(19) Considering these studies and given
that Gac aril and Gac oil can be effective natural source of highly bioavailable lycopene and
carotenes when cooked,(97) there is great potential to produce high-quality products from
processed Gac fruits.

The extraction of natural colorants from Gac would need to follow approved meth-
ods, such as those used for extracting lycopene from tomatoes.(98) Unfortunately, gaining
approval to use natural colorants as food additives is a complicated task, because it takes
time to meet the requirements of governments and organizations.(93) Only 13 natural col-
orants are approved in the European Union (EU) and 26 natural colorants certificated
in the United States.(99) However, in the EU, the “Southampton Six” colors, Alurra Red
(also called Red 40), Ponceau 4R (E124), Tartrazine (Yellow 5) (E102), Sunset Yellow
FCF/Orange Yellow S (Yellow 6) (E110), Quinoline Yellow (E104), and Carmoisine
(E102), now must have a specific warning label on food packaging. This increases the
demand for natural colorants such as those from Gac fruit.

Drawbacks of developing new colorants are the high costs for manufacturers.(95)

Development of Gac products as a natural food colorant needs to consider the many factors
affecting its application in a particular food product. These factors include, for example,
its solubility and stability in processing, packaging, and storage. It is very important to
optimize the factors allowing the stability of natural carotenoids in the final product. For
example, the hue of carotenoids is affected by pH.(100)

Conclusions

Gac fruit contains extraordinarily high levels of carotenoids (particularly lycopene and β-
carotene), α-tocopherol, and fatty acids in its parts (aril, seeds, yellow pulp, and skin). Other
bioactive compounds such as polyphenol compounds and flavonoids are also found in Gac
fruit. The seeds are high in fatty acids and are also used as traditional Chinese medicines.
Many studies confirm that the valuable compounds in Gac fruit play a crucial role in human
health. The proposed processing scheme of all the parts of Gac fruit, including drying, oil
extraction, and oil encapsulation, highlights how the utilization of air-dried powder from the
pulp and skins prevents environmental pollution from waste disposal problem and enhances
the overall value of Gac fruit.
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1.4 Experimental Rationale 

As presented in the background section 1.1, Gac arils contain high concentrations of oil 

and carotenoids. These compounds have been proven to be beneficial to human health 

and are linked with a reduced risk of cardiovascular disease and cancers. Importantly, it 

has been found that a significant improvement in the absorption of the carotenoids into 

the human body occurs when they are digested with fat. Moreover, carotenoids (β-

carotene and lycopene) in natural plants can occur in several forms, such as crystalline 

form inside chromoplasts or carotenoids-protein complexes in chloroplasts (Parada & 

Aguilera, 2007; Shi & Le Maguer, 2000). This results in a decrease in their relative 

bioavailability when the fresh fruits and vegetables are consumed. Therefore, it was of 

interest to effectively extract the Gac oil along with the hydrophobic β-carotene and 

lycopene.  

 

Since the industrial solvents traditionally used for plant oil extraction, for which 

extraction efficiency is often high, are to be avoided, the use of novel extraction 

techniques is strongly recommended. To achieve extraction efficiencies for Gac oil as 

high as those achieved with the traditional methods, a combination of different novel 

extraction methods for extracting the oil from Gac arils, such as microwave-drying and 

pressing, air-drying before SC-CO2 extraction and microwave-drying followed by 

aqueous ultrasound-assisted extraction, have been chosen to be studied. 

 

The resultant Gac oil containing unsaturated fatty acids and carotenoids is easily 

degraded due to isomerisation and oxidation. It is also important to effectively preserve 

the bioactive compounds in the oil extracts in a convenient oil powder form as nutrient 

supplements and natural food colourants for ease of consumption, storage and 

transportation. Microencapsulation by spray drying appeared to be an effective method 

for preparing these compounds in powder form owing to its advantages. To obtain a 

successful encapsulation process, oil in water emulsion preparations (wall material 

concentrations and ratio of oil to wall material) and spray drying conditions (air inlet 

and outlet temperatures) needed to be optimised. 

 

In the food industry, it is important to know the stability of products during storage. The 

quality of food products changes over time as a result of specific storage conditions. 
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Many environmental conditions including light, air and temperature are considered to 

affect the quality of the final product, particularly the encapsulated Gac oil powder 

product. Furthermore, it is also important to construct moisture sorption isotherms for 

calculating the moisture changes and predict the stability of product during storage. 

Therefore, the need for a storage study of the encapsulated Gac oil powders was 

desirable in establishing the effects of storage conditions on the Gac oil powders. 

 

Finally, the use of the encapsulated Gac oil-rich in carotenoids powders as nutrient 

supplements and natural colourants is currently receiving considerable attention from 

food manufacturers and consumers. Hence, investigation on the stability of the 

encapsulated oil powders in foods also needed to be carried out in this thesis. 

 

1.5 Hypothesis, Aims and Objectives 

The hypothesis was that the characteristics of Gac oil extracts and encapsulated Gac oil 

powder products, particularly oil yield, fatty acid composition, β-carotene and lycopene, 

were affected by conditions applied during the extraction, the encapsulation process, the 

storage conditions and the applications of the encapsulated powder as a nutrient 

supplement and a natural food colourant. Optimisation of conditions for several 

processing steps, including oil extraction, emulsion preparation conditions and the spray 

drying process using response surface methodology, was expected to maximise the oil 

yield and increase the retention of bioactive compounds. 

 

Overall, the experiments designed for this study aimed (1) to improve extraction 

efficiencies in terms of Gac oil, β-carotene and lycopene using different extraction 

methods; (2) to enhance encapsulation efficiencies in terms of retention of Gac oil, β-

carotene and lycopene using encapsulation by spray drying; (3) to establish the most 

suitable storage conditions for the encapsulated Gac oil powder; (4) to test the stability 

of the encapsulated oil powder in a range of foods. 

 

Importantly, no industrial chemical solvents were used in all the designed experiments. 

Only water, which is considered a safer, more environmentally friendly and cheaper, 

was used as extracting solvent for the extraction of oil and carotenoids. 
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The specific objectives of this study were: 

1. To comprehensively investigate the effect of pre-treatment conditions (air-drying 

temperature, particle size, enzyme concentration, and extraction time) prior to SC-

CO2 extraction on the Gac oil yield, β-carotene and lycopene (Paper II). 

2. To comprehensively investigate the effect of ultrasound-assisted aqueous 

extraction conditions (ultrasound power, extraction time, powder particle size and 

the ratio of water to powder and the centrifugal force) from microwave-dried Gac 

aril powder on the extraction efficiency for Gac oil, β-carotene and lycopene 

(Paper III). 

3. To comprehensively investigate the effect of extraction conditions (microwave-

drying power, microwave-drying time, steaming time and hydraulic pressure) on 

the extraction efficiency for Gac oil, β-carotene and lycopene (Paper IV). The 

most suitable range of the extraction conditions was then used for optimisation 

process (see paper V). 

4. To optimise the Gac oil extraction conditions (microwave-drying time, steaming 

time and hydraulic pressure) to achieve the maximum Gac oil extraction 

efficiency and the highest content of β-carotene and lycopene in the Gac oil 

(Paper V). 

5. To compare the extraction efficiencies in terms of the Gac oil, β-carotene and 

lycopene, and peroxide value of Gac oil extracted by different extraction methods 

(Paper VI). 

6. To optimise the wall material concentration and the ratio of Gac oil to wall 

material to obtain high encapsulation efficiencies (retentions of Gac oil, β-

carotene and lycopene) and minimise peroxide value, moisture content and total 

colour difference using response surface methodology. The encapsulation yield, 

colour characteristics, physicochemical properties, and morphology of the 

encapsulated oil powder were also evaluated (Paper VII). 

7. To optimise the air inlet and outlet temperatures to obtain high encapsulation 

efficiencies (retentions of Gac oil, β-carotene and lycopene), encapsulation yield, 

moisture content, water solubility index and peroxide value. The 

physicochemical, reconstitution and colour characteristics of the encapsulated Gac 

oil powder were also determined (Paper VIII). 

8. To examine the shelf life of the encapsulated Gac oil powder, in terms of oil 

surface, β-carotene and lycopene, peroxide value and colour characteristics, 



	
  
27 

monitored under a variety of storage conditions (including exposure to light, air 

and temperature). Kinetic parameters and moisture sorption isotherms were also 

examined for predicting the shelf life of the powder product. Furthermore, 

stability of the encapsulated Gac oil powder in a range of foods such as yoghurt, 

pasteurised milk and cake mix in relation to the colour, β-carotene, lycopene and 

peroxide value were studied. A storage study of the fortified Gac oil products was 

also evaluated (Paper IX). 

 

1.6 Format of the thesis 

The thesis is arranged in the following way. After this part of overview, Part 2: Results 

contains a synopsis of research result papers and the papers published in the Journals. 

The general discussion and conclusions will be given in the Part 3. The Bibliography 

shows all the references cited in this thesis, including those in all published papers. 

Finally, some additional information will be given in the Appendices.  

 

The first two research papers (II - III) report on the extraction of Gac oil-rich in 

carotenoids under laboratory conditions. 

 

The next two research papers (IV - V) report on the factorial experiments designed for 

investigating the effect of the single factor on the extraction of the Gac oil. The 

optimisation process of the extraction of Gac oil-rich in carotenoids was then carried out 

using response surface methodology based on the results of the preliminary 

experiments. The resultant Gac oils were then used for the encapsulation experiments 

 

The next research paper (Paper VI) reports on the comparison of different extraction 

methods on the extraction efficiencies (oil, β-carotene and lycopene) and other 

physicochemical properties. 

 

The next two research papers (VII - VIII) report on the optimisation of 

microencapsulation by spray drying. The optimised encapsulated Gac oil powders were 

then used for storage study and utilisation in various foods. 

 



	
  
28 

The final paper (IX) reports on the storage study and stability of the encapsulated Gac 

oil powder in foods. 
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PART 2: RESULTS 
 

2.1 Synopsis of research result papers 

In this thesis, the results are presented in a series of eight research papers, including six 

which are already published, one which is currently under review, one which has been 

prepared for publication. 

 

The first research paper (Paper II) entitled “Effects of pre-treatments on the yield and 

carotenoid content of Gac oil using supercritical carbon dioxide extraction” investigated 

the influence of four different pre-treatment factors (air-drying temperature, particle 

size, enzyme concentration, and extraction time) prior to SC-CO2 extraction at the 

pressure of 200 bar and extraction temperature of 50oC on the Gac oil yield, β-carotene 

and lycopene. Soxhlet extraction was also used for the purpose of comparisons. 

 

The results indicated that the four pre-treatments significantly affected the oil 

yield and the content of β-carotene and lycopene in the Gac oil extracts. The highest oil 

yield was obtained when the enzyme concentration of 0.1% (w/w) for pre-treatment 

before air-drying was used. The air-drying temperature of 50oC and the mean particle 

size of 0.45 mm were the best pre-treatments prior to SC-CO2 extraction. Using these 

conditions, the high Gac oil yield (34%), and the high content of β-carotene (83 mg/100 

mL oil) and lycopene 508 mg/ 100 mL oil) after the extraction time of 120 min were 

achieved. In comparison with Soxhlet extraction, the Gac oil extraction efficiency 

(95%, w/w) using SC-CO2 extraction was obtained. 

 

The second research paper (Paper III) entitled “Ultrasound-assisted aqueous extraction 

of oil and carotenoids from microwave-dried Gac (Momordica cochinchinensis Spreng) 

aril” examined the ultrasound-assisted aqueous extraction conditions (ultrasound power, 

extraction time, powder particle size and the ratio of water to Gac powder) and the 

centrifugal force on the extraction efficiencies (oil, β-carotene and lycopene) and the 

peroxide value (PV). Microwave-drying followed by aqueous extraction without 

ultrasound-assistance and air-drying followed by aqueous extraction with or without 

ultrasound-assistance were also carried out for comparisons, including observing the 
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Gac material left behind after the extractions using scanning electron microscopy 

(SEM). 

 

 The results indicated that Gac oil containing high contents of β-carotene and 

lycopene and having a low peroxide value could be extracted using microwave-drying 

followed by ultrasound-assisted aqueous extraction. It was found that an ultrasound 

power of 320 W, an extraction time of 20 min, powder particle sizes of 0.3 - 0.5 mm, a 

ratio of water to powder of 9 g/g and a centrifugal force of 6750 × g gave optimal 

extraction efficiencies for oil (90%), β-carotene (84%) and lycopene (83%), and the oil 

had a low PV (2.2 meq/kg). The SEM analysis confirmed that the combination of 

microwave-drying followed by ultrasound-assisted aqueous extraction caused strong 

disruption of the Gac aril cellular structures, which was consistent with the high 

extraction of oil, β-carotene and lycopene achieved with the combination. 

 

The third research paper (Paper IV) entitled “Effects of Gac aril microwave processing 

conditions on oil extraction efficiency, and β-carotene and lycopene contents” 

investigated the four different extraction conditions including the microwave power, the 

microwave-drying time, the steaming time and the hydraulic pressure on the oil 

extraction, efficiency, and the content of β-carotene and lycopene. 

 

 The results showed that the microwave power, microwave-drying time, the 

steaming time and the hydraulic pressure had significantly an impact on the Gac oil 

extraction efficiency, and β-carotene and lycopene Contents of the oil extracts. The 

most suitable processing conditions for Gac oil extraction were the microwave power of 

630 W, the microwave time of 65 min, the steaming time of 20 min, and the hydraulic 

pressure of 170 kg/cm2. Using these conditions, the highest oil extraction efficiency of 

93%, and the high content of β-carotene (140 mg/100 mL) and lycopene (414 mg/100 

mL) were obtained. The results also indicated that microwave-drying was found to be 

better than air-drying for pre-treatment prior to pressing. Furthermore, moisture content 

after microwave-drying and the steaming of 8% and 11% (w/w), respectively was best 

for pressing.   

 

The fourth research paper (Paper V) entitled “Optimisation of microwave-assisted 

extraction of Gac oil at different hydraulic pressure, microwave and steaming 
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conditions” was to optimise Gac oil extraction conditions including microwave time, 

steaming time and hydraulic pressure for maximising oil extraction efficiency and 

content of β-carotene and lycopene in the oil extract. The levels of the independent 

variables were based on the results of paper IV, which the most suitable range of the 

variables was microwave-drying time of 60 - 65 min, steaming time of 15 - 30 min and 

hydraulic pressure of 160 - 180 kg/cm2. 

 

 The results showed that the quadratic polynomial models were sufficient to 

describe and predict the response variables of the oil extraction efficiency, and β-

carotene and lycopene contents in the oil extract, with high R2 values of 0.93, 0.85 and 

0.86, respectively. It was predicted that the optimal extraction conditions would be 

microwave-drying time of 62 min, steaming time of 22 min and hydraulic pressure of 

175 kg/cm2. Using those optimal conditions, the maximum oil extraction efficiency 

(86%), and the highest content of β-carotene (186 mg/100 mL) and lycopene (518 

mg/100 mL) were obtained as predicted. 

 

The fifth research paper (Paper VI) entitled “Effect of drying pre-treatments on the 

yield and bioactive content of oil extracted from Gac aril” examined a comparison of 

different extraction methods of Gac oil in terms of the oil yield, the content of β-

carotene and lycopene, and chemical properties.  

  

 The results indicated that high oil yields could be obtained when the arils was 

microwave-dried prior to either Soxhlet extraction (31%) or pressing (27%). This 

finding was explained by the observation of microstructural changes in the cell walls of 

the microwave-dried Gac arils using light microscope and SEM techniques. The oil 

yield obtained from Soxhlet extraction was higher than that of pressing for the air-dried 

Gac arils. However, the highest quality of the oil extract was achieved by microwave-

drying and pressing, in terms of the highest retention of β-carotene (174 mg/100 mL) 

and lycopene (511 mg/100 mL), and the lowest values for acidity (0.69 mg KOH/g), 

and peroxides (1.8 meq/kg). Moreover, the desirable oleic acid (48%) and linoleic acid 

(18%) were found to be the dominant fatty acids in all Gac oil extracts.    

 

The sixth research paper (Paper VII) entitled “Microencapsulation of Gac oil by spray 

drying: optimisation of wall material concentration and oil load using response surface 
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methodology” was to optimise the two independent variables including wall material 

concentration and ratio of oil to wall material for microencapsulation of Gac oil using 

RSM. The response variables included encapsulation efficiencies (Gac oil, β-carotene 

and lycopene), peroxide value (PV), moisture content (MC), and total colour difference 

(ΔE). The encapsulation yield (EY), the colour characteristics, physical properties (Aw, 

pH, bulk density, and water solubility index, WSI) of the optimal encapsulated Gac oil 

powder were also evaluated. Morphology (inner and outer) of the optimally 

encapsulated Gac oil powder was also examined using SEM. 

 

 The results showed that the data could adequately fit the six quadratic 

polynomial models for the EEs in terms of Gac oil, β-carotene and lycopene, PV, MC 

and ΔE with R2 values of 0.96, 0.95, 0.86, 0.89, 0.88, 0.87, respectively. The optimal 

wall material concentration (including whey protein concentrate and gum Arabic of 7/3, 

w/w) and the ratio of Gac oil to the wall material load were predicted as 29.5% and 0.2 

(g/g), respectively. Using these optimal conditions, the EEs in terms of the oil, β-

carotene and lycopene, PV, MC, ΔE achieved were predicted and confirmed as 92%, 

80%, 74%, 3.91 meq/kg, 4.14% and 12.38, respectively. 

  

The resulted also indicated that the EY was about 47%. The physical 

characteristics of the optimally encapsulated Gac oil powders including Aw, pH, bulk 

density, and WSI were 0.32, 5.72, 0.36, and 92,6%, respectively. The colour 

characteristics (lightness, L of 81.3, chroma, C of 48.4, and hue angle, Ho of 71.6) were 

also determined. The L, C and Ho of the reconstituted Gac oil powder were 61.1, 48.3 

and 56.9, respectively.  

  

Furthermore, SEM micrographs confirmed that the outer structure of the 

encapsulated Gac oil powder particles had rough and smooth surfaces and also had 

spherical shapes and were free of cracks and pores. It was important characteristics for 

the encapsulated powders to effectively prevent the oil and carotenoids from oxidation 

and the undesired release of the oil droplet to the particle surfaces. The inner porous 

structure had small spherical round, indicating the oil homogeneously distributed in the 

wall material matrix. Therefore, it was concluded that Gac oil containing β-carotene and 

lycopene was successfully encapsulated in the protein-polysaccharide matrix. The Gac 
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oil powder could be then easily incorporated into a range of foods as natural colourants, 

food supplements or as additives for functional foods.  

 

The seventh research paper (Paper VIII) entitled “Microencapsulation of Gac oil: 

optimisation of spray drying conditions using response surface methodology” was to 

optimise the spray drying conditions including air inlet and outlet temperatures. The 

response variables used for optimisation process were encapsulation efficiencies in 

terms of Gac oil, β-carotene and lycopene, encapsulation yield (EY), moisture content 

(MC), water solubility index (WSI), and peroxide value (PV). Physicochemical, colour 

properties, reconstitution, and morphology of the optimally encapsulated Gac oil 

powder were also evaluated. 

 

The results showed that the data could adequately fit the seven quadratic 

polynomial models for the EEs in terms of Gac oil, β-carotene and lycopene, EY, MC, 

WSI and PV with R2 values of 0.92, 0.91, 0.89, 0.85, 0.89, 0.98 and 0.97, respectively. 

Using the optimal conditions (inlet and outlet temperatures of 154 and 80 oC, 

respectively), the response variables including the EEs in terms of Gac oil, β-carotene 

and lycopene, EY, MC, WSI and PV were predicted and validated as 87.2%, 82.8%, 

84.3%, 52.8%, 4.9%, 90.3%, and 4.06 meq/kg, respectively.  

 

Compared with the pressed Gac oil before encapsulation, the fatty acid 

composition in the optimally encapsulated Gac oil powdered was effectively preserved. 

The physical properties of the optimally encapsulated Gac oil powders including Aw, 

pH, and bulk density were 0.32, 5.75, and 0.33 g/mL, respectively. The colour 

characteristics of the optimally encapsulated Gac oil powder determined were L of 74.8, 

C of 49.3, and Ho of 67.1. The colour characteristics of the reconstituted emulsion of the 

optimal powder determined were L of 50.8, C of 28.3, and Ho of 46.1, respectively. 

Compared to the colour characteristics of the infeed emulsion, the total colour 

difference between the infeed emulsion and the reconstituted was less than 10, 

indicating the colour of the reconstituted emulsion was just slightly changed.  

 

In addition, the optimal powder particles were micro-sized (< 20 µm), had 

spherical shape and concave surface, and showed no apparent cracks or fissures, 

indicating better protection and core retention. The inner structure of the powder 
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particles had well distributed small holes, indicating the oil droplet containing bioactive 

compounds were homogeneously distributed in the wall matrix.   

 

Therefore, it was concluded that the encapsulated Gac oil powder containing 

high contents of β-carotene, lycopene and unsaturated fatty acids could be used as 

natural food colourants, nutrient supplements or as additives for functional foods. 

 

The eighth research paper (Paper IX) entitled “A storage study of encapsulated Gac oil 

powder and fortification into foods” examined the shelf life of the encapsulated Gac oil 

powder, in terms of oil surface, β-carotene and lycopene, peroxide value and colour 

characteristics under various storage conditions. The conditions were the package with 

laminated and non-laminated, package with and without vacuum sealing, and storage at 

different temperatures of -20 (for 12 months), 10 (for 12 months), room temperature (12 

months), 40 (for 4 months) and 63 oC (for 1 week). Moisture sorption isotherms and 

microstructural changes of the Gac oil powders during storage were also determined. 

Furthermore, the encapsulated Gac oil powders were incorporated into cake mix, 

yoghurt and pasteurised milk. The Gac oil powder incorporated cake mix product was 

stored at room temperature for 4 months. The Gac oil powder incorporated yoghurt and 

pasteurised milk products were stored at 4oC for 4 weeks. Finally, kinetic parameters 

were also examined for predicting the shelf life of the Gac oil powder and incorporated 

Gac oil powder products.  

 

 The results showed that a significant progressive degradation of colour, β-

carotene and lycopene, and a significant increase in oil surface content and PV were 

found as a result of increasing storage temperature from -20 to 63oC, and with a longer 

storage period. Significant improvement in all the investigated parameters was achieved 

when the powders were stored at the low temperature of -20oC, 10oC and room 

temperature in absence of air and light. Furthermore, the isotherm curves of the powders 

studied had sigmoid shapes and similar patterns to those which are usually observed in 

dried food products. Equilibrium moisture content values at a constant temperature 

increased with increase in equilibrium relative humidity. 

  

 For incorporation of the Gac oil powders into various foods, it was possible to 

incorporate the Gac oil powder into the cake mix. Slight loss of colour, β-carotene and 
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lycopene and slight increase in PV of the cake mix product were determined when 

increasing the storage time up to 4 months. It was also possible to incorporate the Gac 

oil powder to yoghurt and pasteurised milk products. Results showed that no significant 

difference in the investigated parameters tested was found when the fortified yoghurt 

and pasteurised milk products were stored at 4 oC for 1 month. 

 

2.2 Research result papers 

The results for this thesis are based on the following eight research result papers, which 

are referred to in the text by their Roman numerals as follows: 

 

2.1.1 Paper II: Tuyen C. Kha, Huan Phan-Tai, Minh H. Nguyen (2014). Effects of 

Pre-Treatments on the Yield and Carotenoid Content of Gac Oil Using Supercritical 

Carbon Dioxide Extraction. Journal of Food Engineering, 120(1), 44-49. (C1). 

2.1.2 Paper III: Tuyen C. Kha, Minh H. Nguyen, Paul D. Roach & Costas 

Stathopoulos (2014). Ultrasound-assisted Aqueous Extraction of Oil and Carotenoids 

from Microwave-dried Gac (Momordica cochinchinensis Spreng) Aril. International 

Journal of Food Engineering. Under review. (C1). 

2.1.3 Paper IV: Tuyen C. Kha, Minh H. Nguyen, Paul D. Roach & Costas 

Stathopoulos (2013). Effects of Gac Aril Microwave Processing Conditions on Oil 

Extraction Efficiency, and β-carotene and Lycopene Contents. Journal of Food 

Engineering, 117(4), 486-491. Special Issue on Extraction and Encapsulation. (C1). 

2.1.4 Paper V: Tuyen C. Kha, Minh H. Nguyen, Paul D. Roach & Costas 

Stathopoulos (2013). Optimisation of Microwave-assisted Extraction of Gac Oil at 

Different Hydraulic Pressure, Microwave and Steaming Conditions. International 

Journal of Food Science and Technology, 48(7), 1436-1444. (C1). 

2.1.5 Paper VI: Tuyen C. Kha, Minh H. Nguyen, Paul D. Roach & Costas 

Stathopoulos (2014). Effect of Drying Pre-Treatments on the Yield and Bioactive 

Content of Oil Extracted from Gac Aril. International Journal of Food Engineering, 

10(1), 103-112. (C1). 

2.1.6 Paper VII: Tuyen C. Kha, Minh H. Nguyen, Paul D. Roach & Costas 

Stathopoulos (2014). Microencapsulation of Gac Oil by Spray Drying: Optimisation of 
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The effects of air-drying temperature, particle size and enzymatic pre-treatment on the oil yield and con-
tent of carotenoids in the resultant Gac oil using supercritical CO2 extraction method were investigated. It
was found that the highest oil yield was obtained when using the enzyme concentration at 0.1% (w/w) for
pretreatment before air-drying. Furthermore, the content of carotenoids was also enhanced by suitable
drying temperature and the particle size. High oil yield (34% g/g) and high content of b-carotene
(83 mg/100 mL oil) and lycopene (508 mg/100 mL oil) were obtained using the drying temperature of
50 �C and particle size of 0.45 mm as pre-treatments prior to SC-CO2 extraction at pressure of 200 bar
and extraction temperature of 50 �C. Results also indicated that the most suitable extraction time was
120 min. It was concluded that Gac oil containing high amount of carotenoids could be extracted using
the chosen air-drying temperature, particle size, enzymatic pre-treatment and extraction time.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Several studies showed that high levels of carotenoids and
essential fatty acids (Kha et al., 2013b; Vuong, 2000; Vuong
et al., 2006) were found in Gac fruit (Momordica cochinchinensis
Spreng) aril. These bioactive compounds, that play crucial roles
in human health, were discussed in a recent review on Gac fruit
by Kha et al. (2013a). Moreover, the presence of fat in the Gac aril
has an important role in the absorption of carotenes and other fat-
soluble nutrients (Kuhnlein, 2004). For example, fat ingested with
carotenoid compounds in plant foods significantly improved the
absorption in human body (Brown et al., 2004; Unlu et al., 2005;
Venket Rao, 2004). Since there are many applications where Gac
oil is needed, it is important to preserve these valuable nutrients
in the oil.

Supercritical carbon dioxide extraction (SC-CO2) has been ap-
plied for extracting oils and other materials as an alternative to tra-
ditional mechanical pressing and extraction with hazardous
solvent. It offers a number of advantages including non-solvent
residues, shorter extraction times, higher extraction yields and bet-
ter retention of nutritional and valuable bioactive compounds
(Herrero et al., 2006). In recent years, SC-CO2 extraction technique
has been employed to extract fatty acids (Garlapati and Madras,
2010; Toribio et al., 2011) and carotenoids (Mattea et al., 2009; No-
bre et al., 2009; Pereira and Meireles, 2010) from plant materials.
In these reports, it is generally agreed that pressure, temperature,
CO2 flow rate and extraction time are the major independent
parameters that affect extraction efficiency.

In addition to the extraction conditions, the SC-CO2 extraction
of oil-containing plant materials also strongly depends on pre-
treatments (Del Valle and Uquiche, 2002). Prior to extraction, the
material cells are usually broken by different methods such as dry-
ing and grinding. Several studies have shown that drying method
as a pre-treatment has significant effects on the oil content of plant
materials due to structural changes (Sefidkon et al., 2006; Gut-
iérrez et al., 2008). Recently, Kha et al. (2011) reported that carot-
enoid content of Gac powder could be preserved by soaking pre-
treatment with ascorbic acid before air-drying at low temperature.
Moreover, particle size of oil containing materials may affect the
extraction efficiency. There is no diffusion through the unbroken
cell walls or larger particles, therefore, oil yield and carotenoid
content may be higher when extracting smaller compared to larger
particle sizes (Del Valle and Uquiche, 2002).

Generally, enzymatically assisted extraction for edible oil is
considered to be an environmentally clean technology. The main
advantages of this extraction are high oil yield and improvement
of resulting oil quality due to mild operation conditions (Mariano

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jfoodeng.2013.07.018&domain=pdf
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et al., 2009). The main principle of the enzymatic process is that
the structural polysaccharides, which form the cell and lipid body
membrane, are hydrolyzed, thus facilitating oil release from the
materials (Domínguez et al., 1994; Rosenthal et al., 1996). For
example, the higher oil yield from several materials such as rape-
seed, soybean, coconut, avocado and sunflower could be obtained
by using enzymatic pre-treatment (Rosenthal et al., 1996). There-
fore, investigation of enzymatic pre-treatment prior to SC-CO2

extraction for Gac oil is highly desirable.
There is a lack of information on pre-treatments, such as air-

drying temperature, particle size, enzyme concentration and
extraction time, prior to SC-CO2 extraction in the published litera-
ture. Therefore, the objective of this work was to investigate effects
of those pre-treatments on the Gac oil yield and content of b-car-
otene and lycopene in the extracts. Soxhlet extraction was also car-
ried out for comparison purpose.
2. Materials and methods

2.1. Chemicals

All solvents (HPLC grade) used in this research, n-hexane, ace-
tone, chloroform, acetonitrile, dichloromethane and methanol,
were purchased from Merck Pty. Ltd., Kilsyth, Vic, Australia. Carot-
enoid standards (b-carotene, C4582, type II synthetic, P95%, HPLC
grade and lycopene L9879, P90%, from tomato) and Pectinex� Ul-
tra SPL (P2611), a multi component enzyme with high pectolytic
activity made from Aspergillus aculeatus, were obtained from Sig-
ma–Aldrich Pty., Ltd., Castle Hill, NSW, Australia. CO2 (99.99% pur-
ity) was supplied by Van Tan Phat Co., Ltd., Viet Nam.
2.2. Materials

Fresh Gac fruits were purchased from a local market in Ho Chi
Minh City, Viet Nam. The fruits were put inside an isolated hard
plastic container to avoid light and temperature exposure during
transport. They were stored under refrigeration until use within
1 day. Different batches of fruit were used for non-consecutive rep-
lications of the experiments.
2.3. Treatments

Fresh Gac arils (about 1 kg) were scooped out and soaked in
0.1% ascorbic acid solution (w/w) for 1 h (Kha et al., 2011). The arils
including the seeds were then air-dried at different temperatures
of 40, 50 and 60 �C to reach a final moisture content of approxi-
mately 7% with cross flow air velocity of 1.1 ± 0.1 m/s. The loading
of material for air-drying process was 5 kg/m2. The seeds were re-
moved from the arils and the dried arils were then powdered using
an IKA M20 grinding mill (IKA� company, Germany) and the parti-
cle size was measured using USA standard test sieve. The mean
particle sizes (D50) of 0.49 ± 0.02, 0.45 ± 0.02 and
0.37 ± 0.02 mm, calculated by using the Sautier formula (volume-
surface mean diameter) (Reverchon et al., 2000), were used for
the SC-CO2 extraction.

For enzymatic pre-treatment, fresh Gac arils were thoroughly
mixed with pectinase at different concentrations of 0.05, 0.1 and
0.15% (w/w). pH of the mixtures was adjusted to the optimum level
of 4.5 using HCl 0.1 N and then incubated at temperature of 50 �C
for 1 h. The mixture was then air-dried at temperature of 50 �C and
powdered using the mill. The mean particle size of 0.45 mm was
used for SC-CO2 extraction.
2.4. Supercritical CO2 extraction

The supercritical fluid (SCF) system (Spe-ed SFE-4, Applied Sep-
arations, Allentown, United States) was employed for Gac oil
extraction. The dried powders (about 2.6 g) were placed into a
stainless steel column (length 130.75 mm, 14.22 i.d. and 56.90
i.l) used as the actual extraction vessel. Liquefied CO2 was pumped
into the vessel by a high-pressure pump to reach a fixed pressure
of 200 bar, the extraction temperature inside the column was grad-
ually increased and maintained at 50 �C by a heating jacket encas-
ing the vessel. The flow rate of CO2 was fixed at 2 L/min. At the end
of the extraction process, the valve was closed and the final part of
the lines was depressurized. The oil samples were weighted at dif-
ferent extraction time from 2 to 180 min to determine the oil yield
(gravimetrically as g oil/g dried aril) and analyzed for content of b-
carotene and lycopene.
2.5. Analytical methods

2.5.1. Determination of b-carotene and lycopene contents
A method of Englberger et al. (2006) was employed for analyz-

ing b-carotene and lycopene in Gac oil samples. HPLC analysis was
performed with an Agilent 1200 HPLC equipped with diode array
detector system consisting of a Luna C18 (100 � 4.6 mm i.d.:
5 lm) direct-connect guard column coupled to a Jupiter C18
(250 � 4.6 mm i.d.: 5 lm) reversed phase column (Phenomenex).
The mobile phase consisted of acetonitrile (ACN), dichloromethane
(DCM) and methanol (MeOH) 5: 4: 1 v/v/v, containing 0.1% BHT.
The flow rate was 1.0 mL/min, detection was at 450 nm, and the
injection volume was 20 lL. The resultant Gac oil was diluted at
a ratio of 1:200 with the HPLC solvent. All operations were per-
formed under subdued light to minimize oxidation of the carote-
noids. The identification of b-carotene and lycopene were based
solely on the retention time of a peak compared with the authen-
tication standards. The amounts of b-carotene and lycopene in Gac
oils were expressed as mg/100 mL of crude oil.
2.5.2. Soxhlet extraction
The total oil content of fresh Gac fruit aril was determined using

the FOSS Soxtec™ system 2045 extraction unit, Denmark. A proce-
dure of oil extraction was carried out according to the method de-
scribed by Brkić et al. (2006) with slight modification. Briefly,
approximately 3 g of the air-dried sample was weighed in cellulose
thimbles and inserted into the extraction system. Then 50 mL
petroleum ether (boiling point of 60–90 �C) were filled into
weighed aluminum vessels and inserted into the extraction unit
as well. The temperature was set at 145 �C and the program of
the oil extraction process was: 30 min of boiling, 60 min of rinsing,
15 min of evaporation and finally 20 min of drying the aluminum
vessels containing the extracted oil. The sample was then dried
in an oven at temperature of 80 �C until constant weight was ob-
tained. The oil content was gravimetrically calculated. The oil con-
tent of Gac aril was about 37–42% (g/g of dry weight).
2.6. Statistical analysis

The independent experiments and subsequent measurements
were done in duplicate and in triplicate, respectively. A two-way
analysis of variance (including extraction time and particle size,
extraction time and air-drying temperature, and extraction time
and enzyme concentration) and LSD (least significant difference)
was used to analyze the data using the SPSS-PASW GradPack
20.0 for Mac (IBM Corp., United States).



46 T.C. Kha et al. / Journal of Food Engineering 120 (2014) 44–49
3. Results and discussion

3.1. Effects of air-drying temperature

Statistical results indicated that the investigated air-drying
temperature significantly affected the oil yield (P < 0.001), and con-
tent of b-carotene (P < 0.001) and lycopene (P < 0.001) in the ex-
tracts. There was insignificant interaction between air-drying
temperature and extraction time on b-carotene and lycopene con-
tents (P > 0.05).

Fig. 1 and Table 1 show that higher oil yield, and b-carotene and
lycopene contents of the oil extracts were obtained at the drying
temperature of 50 �C for 18 h as compared with the lower temper-
ature of 40 �C for 20 h or the higher temperature of 60 �C for 12 h,
all at particle size of 0.45 mm. This is due to the fact that air-drying
process at the temperature of 50 �C had effected on the microstruc-
ture changes of the dried arils by water removal (Gutiérrez et al.,
2008), allowing an adequate diffusion of SC-CO2 through the cell
membrane, therefore, the oil and carotenoids were easily ex-
tracted. Moreover, the cell walls and the bonding forces between
carotenoids and the tissue matrix were broken due to the heating
process (Chang et al., 2006). Hence, carotenoids including b-caro-
tene and lycopene were also easily released during the SC-CO2

extraction. At 60 �C air drying, it is likely that the heating effect
was excessive on the cell walls and aril microstructure that re-
duced the diffusion of SC-CO2, resulting in lower oil yield.
40°C 50°C 60°C

Fig. 1. Effect of air-drying temperature and extraction time on the oil yield
obtained by SC-CO2 extraction.

Table 1
Effects of air-drying temperature and SC-CO2 extraction time on the content of b-
carotene and lycopene (mg/100 mL) of Gac oil extracts.

Parameters b-Carotene
content

Lycopene
content

Drying temperature
(DT)

40 �C 36.9 ± 21.5a 254.9 ± 75.5a

50 �C 51.3 ± 10.2b 418.6 ± 92.1b

60 �C 23.4 ± 10.6c 182.6 ± 47.1c

Extraction time (ET) 60 min 21.4 ± 16.1a 205.8 ± 96.1a

120 min 41.8 ± 14.4b 306.7 ± 133.3b

180 min 48.4 ± 14.2b 343.5 ± 134.2b

Significant interaction Significance
DT *** ***

ET *** **

DT � ET NS NS

Values are mean ± SD after statistical analyses.
NS, ** and *** indicate not significant and significant at P = 0.01 and 0.001,
respectively.
The values in the same column followed by different superscripts (a–c) were sig-
nificantly different (P < 0.05).
As can be seen in Table 1, the contents of b-carotene and lyco-
pene of the oil extracts, when the arils were air-dried at 50 �C, are
much higher than those at either lower temperature of 40 �C or
higher temperature of 60 �C. The carotenoid content of the dried
samples could be degraded at increasing drying temperature due
to heat treatment (Kha et al., 2011; Shi et al., 1999). However, since
it took a longer time to dry the arils at the lower temperature of
40 �C, the broken tissues were easily exposed to oxygen, resulting
in more oxidation, which also caused a substantial loss of carote-
noids (Shi et al., 1999). It can be concluded that drying temperature
and the length of drying are two major parameters affecting the
reduction of carotenoid. Therefore, the air-drying temperature of
50 �C is the most suitable pre-treatment for Gac aril prior to SC-
CO2 extraction.
3.2. Effect of particle size

Statistical results indicated that particle sizes strongly influ-
enced oil yield, and the content of b-carotene and lycopene of
the extracts (P < 0.001). There was insignificant interaction be-
tween particle size and extraction time on the oil yield (P > 0.05),
however, the interaction between the two factors on the lycopene
(P < 0.5) was found to be significant.

Fig. 2 and Table 2 show that the oil yield and content of carote-
noids are significantly affected by different particle sizes of the
dried aril powder, all at 50 �C. Generally, particle size is one of
the most important parameters to have an effect on the extraction
oil yield and the content of carotenoids. A faster rate of the CO2 dif-
fusion could be obtained when using a smaller particle size (Del
Valle and Uquiche, 2002; Panfili et al., 2003), due not only increas-
ing surface area to volume ratio of materials but also rupturing cell
membranes. For the larger size of 0.49 mm, it possibly took a long-
er solvent diffusion time to reach the highest oil yield as compared
with the smaller size of 0.45 mm and 0.37 mm. However, there can
be a problem with channeling inside the extraction bed if particle
size is small, resulting in lowered oil yield and carotenoid content
(Jokić et al., 2012). This is in agreement with several reports inves-
tigating effects of different particle sizes of dried tomato materials
on the content of carotenoids (Nobre et al., 2012; Sabio et al., 2003;
Vági et al., 2007).

As there are some expected overlaps between the mean vol-
ume-surface particle sizes of 0.45 mm and 0.49 mm, the significant
difference in oil yield and carotenoid content may not be due to the
size difference alone. The way the particles were packed within the
cross section of the extraction chamber could have some influ-
ences. Besides, there was a variation in quality of our collected
raw Gac fruit aril as mentioned in Section 2.2. Furthermore, several
authors also reported that a big difference in b-carotene and
Fig. 2. Effect of particle size and extraction time on the oil yield obtained by SC-CO2

extraction.



Table 2
Effects of particle size and SC-CO2 extraction time on the content of b-carotene and
lycopene (mg/100 mL) of Gac oil extracts.

Parameters b-carotene content Lycopene content

Particle size (PS) 0.37 mm 35.2 ± 19.6a 221.3 ± 76.9a

0.45 mm 75.3 ± 22.1b 482.6 ± 75.5b

0.49 mm 43.7 ± 15.3c 164.8 ± 48.7c

Extraction time (ET) 60 min 30.3 ± 18.8a 215.6 ± 157.9a

120 min 56.9 ± 22.5b 307.3 ± 177.9b

180 min 67.0 ± 22.5c 345.7 ± 173.8c

Significant interaction Significance
PS *** ***

ET *** **

PS � ET NS *

Values are mean ± SD after statistical analyses.
NS, *, ** and *** indicate not significant and significant at P = 0.05, 0.01 and 0.001,
respectively.
The values in the same column followed by different superscripts (a–c) were sig-
nificantly different (P < 0.05).

Table 3
Effects of enzyme concentration (w/w) and SC-CO2 extraction time on the content of
b-carotene and lycopene (mg/100 mL) of Gac oil extracts.

Parameters b-Carotene content Lycopene content

Enzyme concentration
(EC)

0.05% 25.6 ± 6.7a 172.1 ± 47.9a

0.1% 14.3 ± 3.7b 83.7 ± 15.1b

0.15% 11.6 ± 6.2b 119.1 ± 44.3c

Extraction time (ET) 60 min 11.0 ± 6.1a 87.9 ± 26.4a

120 min 18.8 ± 7.4b 128.6 ± 48.5b

180 min 21.7 ± 7.3b 158.3 ± 51.6c

Significant interaction Significance
EC *** ***

ET *** **

EC � ET NS NS

Values are mean ± SD after statistical analyses.
NS, *, ** and *** indicate not significant and significant at P = 0.05, 0.01 and 0.001,
respectively.
The values in the same column followed by different superscripts (a–c) were sig-
nificantly different (P < 0.05).
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lycopene in fresh Gac fruit was found due to differences in variety,
harvesting time and storage conditions (Kha et al., 2013a,b).
Accordingly, it could be said that the mean particle size of
0.45 mm gave the best oil yield and carotenoid content in this par-
ticular small laboratory unit under the experimental conditions
employed but may not be the most suitable size in other situations.

3.3. Effect of enzyme concentration

Statistical analysis showed that the oil yield and the content of
b-carotene and lycopene in the extracts were significantly affected
by enzyme concentration (P < 0.001). There was insignificantly
interaction between enzyme concentration and extraction time
on b-carotene and lycopene contents (P > 0.05).

Fig. 3 indicates that higher content of the oil is obtained over
the fractionated extraction time by the enzyme concentration as
compared with 50 �C air-dried samples of the same 0.45 mm par-
ticle size without enzymatic hydrolysis (Figs. 1 and 2). It can be ex-
plained that cell walls are opened up by the use of enzyme through
biodegradation; the complex lipoprotein and lipopolysaccharide
molecules are also broken up into simpler molecules (Li et al.,
2012; Shankar et al., 1997), hence oils were easily released. It
can be concluded that the concentration of enzyme had a positive
effect on the oil yield which is in agreement with several published
results that used enzyme as a pre-treatment prior to extraction for
plant materials (Domínguez et al., 1994; Gibbins et al., 2012).

In contrast, b-carotene and lycopene contents in the extracts are
much lower than that of those samples without enzymatic hydro-
lysis (refer to Tables 1–3). Similarly, Tran et al. (2008) reported that
retention of carotenoids in Gac powder sample without enzymatic
Fig. 3. Effect of enzyme concentration and extraction time on the oil yield obtained
by SC-CO2 extraction.
pre-treatment was higher that of the enzymatic one. It could be ex-
plained that the contacting surface area of the enzymatic-treated
arils with oxygen was larger than the surface of the untreated sam-
ples. More cell walls were broken down during the enzymatic
hydrolysis and more carotenoids were extracted (Tran et al.,
2008). As a result, a degradation of carotenoids occurred substan-
tially due to oxidation during air drying process. In addition, a dilu-
tion may take into account for the lower content of carotenoids in
the enzyme pre-treated arils due to the higher release of the oils as
compared to the untreated samples.
3.4. Effect of extraction time

As can be seen in Figs. 1–3, the oil yield increased rapidly with
the increase of extraction time from 2 to 90 min (P < 0.001). Gener-
ally, increasing extraction time leads to more complete oil yield (Li
et al., 2011; Liu et al., 2009; Zhang et al., 2009). It is important to
prolong the contact of the SC-CO2 solvent with the aril powder in
order to maximize the oil yield. Since results indicated that the
oil yield slowly increased beyond 120 min, this extraction time
could be enough for the extraction process. In addition, SC-CO2

extraction process was less time consuming than Soxhlet extrac-
tion (refer Section 2.5.2), which uses organic solvents. Therefore,
SC-CO2 extraction should be applied in modern industry, being
environmental friendly by decreasing toxic residues while produc-
ing higher quality foods (Jokić et al., 2012).

Generally, Tables 1–3 showed that the extraction time had a
very positive effect on the content of b-carotene (P < 0.001) and
lycopene (P < 0.01) of the oil extracts. The carotenoid content of
the extracts increases rapidly in the extraction times of 60–
120 min, but the trend becomes less so afterward. It is likely be-
cause the carotenoids are mostly already extracted. Moreover,
there is insignificant difference between the extraction time of
120 and 180 min for b-carotene and lycopene of the extract when
air-dried at different temperatures and different concentrations of
enzyme before SC-CO2 extraction. Therefore, it can be concluded
that the extraction time of 120 min could be sufficient for a com-
plete extraction. Several authors reported that longer extraction
time might have the negative effect on carotenoid yield due to
thermal degradation and isomerisation (Nobre et al., 2012; Zuknik
et al., 2012). Moreover, reducing costs related to the extraction
procedure and improving energy efficiency could be achieved by
decreasing the extraction time (Baysal et al., 2000; Ciurlia et al.,
2009).



Table 4
Effect of different extraction methods on the EE, and ö̇-carotene and lycopene
contents.

Oil samples EE
(%)

b-Carotene
(mg/100 mL)

Lycopene
(mg/100 mL)

Air-dried before SC-CO2 (this study) 95 83 508
Kha et al. (2013b)

– Microwave-dried before pressing 93 140 414
– Air-dried before pressing 68 55 240

Vuong and Kinh (2003)
– pressing without treatment

na 271 302

Soxhlet extraction (this study) 100 35 180

na: not available.
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3.5. Comparison of different extraction methods for Gac oil

As mentioned before, pre-treatments play a crucial role in the
SC-CO2 extraction for Gac oil. It is therefore important for this
study to compare the quality of Gac oil with other published stud-
ies, in terms of extraction efficiency (EE) and content of b-carotene
and lycopene. It is also important to compare different extraction
methods using the EE due to different oil content in starting mate-
rials. The EE was determined as a ratio of mass of extracted oil and
mass of oil in starting material using the Soxtec extraction unit.
Comparison of these parameters affected by different extraction
methods is presented in Table 4.

As can be seen in Table 4, the EE of air-drying prior to SC-CO2

extraction is slightly higher than that of microwave-drying pre-
treatment prior to pressing, about 2%. However, both methods
(air-dried samples before SC-CO2 extraction and microwave-dried
samples before pressing) yielded much higher than air-drying be-
fore pressing. The differences in b-carotene and lycopene contents
between the current and the published reports may be due to the
different varieties, growing conditions, stage of maturity and stor-
age conditions of the fresh Gac fruit used as raw material (Kha
et al., 2013a). However, it is clear that different pre-treatments
produced different results for different extraction methods. There-
fore, depending on the extraction method, it is important to find
the most suitable pre-treatment to enhance the EE. For SC-CO2

extraction, air-drying is recommended due to its ease of applica-
tion and high EE result.

In comparison with Soxhlet method, the amount of b-carotene
and lycopene in the SC-CO2 extracted oil samples is much higher.
This indicates that the SC-CO2 extraction method effectively pre-
serve the content of carotenoids.
4. Conclusion

It can be concluded that pre-treatments of air-drying tempera-
ture, particle size, enzyme concentration and extraction time prior
to SC-CO2 extraction strongly influence the oil yield and the con-
tent of b-carotene and lycopene of the extracts. Results indicated
that the highest oil yield was obtained when using enzyme at
0.1% (w/w) concentration for pre-treatment before air-drying. Fur-
thermore, the drying temperature of 50 �C and mean particle size
of 0.45 mm were the most suitable pre-treatments for the labora-
tory unit employed. Under these conditions, the high Gac oil yield
of about 34%, and the high content of b-carotene (83 mg/100 mL
oil) and lycopene (508 mg/100 mL oil) after the extraction time
of 120 min were obtained.
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Abstract: 

The objective was to optimise the ultrasound-assisted aqueous extraction 
of oil, β-carotene and lycopene from microwave-dried Gac arils ground to a 
powder. Ultrasound power, extraction time, powder particle size and the 

ratio of water to Gac powder during the extraction, the centrifugal force 
used to recover the extracted components and the peroxide value (PV) of 
the oil were investigated. The analytical Soxhlet extraction and HPLC 
analysis were used to determine how much oil and carotenoids were 
available for extraction from the fresh Gac arils, respectively. Microwave-
drying followed by aqueous extraction without ultrasound-assistance and 
air-drying followed by aqueous extraction with or without ultrasound-
assistance was also carried out for comparisons, including observing the 
Gac material left behind after the extractions using scanning electron 
microscopy (SEM). Ultrasound power of 32 W/g of aril powder, extraction 
time of 20 min, powder particle sizes of 0.3-0.5 mm, a ratio of water to 

powder of 9 g/g and a centrifugal force of 6750 × g gave optimal 
extraction efficiencies for oil (90%), β-carotene (84%) and lycopene 
(83%), and the oil had a low PV (2.2 meq/kg). The SEM analysis confirmed 
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that the combination of microwave-drying followed by ultrasound-assisted 
aqueous extraction caused strong disruption of the Gac aril cellular 
structures, which was consistent with the high extraction of oil, β-carotene 
and lycopene obtained with the combination. It was concluded that Gac oil 
containing high amounts of β-carotene and lycopene and having a low PV 
could be extracted using microwave-drying and ultrasound-assisted 
aqueous extraction.  
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Abstract 

The objective was to optimise the ultrasound-assisted aqueous extraction of oil, β-carotene and 

lycopene from microwave-dried Gac arils ground to a powder. Ultrasound power, extraction time, 

powder particle size and the ratio of water to Gac powder during the extraction, the centrifugal 

force used to recover the extracted components and the peroxide value (PV) of the oil were 

investigated. The analytical Soxhlet extraction and HPLC analysis were used to determine how 

much oil and carotenoids were available for extraction from the fresh Gac arils, respectively. 

Microwave-drying followed by aqueous extraction without ultrasound-assistance and air-drying 

followed by aqueous extraction with or without ultrasound-assistance was also carried out for 

comparisons, including observing the Gac material left behind after the extractions using scanning 

electron microscopy (SEM). Ultrasound power of 32 W/g of aril powder, extraction time of 20 min, 

powder particle sizes of 0.3-0.5 mm, a ratio of water to powder of 9 g/g and a centrifugal force of 

6750 × g gave optimal extraction efficiencies for oil (90%), β-carotene (84%) and lycopene (83%), 

and the oil had a low PV (2.2 meq/kg). The SEM analysis confirmed that the combination of 

microwave-drying followed by ultrasound-assisted aqueous extraction caused strong disruption of 

the Gac aril cellular structures, which was consistent with the high extraction of oil, β-carotene and 

lycopene obtained with the combination. It was concluded that Gac oil containing high amounts of 

β-carotene and lycopene and having a low PV could be extracted using microwave-drying and 

ultrasound-assisted aqueous extraction.  

 

Key words: Gac aril; Gac oil; microwave; ultrasonication; β-carotene; lycopene. 
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1. Introduction 

Several studies have reported that Gac (Momordica cochinchinensis Spreng) aril contains high 

levels of unsaturated fatty acids, β-carotene and lycopene [1-3]. These bioactive compounds have 

been proven to be beneficial to human health and are linked with a reduced risk of cardiovascular 

disease and cancers [4-6]. Importantly, it has been found that a significant improvement in the 

absorption of the carotenoids into the human body occurs when they are digested with fat [7-9]. 

Therefore, it is desirable to effectively extract the Gac oil along with the hydrophobic β-carotene 

and lycopene, in order to increase the likelihood that the carotenoids will be absorbed when Gac aril 

extracts are prepared for use as nutrient supplements or natural food additives. Due to the attractive 

red-orange colour of the β-carotene and lycopene, these Gac extracts can also be used as colourants 

[1, 10].   

Traditionally, hexane extraction or a combination of mechanical pressing and hexane 

extraction has been applied for vegetable oil preparations in the food industry. The main drawbacks 

of this process are health concerns and increased environmental regulations due to the toxicity of 

hexane. In addition, the extracted oils can also be of low quality in terms of their content of 

unwanted free fatty acids, waxes and unsaponifiable matter [11]. Therefore, it is desirable to find a 

more suitable extraction technique for Gac oil. The application of aqueous extraction techniques for 

vegetable oil, in which oil separation is based on the insolubility of the oil in water, has been 

studied widely [11-14]. This type of extraction generally offers the advantages of being more 

environmentally friendly, economical and safer and yields a higher oil quality than the traditional 

hexane extraction [15]. Using water as the main extraction solvent, there is no energy required for 

organic solvent stripping and no high investment is required for monitoring and controlling the 

emission of volatile organic compounds. Furthermore, high oil quality can be obtained without 

requiring degumming and anti-nutritional factors are less of a problem in the aqueous process. 

A great variety of new methods based on different principles have been developed to extract 

oil and bioactive compounds from plant materials using water. Recently, the principles, on which 

these novel extraction techniques are based, have been reviewed by Azmir et al. [16] and they have 

suggested that the main advantage of these aqueous methods is that they are very environmentally 

friendly being free of organic chemical solvents. Among the novel techniques for plant oil 

extraction, microwave-drying followed by ultrasound-assisted aqueous extraction has been 

highlighted in recent years; a reduction in extraction time, an increase in oil yield and the 

production of high quality oil are the main benefits of this method [16-18].  

The extraction of oil directly from fresh plant material is known not to be very efficient. 

Therefore, reducing the moisture in the plant material before it is extracted is one of the most 
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important steps in the aqueous extraction process when it is facilitated by ultrasonication [16]. 

Compared to other drying techniques, air-drying is well known as the simplest and cheapest drying 

method. However, the quality of air-dried products is often fairly poor, particularly if the resultant 

materials are sensitive to heat damage. Recently, microwave-drying has been reported to be an 

effective technique for removing moisture from Gac arils [19, 20]. According to these reports, a 

microwave power of 630 W and a drying time of 62 min for a 900 g sample resulted in the highest 

retention of β-carotene and lycopene in the extracted Gac oil. This is because these microwave-

drying conditions provided enough of a driving force to break down the cell matrix but not enough 

to destroy the oil and the carotenoids. 

In the ultrasound-assisted aqueous extraction method, mass transfer of solutes from the plant 

material into the surrounding water is dramatically enhanced by the ultrasonics, mainly due to 

cavitation forces and some mechanical effects [17]. Intensive localised pressure, generated by the 

explosive collapse of bubbles, can result in the effective breakdown of cell walls, and thereby 

increase the release of intracellular components into the solvent [21]. A greater penetration of the 

solvent into the material matrix, which is a mechanical effect of the ultrasonics, also occurs and 

results in an increased contact between the solvent and the compounds to be extracted [22]. 

Therefore, to achieve a successful extraction of vegetable oil, there are a number of parameters to 

be considered. Among the most important factors, ultrasound power and the extraction time can 

affect the cavitation forces [16], and the particle size of the solid material and the ratio of water to 

the solid can influence the penetration of the solvent into the solid and the mass transfer of the 

solutes from the solid into the solvent [23, 24]. In addition, some of the disadvantages of traditional 

extraction techniques, including long processing times and degradation of thermolabile compounds, 

can be overcome with the ultrasound-assisted aqueous extraction method [16].  

Due to their considerable advantages, it is of interest to combine the microwave-drying 

technique followed by the ultrasound-assisted aqueous extraction method in order to determine 

whether the extraction efficiency for Gac oil and its content of β-carotene and lycopene can be 

increased compared to traditional methods. After aqueous extractions, centrifugation is also an 

attractive method for separating oil from oil-in-water emulsions; it is more effective compared to 

the gravity settling method, which can be a very slow sedimentation process for the separation of 

immiscible mixtures [25]. Centrifugation can break down oil-in-water emulsions and effectively 

separate oil from water if an appropriate centrifugal force is used [26]. Therefore, it is also 

important to investigate the effect of the centrifugal force on the oil extraction efficiency. 

Having only recently been proposed as a process for oil extraction [16-18], there is still a 

lack of information in the published literature on the use of microwave-drying followed by the 

ultrasound-assisted aqueous extraction of oil and hydrophobic bioactive compounds from plant 
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materials. Therefore, the objective of the present study was to optimise the ultrasound-assisted 

aqueous extraction of oil, β-carotene and lycopene from microwave-dried Gac arils ground to a 

powder. The effects, on the extraction efficiency (EE) for Gac oil, β-carotene and lycopene, of 

different conditions including ultrasound power, extraction time, powder particle size and the ratio 

of water to powder during the ultrasound-assisted aqueous extraction and the centrifugal force used 

to recover the oil after the extraction, were investigated. Microwave-drying followed by aqueous 

extraction without ultrasound-assistance and air-drying followed by aqueous extraction with or 

without the use of ultrasound was also carried out for the purpose of comparisons.  

The analytical Soxhlet extraction method was used to determine how much oil was available 

and HPLC analysis was used to determine how much β-carotene and lycopene were available for 

extraction from the Gac arils. The peroxide value (PV) of the extracts was measured to determine 

the extent of lipid peroxidation. Moreover, in order to gain some understanding on the mechanisms 

involved during the drying and the aqueous extraction processes, scanning electron microscopy 

(SEM) analysis was employed to study the structure of the Gac aril material left over after it was 

subjected to various drying and extraction combinations. 

 

2. Materials and Methods 

2.1 Chemicals 

Carotenoid standards including β-carotene (C4582, type II synthetic, ≥ 95%, HPLC grade) and 

lycopene (L9879, ≥ 90%, from tomato) were purchased from Sigma-Aldrich Pty. Ltd. (Castle Hill, 

NSW, Australia). All solvents (HPLC and analytical grades) and BHT (butylated hydroxytoluene) 

were obtained from Merck Pty. Ltd. (Kilsyth, Vic, Australia). 

 

2.2 Drying and powdering of Gac arils 

Gac fruit (of uniform yellow-red colour and size) was purchased from a local market in Ho Chi 

Minh City, Viet Nam. The red arils including seeds were scooped out and dried using a Panasonic 

Dimension NN-9853 microwave oven (Panasonic Australia Pty. Ltd., Macquarie Park, NSW, 

Australia) with cavity dimensions of height (H), width (W) and depth (length, L) of 244 mm, 412 

mm, 426 mm, respectively, and operating at a frequency of 2450 MHz. The arils (900 g), of an 

initial moisture content of 82%, were spread to a thickness of 5 mm onto the turntable plate and 

microwave-dried at a power setting of 630 W for 62 min, as previously optimised [19]. The 

temperature of the arils after microwave-drying was recorded as 80 oC. The dried arils, with a 

moisture content of 9% on a wet basis (w.b.), were then powdered using a IKA M20 grinding mill 

(IKA® company, Staufen, Germany) and the particle size distribution of the powder was then 

determined using a USA standard test sieve (W.S. Tyler, Mentor, OH, USA). Powders of different 
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particle sizes of >2, 1-2, 0.5-1 and 0.3-0.5 mm were then used for the ultrasound-assisted aqueous 

extraction.   

For comparison, Gac arils (900 g) were spread onto a stainless steel tray (1.2 x 0.8 m) to a 

thickness of 1.5 cm and air-dried at a temperature of 60 oC for 12 h with an air velocity of 1.1 m/s, 

using an air-drying oven (G. T. C Australia Trading Pty. Ltd., Alexandria, NSW, Australia) in order 

to reach the target moisture content of 9% [27]. The air-drying temperature of 60 oC was chosen 

because a significant loss of carotenoid content occurs at higher temperatures [27, 28]. The air-dried 

arils were then powdered using the grinding mill to produce a powder with particle sizes determined 

to be the best for the microwave-dried powder described above. 

 

2.3 Aqueous extraction of powdered Gac arils 

The microwave-dried Gac aril powder samples (10 g) with the different particle sizes were placed 

in 40 to 100 mL deionised water in a 200 ml beaker, which was immersed into a WUC-D22H 

ultrasonic cleaner water bath (DAIHAN Scientific Co., Ltd., Seoul, Korea). The water level in the 

beaker was lower than that of the ultrasonic cleaner water bath, which had internal dimensions of: L 

300 x W 500 x H 150 mm. Different mass ratios (g/g) of water to powder of 4, 5, 6, 7, 8, 9 and 10 

were investigated. To test the various ultrasound-assisted aqueous extraction conditions, different 

ultrasonic output powers (240, 320 and 400 W) and times (10, 20, 30 and 40 min) were carried out 

with the temperature set at 30 ± 3 oC and the frequency at 40 kHz. The temperature was maintained 

using an in-water pipe and the temperature was regulated by the flow ratio between water in and 

water out.  

For the purpose of comparisons, aqueous extractions of microwave and air-dried Gac aril 

powder samples were also run employing a shaking water bath set at a temperature of 30 ± 3 oC 

(Ratek Instruments, Boronia, Vic, Australia).  The other extraction conditions, including the 

extraction time, the powder particle size, the ratio of water to powder and the centrifugal force were 

those found to be optimal for the ultrasound-assisted aqueous extraction. 

 

2.4 Centrifugation of powdered Gac arils aqueous extracts 

Initially, to determine the most suitable ultrasound-assisted aqueous extraction conditions after 

microwave drying, the samples were poured into a 300 mL centrifuge bottle and centrifuged at 

5520 × g for 40 min at a temperature of 25 oC in a J2-MC centrifuge and JA-14 rotor (Beckman 

Coulter, Brea, CA, USA). After determining the most suitable ultrasound-assisted extraction 

conditions, the suspension was centrifuged at different centrifugal forces for 40 min. The 

centrifugal forces of 5520, 6750, 8820, 12400 and 15300 × g, which correspond to rotational speeds 

of 6000, 7000, 8000, 9000 and 10000 rpm, respectively, were used to investigate the effect of 
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centrifugal speed on the EEs, in terms of oil yield and its content of β-carotene and lycopene, as 

well as on the lipid oxidation index, PV. 

After centrifugation, the top oil layer was collected using a pipette, weighed to determine 

the oil yield and assayed for carotenoid content and PV. After removing the water layer, the pellet, 

representing the Gac aril tissue left over after the extraction process, was also collected and dried at 

40 oC for 1 h (air drying oven, G. T. C Australia Trading Pty. Ltd., Alexandria, NSW, Australia) for 

scanning electron microscopy (SEM) analysis. For the Gac aril samples, which were air-dried 

and/or extracted with water without ultrasonic treatment, the centrifugal force found to be optimal 

for the microwave-dried and ultrasound-assisted aqueous extraction was used.   

 

2.5 Analytical methods 

2.5.1 Determination of total oil content 

The FOSS SoxtecTM system 2045 extraction unit (Hilleroed, Denmark) was employed to analyse 

the total oil content of fresh Gac, microwave-dried and air-dried arils according to the analytical 

Soxhlet extraction method reported by Brkić et al. [29]. Approximately 3 g of the fresh or dried Gac 

aril was weighed in cellulose thimbles and put into the extraction system. Petroleum ether (50 mL) 

with a boiling point of 90 oC was added into aluminum vessels and inserted into the extraction unit. 

The running program for the oil extraction was set as follows: the temperature at 145 oC, boiling for 

30 min, rinsing for 60 min, evaporation for 15 min and finally drying the aluminum vessels 

containing the oil extracts for 20 min. The sample was then dried in an oven set at a temperature of 

80 oC until a constant weight was obtained. The total oil content was gravimetrically calculated as 

weight of oil extracted per weight of fresh or dried Gac aril (g/g) and expressed as % of dry weight. 

 

2.5.2 Determination of moisture content 

The moisture content of the fresh aril, microwave-dried and air-dried samples was determined by 

drying at a temperature of 105±1 oC until a constant weight was reached.  

According to the AOCS Ca 2c-25 method [30], the moisture content of the extracted Gac oil 

was determined by weighing the oil in a tared moisture dish and air-drying it at a temperature of 

130±1 oC for 30 min (Air-drying oven, Memmert GmbH + Co.KG, Schwabach, Germany). The 

dish was then removed and cooled to room temperature in a desiccator and weighed. The process 

was repeated until the loss in weight did not exceed 0.05% per 30 min drying interval and the 

moisture content of the oil sample was then calculated.  

 

2.5.3 Determination of β-carotene and lycopene 
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The method previously described by Kha et al. [19] was used and all operations were carried out 

under subdued light to minimise oxidation of the carotenoids. For fresh Gac aril or the dried 

powders, 1 g was placed into 35 mL of a 4:3 (v/v) solution of ethanol and n-hexane, which 

contained the antioxidant butylated hydroxytoluene (BHT, 0.1% in hexane), and the mixture was 

blended for 5 min at 5000 rpm using an Omni-mixer homogeniser (Omni International, Kennesaw, 

GA, USA). The residue was re-extracted with another 35 mL of the 4:3 (v/v) ethanol: n-hexane and 

then washed twice with ethanol (12.5 mL) and once with hexane (12.5 mL). The combined extracts 

were washed with deionised water, and filtered through Whatman No. 1 filter (90 mm diameter) 

paper on a Buchner funnel. The extracts were then diluted with mobile phase solution at an 

appropriate ratio. For the extracted Gac oil, 10 µL of oil was first dissolved in 2 mL of chloroform 

and then diluted with the mobile phase at a ratio of 1:200. All the samples were filtered through 

0.45 µm cellulose syringe filters (Phenomenex Australia Pty. Ltd, Lane Cove, NSW, Australia) 

before injecting onto the HPLC system.  

The content of β-carotene and lycopene in the Gac arils, the dried powders and oil extracts 

was determined using an Agilent 1200 HPLC (Santa Clara, CA, USA) equipped with a diode array 

detector system. A two-column reversed-phase separation system consisting of a Luna C18 column 

(100 x 4.6 mm i.d; 5 µm) directly coupled to a Jupiter C18 column (250 x 4.6 mm i.d; 5 µm) was 

used; both columns were purchased from Phenomenex Australia Pty. Ltd. (Lane Cove, NSW, 

Australia). According to a procedure described by Kha et al. [19], the mobile phase consisted of  

50:40:10 v/v/v, acetonitrile, dichloromethane and methanol containing 0.1% BHT. The injection 

volume was 20 µL, the flow rate was 1.0 mL/ min, and the detection was at 450 nm. The 

identification of the β-carotene and lycopene peaks was based solely on the retention time of the 

peaks compared with those of the authentic standards. The amount of β-carotene and lycopene in 

the samples was expressed as mg/100 g.  

 

2.5.4 Determination of extraction efficiency (EE) 

The ratio of the dry mass of extracted oil (after subtracting its moisture content) to the mass of oil 

measured in the starting Gac aril material using the analytical Soxhlet extraction method [29] was 

determined as the extraction efficiency of oil (EE-oil) and expressed as % of the oil available in the 

fresh Gac arils. 

Extraction efficiencies in terms of the retention of β-carotene and lycopene in the oil were 

calculated as the amount of β-carotene and lycopene in the extracted oil to the amount of β-carotene 

and lycopene in the starting Gac aril material as measured using the HPLC method [19] and 

expressed as % of the β-carotene and lycopene in the fresh Gac arils. 
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2.5.5 Determination of peroxide value (PV) 

The PV of the extracted Gac oil was measured according to the AOCS Cd 8-53 method [30]. 

Briefly, 1 g of oil was placed into a 250 mL Erlenmeyer flask and dissolved in 30 mL of a mixture 

consisting of acetic acid and chloroform (3:2, v/v) and then stirred for a few seconds to ensure 

thorough mixing. Thereafter, about 0.5 mL of saturated potassium iodide solution was added. 

Deionised water (30 mL) was added after exactly 1 min, and the solution was titrated with 0.01 N 

sodium thiosulfate, using a starch solution as an indicator, until the solution became colourless. The 

mixture was stirred using a magnetic stirrer during the titration procedure. The PV (meq/kg) of the 

samples was calculated as milliequivalents of active oxygen per kg of sample, as per the following 

equation: 

 �����/�� =
(��
)×�×����

����	��	������	(�)
	

where S and B are the titration amounts (in mL) of 0.01 N sodium thiosulfate for sample and blank, 

respectively. N is the normality of the sodium thiosulfate solution. 

 

2.5.6 Scanning electron microscopy (SEM) analysis 

In order to investigate the effects, on the external structure of the Gac aril material, of the two 

drying methods, microwave and air-drying, and the aqueous extractions with and without ultrasonic 

treatment, the dried Gac aril powders obtained before extraction and the material pelleted after the 

aqueous extraction mixtures were centrifuged, were analysed using a JSM-7401F SEM (Jeol Co. 

Ltd., Tokyo, Japan) operating at a voltage of 5 kV.   

A small amount of Gac aril material (powder or pellet) was fixed onto the surface of a 

double-coated metallic adhesive tape adhered to a metallic 320 stub. The stub was then coated with 

a fine layer of gold and argon in a MSP-1S magnetron sputter coater (Vacuum Device, Tokyo, 

Japan) under vacuum conditions to avoid charging under the electron beam. 

 

2.6 Statistical analysis 

The independent experiments and subsequent measurements were all performed in triplicate. The 

two-way analysis of variance (ANOVA) was used for experiments with two parameters (the 

ultrasound power and time experiment and the ratio and particle size experiment for the ultrasound-

assisted aqueous extraction and the combined drying technique and aqueous extraction method 

experiment) and the one-way ANOVA for single factor experiments (the fresh aril and drying 

technique experiment and the centrifugation speed experiment). When more than one treatment 

were tested, the least significant difference (LSD) post-hoc test was employed. To analyse the data 

the SPSS-PASW GradPack 21.0 for Mac (IBM Corp., Armonk, NY, USA) was used and the graphs 
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of mean values and error bars were created using Excel for Mac 2011 (Microsoft, Seattle, WA, 

USA). 

 

3. Results and Discussion 

3.1 Comparison of microwave-drying and air-drying 

The total oil content of Gac arils was found to be 24.9±0.5% (w/w, dry weight, d.w.) using the 

Soxhlet extraction method (Table 1) and microwave or air-drying followed by grinding into powder 

had no effect on this measurement. Therefore, the two processes for drying the Gac arils into 

powder did not cause any loss of oil, prior to its aqueous extraction. 

Since the carotenoids may be degraded by drying methods, it was important to determine 

whether there was any loss of β-carotene and lycopene during the drying of the Gac arils. Table 1 

shows the content of β-carotene and lycopene in the microwave-dried and air-dried Gac aril 

powders compared to the fresh arils. The results showed that there was a very substantial loss (P < 

0.05) of β-carotene (-50%) and lycopene (-49%) in the air-dried powder compared to the fresh aril. 

In contrast, compared to the fresh aril, the loss of β-carotene and lycopene in the microwave-dried 

powder was not significant (P > 0.05). Therefore, the microwave could be used for drying the Gac 

arils followed by grinding to prepare a powder, without loss of β-carotene and lycopene, prior to 

aqueous extraction.  

 

3.2 Effects of ultrasound power and extraction time 

The conditions for the ultrasound-assisted aqueous extraction, which gave the maximum oil 

extraction efficiency (EE), were then determined using the microwave-dried powder. The EE of 

Gac oil from the arils was affected by ultrasound power and extraction time as shown in Figure 1A. 

Statistical analysis showed that both the ultrasound power and the extraction time significantly 

influenced the EE (P < 0.001). In general, higher extraction efficiencies were obtained at the higher 

power outputs of 320 and 400 W compared to 240 W. However, there was no difference in the EE 

between 320 and 400 W (P > 0.05). An increase in the extraction time also improved the EE (P < 

0.001). Moreover, there was a significant interaction between the power and the time on the EE (P 

< 0.001). As seen in Figure 1A, the optimal conditions of the ultrasound power at 320 W for an 

extraction time of 30 min resulted in the highest EE; close to 89% of the oil was extracted from the 

Gac arils under these ultrasound-assisted aqueous extraction conditions. 

Similar to the effect on the EE for the oil, the impact of the ultrasound power and the time 

used for the extraction on the extraction efficiency, in terms of retention of β-carotene and lycopene 

in the oil, was also found to be significant (P < 0.001) as presented in Figures 1B and C. However, 

in contrast to the effects on the oil, significant losses of the carotenoids were found when the power 
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and the time were increased. The lowest retention of the two carotenoids was found for the highest 

power, 400 W, although there was no difference between the samples sonicated at 240 and 320 W 

(Figures 1B and C). For lycopene (Figure 1C), but not β-carotene (Figure 1B), its retention in the 

oil generally decreased as the time for the extraction increased.   

In addition, there was a significant interaction between the ultrasound power and the time 

used for the EE for the carotenoids (P < 0.01). The highest retention of β-carotene and lycopene 

was found at the ultrasound power of 240 W for 20 min and at 320 W for 20 min, respectively. 

However, taking into account the finding that the optimal conditions of ultrasound power at 320 W 

for an extraction time of 30 min resulted in the highest EE for the Gac oil (Figure 1A), it was 

concluded that an ultrasound power of 320 W for an extraction time of 20 min were the best 

compromise extraction conditions in terms of the extraction of the oil and its content of β-carotene 

and lycopene. Although the EE for the Gac oil at these extraction conditions is slightly lower than 

at 320 W for 30 min, the content of lycopene in the oil extracted at 320 W for 20 min was 

substantially higher than at the longer extraction time of 30 min (Fig 1).  

The ultrasound power can alter the properties of plant matrices physically and chemically. 

In this study (Figure 1), the EE for the oil, which varied from 85 to 89%, was significantly higher at 

320 and 400 W compared to 240 W (76 to 85%). This can be explained by the propagation of the 

ultrasound pressure waves and the resulting cavitation phenomenon. When ultrasound energy is 

transferred into liquid systems, longitudinal waves are formed via a series of compression and 

rarefaction waves in elastic materials [31, 32]. A sufficiently high power results in local pressure 

waves being below the vapour pressure of the liquid, resulting in a constant growth of gas bubbles 

distributed throughout the liquid. These bubbles reach a critical size, then become unstable and 

violently collapse, a process called cavitation.  

The release of the oil and the carotenoids, is facilitated by the cavitation phenomenon; the 

formation and collapse of the bubbles causes shear stress within the cells. Essentially, the implosion 

of the cavitation bubbles generates turbulence, which causes a big difference in the osmotic 

pressure between the inside and the outside of the cells [33], which in turn causes disruption of the 

cell membranes of the plant matrix. Disrupting the plant cell walls [17] enhances the mass transfer 

of components from the inside of the plant cells into the solvent and thereby, increases the 

extraction rate. 

For the oil, the highest EE was obtained at a power of 320 W and an extraction time of 30 

min (Figure 1). This appeared to be the optimal time needed for the ultrasound to disrupt the Gac 

aril cells and for the oil to diffuse into the solvent through the porous structure of the residual solid 

Gac material [34, 35]. This is consistent with a study by Zhang et al. [34], who reported that an 

ultrasound time of 30 min was the most effective for oil extraction from flaxseed. However, the 
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effect of the ultrasound time on retention of the carotenoids in the oil also had to be considered 

because chemical degradation of bioactive compounds such as β-carotene and lycopene can occur 

during prolonged ultrasonic irradiation [36]. Consistent with this observation, the retention of β-

carotene (Figure 1B) and lycopene (Figure 1C) was found to decrease at 30 and 40 min. Therefore, 

to optimise the retention of the carotenoids in the oil, 20 min was chosen as the optimal time while 

a power of 320 W was chosen to optimise the extraction of oil and lycopene. As this was based on a 

10 g sample, the specific ultrasonic power used was 32 W/g aril powder. 

3.3 Effects of particle size and ratio of water to powder 

The conditions for the ultrasound-assisted aqueous extraction at a power of 320 W for 20 min were 

then further studied using the microwave-dried Gac aril powder to determine the optimal powder 

particle size and the optimal ratio of water to powder. Fig 2 shows how the EEs for oil, β-carotene 

and lycopene were influenced by the different particle sizes and ratios of water to powder. The 

ANOVA indicated that the oil EE was significantly affected by the powder particle size and the 

water to powder ratio (P < 0.001). However, there was no significant interaction between the size 

and the ratio (P > 0.05). For the carotenoids, the EEs for β-carotene and lycopene content were 

significantly affected by the particle size (P < 0.001 and P < 0.05, respectively), but not by the ratio 

(P > 0.05) and there was no significant interaction between the two factors (P > 0.05). 

As seen in Figure 2A, the oil EE generally increased with decreasing particle size at each 

ratio of water to powder. However, there was no significant difference in the oil EE between the 

powder with particle sizes of 0.5-1 mm and the powder with sizes of 0.3-0.5 mm. There was a very 

similar trend for the EE of β-carotene at the different particle sizes for each ratio of water to powder 

(Figure 2B) but the lycopene content of the oil was not affected by a decrease in the particle size 

(Figure 2C). Therefore, for the optimum oil and carotenoid extraction, it was desirable to use 

particle sizes of less than 1 mm. It is also seen in Figure 2A that the EE for oil also significantly 

increased as the ratio of water to powder increased from 4 to 8 and 9 g/g for each of the particle 

sizes tested. However, the ratio had no significant effect on the extraction of β-carotene (Figure 2B) 

or lycopene (Figure 2C). Therefore, mainly based on the extraction of oil, the optimal conditions for 

the ultrasound-assisted aqueous extraction of the microwave-dried Gac aril powder were chosen to 

be powder particle sizes of 0.3-0.5 mm at a ratio of water to powder of 9 g/g.  

It is well known that particle size is one of the most important parameters in the solid-liquid 

extraction system. This is because decreasing the particle size increases the surface area available 

for contact with the solvent and thus the migration rate of components from the solid to the liquid 

increases from the solid’s surface as well as through the pores of the solid material’s matrix [37]. 

The degree of milling of oil-containing materials plays another important role in ultrasound-assisted 

aqueous extractions; with small particle sizes, the increase in the number of cells directly in contact 
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with the extracting solvent also increases the number of cells directly exposed to the cavitation 

process caused by the ultrasound [23, 24]. 

Similarly, it is generally agreed that compounds can be dissolved more effectively in larger 

volumes of solvent, resulting in improved extraction efficiencies. Essentially, the large 

concentration differences, which occur with large ratios of solvent to solid, increase the mass 

transfer rate of the components of the solid into the solvent [22, 35]. According to Rosenthal et al. 

[15], it is also desirable to use large quantities of water to obtain less stable emulsions in aqueous 

extractions of oil from plant material in order to increase the rate of extraction and the yield of oil. 

However, mass transfer can also reach a limit and even decrease if too much solvent is used [21]. 

Furthermore, large volumes of water require more equipment and effort during the subsequent oil-

recovery steps of filtering and centrifugation. Therefore, the chosen water to powder ratio of 9 g/g 

for the ultrasound–assisted aqueous extraction of oil and carotenoids from the microwave-dried Gac 

arils (Figure 2) satisfies the requirements for such extractions [15, 21, 22, 35]. 

 

3.4 Effects of centrifugal force 

The optimal extraction conditions for the ultrasound-assisted aqueous extraction including the 

ultrasound power, the time, the powder particle size and the ratio of water to powder were 

determined to be 320 W, 20 min, 0.3-0.5 mm and 9 g/g, respectively, using centrifugation at 5520 × 

g for 40 min to separate the oil from the water and solid material after the extractions. Figure 3 

shows that increasing the centrifugal force could also significantly improve the EE for oil (P < 0.05) 

but not the EEs for β-carotene and lycopene (P > 0.05).  

As can be seen in Figure 3, a significant increase in the oil EE was found when the force 

was increased from 5520 to 6750 × g but there was no further increase in the oil EE when the force 

was increased from 6750 to 15,300 × g (Figure 3). However, the EEs for β-carotene and lycopene 

were not affected (P > 0.05) meaning that the carotenoids were effectively and equally recovered in 

the oil at all the centrifugal forces tested.  

According to Stoke’s law, a faster sedimentation rate is obtained when an increased 

centrifugal force is generated by acceleration of the centrifuge rotation speed. The effect of 

centrifugation on the separation of oil from an oil and water emulsion depends on the settling or 

floating velocity of the oil droplets, which in turn depends on the density of the oil and the diameter 

of the oil droplets relative to the background density and viscosity of the continuous phase (water) 

and on the angular velocity of centrifugation and the effective radius of the rotor [11, 26]. 

Moreover, the zeta potential of an emulsion, which opposes the movement and coalescence of oil 

droplets, may be decreased by the increasing molecular rotations and movements caused by 

increasing the centrifugal force. As a result, the oil droplets tend to collide more with each other and 
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coalesce to form larger oil droplets, which ultimately results in a more efficient separation of oil 

from water at higher centrifugal forces. 

For the separation of Gac oil from water in the present study (Figure 3), Stoke’s law and the 

zeta potential appeared to be optimal at a centrifugal force of 6750 × g, although there was no 

apparent effect on the recovery of the carotenoids. At this force, the EEs for the oil, β-carotene and 

lycopene were 90%, 84% and 83%, respectively (Figure 3). This meant that 10% of the oil, 16% of 

the β-carotene and 17% of the lycopene still remained in the water and pelleted solid phases after 

centrifugation at 6750 × g. These constituents in the pellets may be able to be recovered by air-

drying, re-grinding into a powder and re-extraction to enhance the final extraction efficiencies. 

Alternatively, the material could be used as animal feed, before or after re-extraction, in order to 

reduce the potential environmental pollution problem, which may be caused by disposal of the 

remaining materials as waste. The waste water can be disposed conventionally after some oil 

recovery by membrane filtration if required. 

 

3.5 Comparison of microwave and air-drying of Gac arils followed by aqueous extraction with 

and without ultrasonication 

After determining the optimal conditions for the ultrasound-assisted aqueous extraction of oil and 

carotenoids from the microwave-dried Gac aril (an ultrasound power of 320 W, an extraction time 

of 20 min, a powder particle size of 0.3-0.5 mm and a ratio of water to powder 9 g/g followed by 

centrifugation at 6750 × g for 40 min to separate the oil and carotenoids from the water and solid 

material after the extraction), a comparison was made between microwave-drying and air-drying of 

the Gac arils followed by aqueous extractions with and without ultrasound. For the aqueous 

extraction without ultrasound assistance, the same extraction and centrifugation conditions were 

used as for the ultrasound-assisted aqueous extraction. The level of lipid oxidation in the various oil 

extracts was also evaluated by measuring the PV.  

The EEs for oil, β-carotene and lycopene and the PVs, which resulted from this experiment, 

are presented in Table 2. Statistical analysis showed that the two drying techniques had significantly 

different influences on the EEs for the oil, β-carotene and lycopene and on the PV (P < 0.001). The 

two extraction methods had significantly different impacts on the EE for the oil (P < 0.001) and 

lycopene (P < 0.001) but not for β-carotene and the PV (P > 0.05). There was also a significant 

interaction between the drying techniques and the extraction methods on the EE for lycopene (P < 

0.01) but not on the EEs for the oil and β-carotene and the PV (P > 0.05). 

As seen in Table 2, the EEs for the oil, β-carotene and lycopene were all significantly higher 

for microwave-drying than for air-drying, whether the extraction was ultrasound-assisted or not. 

This supported the findings described in Table 1 and extended the conclusion in that, microwave-
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drying was also the most suitable drying technique when combined with the ultrasound-assisted 

aqueous extraction.  In Table 2, it is also seen that the ultrasound-assisted aqueous extraction 

yielded higher EEs for the oil, β-carotene and lycopene than the aqueous extraction without 

ultrasound assistance. As discussed above, the release of the oil and carotenoids from the Gac aril 

powder was obviously facilitated by the cavitation effects engendered by the ultrasound [17, 38]. 

Table 2 also shows that the PVs were almost 5-fold higher for the air-dried powder 

compared with the microwave-dried powder, whether the aqueous extraction was ultrasound-

assisted or not. In contrast, the PVs were nearly identical for the oils prepared by ultrasound-

assisted aqueous extraction compared to the aqueous extraction without the ultrasound, whether 

microwave–dried or air-dried Gac aril powder was extracted.  

The PV is often used to evaluate the initial stages of the oxidation process. It measures 

hydroperoxide products, which are formed by the reaction between oxygen and unsaturated fatty 

acids, hydroperoxides. It took much longer (12 h) to air-dry the Gac arils than it took to microwave-

dry (1 h) the arils to the same moisture content (9%) and therefore, the arils were exposed for longer 

to high temperatures and oxygen during the air-drying process than they were when the microwave 

was used. Consequently, the conditions during air-drying promoted oxidation and resulted in PV 

values, which were 5-fold higher than for microwave-drying (Table 2). Therefore, not only was the 

efficiency of the oil extraction improved using microwave drying, it also yielded much lower PVs 

for the extracted oil compared to air-drying. 

In order to investigate the effects of the two drying techniques, microwave and air-drying, 

and the aqueous extractions with and without ultrasonic treatment, on the external structure of the 

Gac aril material, the dried Gac aril powders (before extraction) and the material pelleted after the 

aqueous extraction mixtures were centrifuged, were analysed using a SEM (Figure 4). Before the 

aqueous extraction, the cell walls of the microwave-dried powder (Figure 4B) appeared more 

disintegrated compared to the air-dried powder (Figure 4A), suggesting that microwave-drying 

disrupted their membrane structures, as seen with other plant material [39]. Figure 4 also shows that 

the cell walls of the pelleted material recovered by centrifugation after the ultrasound-assisted 

aqueous extraction of the microwave-dried powder (Figure 4D) were the most disintegrated, 

compared to all the other extracted samples (Figs. C, E and F). Microfractures were clearly seen in 

this sample (Figure 4D) and the surface morphology was visibly changed, indicating that the 

surface morphology of the Gac aril material recovered by centrifugation after microwave drying 

and ultrasound-assisted aqueous extraction was more broken down than any of the other samples.   

Therefore, these visual observations (Figure 4) demonstrated that the combination of 

microwave-drying the Gac arils followed by the ultrasound-assisted aqueous extraction enhanced 

the extraction efficiency of the Gac oil, β-carotene and lycopene by causing major disruption of the 
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Gac aril cells and thereby allowing a better contact between the components inside the cells and the 

solvent. As discussed above, ultrasound can cause strong shear forces in the vicinity of the cell 

membranes, due to the formation and collapse of bubbles, and cause the cells to fracture [40]. 

However, the disruption of cell walls was only apparent when the Gac arils had been dried using the 

microwave and extracted using ultrasound-assistance. The Gac aril material recovered after air-

drying and aqueous extraction with (Figure 4C) or without (Figure 4E) ultrasound showed very 

little structural cell breakage.    

The combination of microwave-drying and ultrasound during the extraction was also seen to 

be necessary for the observed surface morphology changes (Figure 4D) because microwave-drying 

followed by the aqueous extraction without ultrasound (Figure 4F) also showed very little structural 

change. This suggests that microwave-drying may cause enough weakening of the cellular 

structures (Figure 4B) to lead to substantial breakage of cell membranes during the ultrasound-

assisted aqueous extraction but not enough for it to happen during aqueous extraction without 

ultrasound (Figure 4F). Therefore, it could be concluded that the combination of microwave drying 

and ultrasound-assisted extraction was more important to obtain higher recoveries of oil and 

carotenoids, and a lower peroxide value. 

 

4. Conclusions 

In conclusion, it was found that an ultrasound power of 320 W, an extraction time of 20 min, 

powder particle sizes of 0.3-0.5 mm, a ratio of water to powder of 9 g/g and a centrifugal force of 

6750 × g were the best extraction and centrifugation conditions for the ultrasound-assisted aqueous 

extraction for microwave-dried Gac powder. Using those conditions, the extraction efficiencies for 

Gac oil, β-carotene and lycopene, and the PV for the oil were 90%, 84%, 83%, and 2.2 meq/kg, 

respectively. Moreover, compared with air-drying, it was found that microwave-drying was more 

suitable prior to ultrasound-assisted aqueous extraction; higher recoveries of oil and carotenoids, 

and a lower peroxide value were obtained. Scanning electron microscopy confirmed that 

ultrasound-assisted aqueous extraction in conjunction with microwave-drying caused substantial 

structural cell breakage in the Gac arils, resulting in increased oil, β-carotene and lycopene 

recoveries. Therefore, it can be concluded that microwave-drying followed by ultrasound-assisted 

aqueous extraction is an effective method for the extraction of Gac oil enriched in β-carotene and 

lycopene and with a low PV. Finally, Gac oil extracted in this way using water as the extraction 

solvent can be considered to be chemical free and suitable for use as a nutraceutical or an additive 

in the food industry. 
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Table 1 Effect of microwave and air-drying on the total oil, β-carotene and lycopene content of Gac 

aril powders 

 Fresh aril Microwave-dried powder Air-dried powder 

Total oil content 

(% d.w.) 
24.9±0.5

a 
24.7±1.1

a 
24.6±0.7

a 

β-carotene 

(mg/100 g d.w.) 
155.7±17.2

a 
138.8±12.1

a 
77.5±7.5

b 

Lycopene 

(mg/100 g d.w.) 
602.8±43.4

a 
551.5±33.2

a 
308.6±33.3

b
 

Values in the same row followed by different superscripts (a-b) were significantly different (P <0.05). 
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Table 2. Comparison of microwave and air-drying before aqueous extraction of Gac oil with and 

without ultrasound assistance. 

Drying Air Microwave Air Microwave 

Aqueous Extraction With Ultrasound Without Ultrasound 

EE-oil (%) 67.6±2.7
a 

89.7±2.0
b 

58.4±3.6
c 

76.5±3.9
d 

EE-β-carotene (%) 42.0±3.2
a 

85.0±4.4
b 

39.6±5.48
a 

75.0±5.7
b 

EE-lycopene (%) 43.2±2.8
a 

79.6±4.0
b 

38.5±2.7
c 

62.1±2.5
d 

PV (meq/kg) 10.3±1.3
a 

2.2±0.6
b 

10.0±1.0
a 

2.2±0.8
b 

Values in the same row followed by different superscripts (a-d) were significantly different (P < 0.05). 
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a b s t r a c t

The effects of Gac oil extraction conditions including microwave power, microwave time, steaming time
and hydraulic pressure on extraction efficiency (EE), and b-carotene and lycopene contents were studied.
It was found that the EE, and b-carotene and lycopene contents could be enhanced by suitable extraction
conditions. Microwave drying was found to be better than air drying for pretreatment. Moisture content
after drying and steaming between 8% and 11% (wt/wt) were best for pressing. Results showed that the
most suitable conditions for Gac oil extraction from 900 g samples were microwave power of 630 W,
microwave time of 65 min, steaming time of 20 min and hydraulic pressure of 170 kg/cm2. Under these
conditions, the highest EE of 93% was achieved while Gac oil contained the highest content of b-carotene
and lycopene at 140 and 414 mg/100 mL, respectively.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Gac fruit (Momordica cochinchinensis Spreng) contains high lev-
els of bioactive compounds, especially essential fatty acids, b-caro-
tene and lycopene (Aoki et al., 2002; Kubola and Siriamornpun,
2011; Nhung et al., 2010; Vuong et al., 2006) that are well known
to be beneficial in human health. For example, the aril of Gac fruit
contains a significant amount of fatty acids, at 102 mg per g of edi-
ble portion (Vuong et al., 2002). About 70% of total fatty acids in the
aril are unsaturated, and 50% of these are polyunsaturated (Vuong,
2000). The highest concentrations of b-carotene and lycopene are
found in the fresh aril, at 101 lg/g and 380 lg/g respectively (Aoki
et al., 2002). Furthermore, the presence of fat in the Gac fruit aril
plays an important role in the absorption of carotenes and other
fat-soluble nutrients (Kuhnlein, 2004). The benefits from Gac nutri-
ents can be obtained from the consumption of Gac powder (Kha
et al., 2010, 2011). However there are many applications where
just Gac oil is needed. Therefore, it is important to determine a
suitable extraction method for Gac oil which yields the maximum
extraction efficiency (EE) and bioactive compounds including b-
carotene and lycopene.

Generally, mechanical extraction by hydraulic or screw press is
one of the most common methods in oil processing industry. How-
ever, the EE seldom reaches 70% when a hydraulic press is used
012 Published by Elsevier Ltd. All

ntal and Life Sciences, P.O.
434 84145.

M.H. Nguyen).
(Bargale et al., 1999; Owolarafe et al., 2007). Therefore, attempts
have been made to use air-drying or microwave irradiation and
steaming prior to pressing to enhance the EE. Recent interest in
microwave extraction for plant oils has been highlighted owing
to their benefits (Desai et al., 2010). Effect of treatment with micro-
wave radiation before mechanical pressing on oil recovery and
quality of oil from Chilean hazelnut was investigated by Uquiche
et al. (2008). Different microwave treatment conditions (potencies
and times) were studied, and an increase in oil yield was found in
comparison with untreated samples. Moreover, the microwave-
pre-treated oil samples also possess superior quality characteris-
tics in terms of oxidative oil stability, oil composition and other
physicochemical properties, as compared to untreated one. Simi-
larly, Azadmard-Damirchi et al. (2010) reported that a significantly
higher yield of oil from rapeseed could be obtained by treatment
with microwaves before pressing. Results also indicated that this
extraction method could be used to produce rapeseed oil with high
oxidative stability and nutraceutical content. Therefore, investiga-
tions on the microwave treatment conditions prior to pressing oil
from Gac aril are recommended.

Moreover, steaming treatment of the microwave-dried material
is one of the most important steps in the oil extraction process.
This step can adjust the moisture content of starting materials
prior to pressing so it is the most significant factor affecting the
oil yield (Mpagalile and Clarke, 2005; Sivala et al., 1991). In addi-
tion, under steaming process, the heat can soften and break down
the oil containing cells, and also lower oil viscosity (Mpagalile and
Clarke, 2005; Ward, 1976). Hence the oil is easily released in sub-
rights reserved.
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sequent pressing (Fasina and Ajibola, 1990; Sivakumaran et al.,
1985). As a result, to achieve the highest EE, it is important to
determine the optimal moisture content of the samples prior to
pressing.

There is a lack of information on Gac aril pre-pressing treat-
ments, such as microwave and steaming treatments, prior to
hydraulic press in the published literature. Therefore, the objective
of this study was to investigate effects of those treatments on the
oil EE and the retention of b-carotene and lycopene in comparison
with air-drying treatment.
2. Materials and methods

2.1. Chemicals

Solvents and BHT (butylated hydroxytoluene) were purchased
from Merck Pty. Ltd. b-Carotene (C4582, type II synthetic, P95%,
HPLC grade) and lycopene (L9879, P90%, from tomato) standards
were obtained from Sigma–Aldrich Pty. Ltd.

2.2. Gac fruit

Gac fruit, of uniform yellow–red skin and size, was purchased
from a local market in Ho Chi Minh city, Vietnam. The fruit was
transported in an insulated hard plastic container to avoid light
and temperature exposure during transport. The red arils contain-
ing seeds were then scooped out and frozen at temperature of
�18 �C for further use.

2.3. Equipment

Microwave oven (Panasonic Dimension NN-9853) with cavity
dimensions
height �width � depth = 244 mm � 412 mm � 426 mm and oper-
ating frequency at 2450 MHz was used in this study.

The laboratory hydraulic press (length:width:-
height = 650:850:1900 mm) was designed and made by Tinh Anh
company, Vietnam. The press was designed for using cages with
different dimensions. A stainless steel press cage used in this study
was 210 mm high, 112 mm in internal diameter and 3 mm in
thickness. The size of the openings located at the cage was 6 mm
in diameter.

2.4. Experiment

The frozen Gac aril including seeds (about 900 g) was thawed at
4 �C prior to microwave drying treatments. The aril (with initial
moisture content of about 82 ± 3%) was spread (with a thickness
of 5 mm) onto the turntable plate and subjected to heating at dif-
ferent power settings of 900, 630 and 495 W. The treatments were
terminated as the samples reached the final moisture content of
about 9 ± 1% (wet basis), based on preliminary trials. The prelimin-
ary results showed that above this moisture content for microwave
drying, the aril would not be pressed adequately. The fixed factors
including steaming time and the hydraulic pressure were 20 min
and 170 kg/cm2, respectively. After determining the most suitable
power based on the EE and retention of b-carotene and lycopene,
different microwave drying times (50, 55, 60, 65 and 70 min) were
also investigated. The steaming time (20 min) and the pressure
(170 kg/cm2) were fixed. During the microwave time range, there
were no burning or other signs of uneven drying of the sample.

The seeds were removed from the dried aril by hand. Only the
aril was then powdered using a laboratory blender. A 5 mm layer
of the ground samples were placed inside a stainless-steel steam
cooker and steamed for specified times (10, 15, 20, 25 and
30 min) at the steam cooker conditions. Before that, a constant
amount of drinking water (2 L) was placed and boiled inside the
steam cooker. After the steaming process, the samples were imme-
diately wrapped inside filtration cloths for pressing and the mois-
ture content of samples was also determined. The fixed factors
were the microwave power of 630 W, the microwave time of
65 min, and the pressure of 170 kg/cm2.

After determining the most suitable microwave power, micro-
wave time and steaming time, the samples were pressed at differ-
ent working hydraulic pressures of 140, 150, 160, 170 and 180 kg/
cm2. The process was performed in two main stages consisting of a
compression stage for 0.2 min, where the direct target pressure on
the material was achieved, and a relaxation period of 5 min, which
were repeated 3 times. The total time for the extraction process
was about 15.6 min after which there was no additional oil
extraction.

For comparison, air-dried aril was also used instead of the
microwave-dried. The fresh aril (about 900 g) including the seeds
within, was air-dried at 60 �C for 18 h to reach a final moisture con-
tent of approximate 6% (wet basis) based on previous trials. The
seeds were then removed by hand and the aril was powdered using
the laboratory blender. The Gac oil extraction process using the
powdered samples was then performed similar to that for micro-
wave. The fixed processing conditions were steaming time of
20 min and the hydraulic pressure of 170 kg/cm2.

2.5. Analytical methods

2.5.1. Moisture content determination
The moisture content of microwave-treated and steamed sam-

ples were gravimetrically analyzed using an AnD MX-50 moisture
analyser (A&D company, Limited, Japan).

The moisture content of oil samples was determined according
to Ca 2c-25 (AOCS, 1998). About 5 g of oil sample was placed into a
tared moisture dish and air-dried at 130 ± 1 �C for 30 min. After
that, the dish was removed and cooled to room temperature in a
desiccator and weighed. The moisture content was calculated
when the loss in weight did not exceed 0.05% per 30 min drying
period.

2.5.2. Soxhlet extraction
The total oil content of microwave-treated Gac samples prior to

each press was determined using the FOSS Soxtec™ system 2045
extraction unit, Denmark. A procedure of oil extraction was carried
out according to the method described by Brkić et al. (2006) with
slight modification. Briefly, approximately 3 g of the sample was
weighted in cellulose thimbles and inserted into the extraction
system. Then 50 ml petroleum ether (boiling point of 60–90 �C)
were filled into weighted aluminum vessels and inserted into the
extraction unit as well. The temperature was set at 145 �C and
the program of the oil extraction process was: 30 min of boiling,
60 min of rinsing, 15 min of evaporation and finally 20 min of dry-
ing the aluminum vessels containing the extracted oil. The sample
was then dried in an oven at temperature of 80 �C until constant
weight was obtained. The oil content in samples was gravimetri-
cally calculated.

2.5.3. Oil extraction efficiency
The EE was determined as a ratio of mass of extracted oil after

subtracting moisture and mass of oil in starting material using the
Soxtec extraction unit. The oil content of dried Gac aril was in the
range of 18–34% (wt/wt).

2.5.4. Determination of b-carotene and lycopene
A method of Englberger et al. (2006) was employed for analyz-

ing b-carotene and lycopene in Gac oil samples. HPLC analysis was
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performed with an Agilent 1200 HPLC equipped with diode array
detector system consisting of a Luna C18 (100 � 4.6 mm i.d;
5 lm) direct-connect guard column coupled to a Jupiter C18
(250 � 4.6 mm i.d; 5 lm) reversed phase column (Phenomenex).
The mobile phase consisted of acetonitrile, dichloromethane and
methanol (ACN:DCM:MeOH) 50:40:10 v/v/v, containing 0.1% BHT.
The flow rate was 1.0 mL/min, detection was at 450 nm, and the
injection volume was 20 lL. The resultant Gac oil (10 lL) was dis-
solved in chloroform (2 mL) and then diluted at a ratio of 1:200
with the HPLC solvent. All operations were performed under sub-
dued light to minimize oxidation of the carotenoids. The identifica-
tion of b-carotene and lycopene were based solely on the retention
time of a peak compared with the authentication standards. The
amount of b-carotene and lycopene in Gac oils were expressed as
mg/100 mL of crude oil.
2.6. Statistical analysis

The independent experiments and subsequent measurements
were all done in triplicate. A one-way analysis of variance (includ-
ing microwave power setting, microwave exposure time, steaming
time and hydraulic pressure) and LSD (least significant difference)
were employed to analyze the data using SPSS software version
19.0.
3. Results and discussion

3.1. Effect of microwave power setting on extraction efficiency, b-
carotene and lycopene

The HPLC system was used to identify the carotenoid content in
Gac oil samples. The chromatograms of carotenoid standards
(Fig. 1) indicated that retention times of b-carotene and lycopene
were 6.081 and 7.212 min, respectively. High content of b-carotene
and lycopene in the Gac oil extracted from different processing
conditions was found.
Fig. 1. Typical chromatograms of carote
The EE and b-carotene and lycopene contents of Gac oil ex-
tracted at the different microwave power and time settings, steam-
ing time of 20 min and pressure of 170 kg/cm2 are shown in
Table 1. In general, results indicated that power setting signifi-
cantly influenced the EE, b-carotene and lycopene (P < 0.001). The
highest EE was obtained at the microwave power of 630 W. There
was a significant loss of b-carotene and lycopene contents as the
power increased from 630 to 900 W, 56% and 38%, respectively.
At the low power of 495 W, the reduction of carotenoids observed
was not statistically significant (P > 0.05).

It can be seen in Table 1 that the power of 630 W resulted in
higher EE and better retention of nutrients. A possible explanation
is that this microwave power provided enough driving force to
break down the plant cell matrix but not enough to destroy the
nutrients. Under a light microscope, the cell membranes of micro-
wave dried samples were observed to be more ruptured than those
of air dried ones (result not shown). It is generally agreed that the
extraction yield increases proportionally with increasing micro-
wave power up to a limit after that the increase results in poorer
yield (Chan et al., 2011; Mandal and Mandal, 2010). Furthermore,
higher microwave power might cause deterioration of nutrients
(Chan et al., 2011). Therefore, the content of b-carotene and lyco-
pene in the samples treated at the power of 900 W was much low-
er than those of the powers of 495 and 630 W.

3.2. Effect of microwave time on EE, b-carotene and lycopene

After choosing the power of 630 W, as most suitable, it was
desirable to find out the best microwave processing time to en-
hance the EE, and b-carotene and lycopene contents during the
extraction process. The EE, b-carotene and lycopene were affected
by the microwave time as shown in Fig. 2. Generally, a significant
increase in the microwave time in the investigated range of 50–
65 min resulted in higher EE, b-carotene and lycopene
(P < 0.001). However, the EE remained unchanged while b-carotene
and lycopene contents were slightly and notably decreased respec-
tively, as the microwave time increased from 65 to 70 min. Statis-
noid standards and Gac oil sample.



Table 1
Effect of microwave power settings on the EE, and b-carotene and lycopene contents.

Microwave power/time (W/min) 495/95 630/60 900/45

EE (%) 51 ± 2a 84 ± 1b 65 ± 2c

b-Carotene (mg/100 mL) 135 ± 7a 134 ± 8a 59 ± 8b

Lycopene (mg/100 mL) 287 ± 12a 293 ± 21a 180 ± 17b

The values in the same row followed by different superscripts (a–c) were signifi-
cantly different (P < 0.05).

Fig. 2. Effect of microwave time on EE, b-carotene and lycopene.

Fig. 4. Effects on EE by moisture content of samples after treatments of microwave
time and steaming time before pressing.

Fig. 3. Effect of steaming time on the EE, b-carotene and lycopene.
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tical results showed that there was insignificant difference in EE as
samples were microwave-treated between the time of 65 and
70 min (P > 0.05). However, there were insignificant differences
in b-carotene as treated between the time of 50 and 55 min, and
between 60 and 65 min (P > 0.05).

It is evident from Fig. 2 that the EE improves with increases in
microwave treatment time. This is in agreement with several stud-
ies reporting that the microwave time had a positive effect on the
EE of oil plant materials such as hazelnuts (Uquiche et al., 2008),
palm (Cheng et al., 2011) and rapeseeds (Azadmard-Damirchi
et al., 2010). Increase in microwave time results in lower moisture
content in samples (Fig. 4) which makes them more brittle and
renders a greater cell membrane rupture (Uquiche et al., 2008),
therefore more oils would be released later during the mechanical
pressing. Furthermore, higher EE can be obtained due to modifica-
tions in the cellular walls and a greater porosity achieved by micro-
wave treatment (Oberndorfer et al., 2000; Uquiche et al., 2008). As
a result, the oil can flow out more readily and more completely
during the mechanical pressing (Oberndorfer et al., 2000).

In terms of retention of b-carotene and lycopene in the micro-
wave-treated samples (Fig. 2) prior to steaming and pressing, in-
crease in the retention of nutrients can be obtained by increasing
the microwave time from 50 to 65 min. The highest retention
can be achieved at the microwave time of 65 min. Damage to the
plant cell membrane by microwave treatment may assist increased
release of b-carotene and lycopene. However, a significant loss was
observed by increasing the time up to 70 min. It is because over
exposure to microwave radiation may cause loss of carotenoids
due to thermal degradation.
3.3. Effect of steaming time on EE, b-carotene and lycopene

To investigate whether steaming time affects the EE, b-carotene
and lycopene, the microwave time of 65 min and the hydraulic
pressure of 170 kg/cm2 were fixed while the steaming time was
varied. Results indicated statistically that the EE, b-carotene and
lycopene were affected by the steaming time (P < 0.001). Fig. 3
shows the effect of steaming time on the EE, b-carotene and lyco-
pene. An increase in the steaming time from 10 to 20 min resulted
in higher EE, b-carotene and lycopene. In a steaming period of 20–
30 min, however, the EE was slightly decreased whereas the b-car-
otene and lycopene were significantly reduced in quantity. The loss
of lycopene was found to be much more pronounced than that of b-
carotene.

In prior preliminary experiments (results not shown), the EE
was low when the microwave-dried samples were pressed without
steaming. The EE was improved when the samples were steamed
prior to pressing. A reason for this is that the microwave-dried tis-
sues would absorb the moisture during the steaming process. The
tissues were then expanded, weaken the oil cell walls which broke
down, and therefore the oils were easily released as the pressure
was applied (Fasina and Ajibola, 1990). Furthermore, the steaming
also lowers viscosity of the oil to be pressed and adjusts the mois-
ture content of the sample to an optimal level before pressing
(Khan and Hanna, 1983). Therefore, it can be concluded that the
steaming prior to the mechanical pressing is a very important step
to get more oil from the materials. It can be seen in Fig. 3, steaming
time of 20 min would be optimal due to better retention of carote-
noids and higher oil yield.

Carotenoid losses during the treatments by microwave (65–
70 min) and steaming (20–30 min) were similar. Compared with
b-carotene, the lycopene degradation was found to be higher as
indicated by the greater slope of the lines in Figs. 2 and 3. This
may be due to differences in the chemical structure of carotenoids
and their relations to the chemical reactivity (Britton, 1995). For
example, lycopene is sensitive to oxidation during extraction pro-
cessing (Shi et al., 2008) and has a higher singlet oxygen quenching
ability and antioxidant capacity (Bohm et al., 2002; Weisburger,



Table 2
Effect of microwave and air-drying treatments on the EE, and b-carotene and
lycopene contents.

Oil samples EE (%) b-Carotene (mg/
100 mL)

Lycopene (mg/
100 mL)
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2002; Woodall et al., 1997) due to its unique chemical structure of
longer conjugated polyene chain. This result is also consistent with
several reports which stated that lycopene was destroyed faster
than b-carotene under various conditions (Cao-Hoang et al.,
2011; Henry et al., 1998; Nhung et al., 2010).
Microwave-dried 93 ± 1 140 ± 7 414 ± 25
Air-dried 68 ± 3 55 ± 7 240 ± 29
Vuong and King

(2003)
na 271 302

na: not available.
3.4. Effect of the moisture content on EE

Microwave dried samples were steamed for 20 min to increase
their moisture contents then pressed at 170 kg/cm2. The resulted
EE is plotted together with moisture content in Fig. 4.

Fig. 4 shows that the EE was significantly increased as the mois-
ture content of samples was reduced prior to pressing. For exam-
ple, the EE was very low at about 40% when the moisture
content of the sample before pressing was about 43%. However,
significant increase in the EE to approximately 93% was achieved
as the moisture content of samples (prior to pressing) decreased
to between 8% and 11%. This result is in agreement with other
studies that reported a maximum oil yield was obtained as mois-
ture content of samples before hydraulic pressing for oil bearing
plant materials such as melon seeds (Ajibola et al., 1990), conophor
nut (Fasina and Ajibola, 1990) and coconut (Mpagalile and Clarke,
2005). In contrast, to achieve maximum oil yield of pennycress
seed oil by screw pressing, the moisture content of sample was
much lower, just between 3% and 4%. The difference in the suitable
moisture contents is expected to be due to physicochemical char-
acteristics of materials and different pressing equipment used.
3.5. Effect of hydraulic pressure on EE, b-carotene and lycopene

Statistical results showed that hydraulic pressure significantly
influenced the EE, b-carotene and lycopene (P < 0.01). Generally,
increases in EE, b-carotene and lycopene were observed as the
pressure increased from 140 to 170 kg/cm2 (Fig. 5). Interestingly,
there were insignificant differences in EE, b-carotene and lycopene
as the pressure applied was increased from 170 to 180 kg/cm2.

It can be seen that the EE increased about 5% or 6% with each
10 kg/cm2 of pressure increment between 140 and 160 kg/cm2.
However, increase in the EE was twice higher when the pressure
rose from 160 to 170 kg/cm2. At 170 kg/cm2 and beyond, the EE
very slightly decreased. This result is also consistent with several
published reports (Bargale et al., 1999; Baryeh, 2001; Mpagalile
and Clarke, 2005; Willems et al., 2008). The reason for this phe-
nomenon is that some interfibers or capillary voids of the cell walls
may be sealed with increasing pressure; hence the oil flow is pre-
vented (Baryeh, 2001; Ward, 1976). It can therefore be concluded
that the mechanical pressure of 170 kg/cm2 is adequate for maxi-
Fig. 5. Effect of hydraulic pressure on EE, b-carotene and lycopene.
mizing the EE. Any pressure below 170 kg/cm2 is not
recommended.

Similar to the EE, higher extractability of b-carotene and lyco-
pene in the oil samples could be obtained by increasing pressure.
However, further increase in the pressure slightly reduced the
amount of carotenoids. As a result the pressure of 170 kg/cm2 is
considered as optimum for the carotenoid extraction.
3.6. Comparison of microwave-dried oil samples and air-dried oil
samples

Several authors reported that microwave assisted extraction is
one of the most effective methods to obtain higher extraction effi-
ciency and effectively improve the extraction of bioactive com-
pounds (Cravotto et al., 2008; Desai et al., 2010; Tatke and
Jaiswal, 2011). It is therefore important for this study to compare
microwave-drying and air-drying on the quality of Gac oils in
terms of the EE, b-carotene and lycopene. Comparison of these
parameters affected by microwave and air-drying treatments prior
to pressing is presented in Table 2.

As can be seen in Table 2, microwave-drying treatment prior to
pressing greatly enhanced the EE. In this study, the EE could rise up
to 25% by using microwave-drying to reduce the moisture in the
fresh aril instead of air-drying. This is because the moisture inside
the material is heated up due to the effect of microwave, resulting
in evaporation and generating high pressure inside the cell wall. As
a result, the cell membrane is ruptured (Tatke and Jaiswal, 2011);
the oil from the ruptured cells is easily subsequently released and
extracted by the hydraulic press. In contrast, the rupturing of cell
membranes is not taking place in the air-drying process to the
same extent due to the evaporation occurring on the surface of
the material.

Compared to air-drying treatment prior to pressing, the b-caro-
tene and lycopene contents in the oil samples using microwave
treatment were much higher. In other words, a significant loss of
carotenoids was caused by air-drying. The main reason for this
degradation is due to heat and oxygen. Shi et al. (1999) reported
that tomato tissue was broken down by heat treatment in conven-
tional air-drying and was easily exposed to oxygen, which caused
the loss of lycopene. Furthermore, the lycopene content of the
microwave-dried oil sample was higher than that of the air-dried
sample in this current study and in the published data from Vuong
and King (2003). However, the highest b-carotene content of the
published oil sample was observed, followed by microwave dried
and air-dried samples. According to this study, the fresh aril was
also air-dried at 60 �C until reaching the moisture of 12–15%, then
smashed and hot steamed for 5 min prior to pressing. The differ-
ence in carotenoids of the oil samples between the current and
published study may be due to the different varieties, growing con-
ditions, stage of maturity and storage conditions of the fresh Gac
fruit, and the varied drying process conditions examined. Further-
more, it is possible to have variability within the fruit.
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4. Conclusions

In summary, the EE, b-carotene and lycopene contents of the
Gac oil were significantly affected by microwave power, micro-
wave drying time, steaming time and hydraulic pressure. Gener-
ally, increase in the EE, and b-carotene and lycopene contents of
Gac oil samples was found with increasing these parameters.
Microwave and steaming treatments prior to pressing are the most
important steps in the Gac oil processing due to significantly
increasing the EE, b-carotene and lycopene. Finally, results indi-
cated that the most suitable processing conditions for Gac oil
extraction were the microwave power of 630 W, microwave time
of 65 min, steaming time of 20 min and hydraulic pressure of
170 kg/cm2. Under these conditions, the highest EE of 93% was
achieved and Gac oil contained highest content of b-carotene and
lycopene as 140 and 414 mg/100 mL, respectively. These results
could be useful in encouraging Gac oil processors to use microwave
and steaming treatments before pressing to improve extraction
efficiency and preserve nutrients.
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Summary The study aimed to optimise Gac (Momordica cochinchinensis Spreng) oil extraction conditions, including

microwave time, steaming time and hydraulic pressure, for maximising extraction efficiency (EE), and

b-carotene and lycopene contents, using response surface methodology. Results indicated that the data

were adequately fitted into three second-order polynomial models for EE, b-carotene and lycopene with

R2 values of 0.93, 0.85 and 0.86, respectively. It was predicted that the optimum extraction conditions

within the experimental ranges would be the microwaving time of 62 min, steaming time of 22 min and

hydraulic pressure of 175 kg cm�2. Under such parameters, the maximum EE of 86%, b-carotene content

of 186 mg per 100 mL oil and lycopene content of 518 mg per 100 mL oil were achieved as predicted.

Keywords Carotenoids, Gac oil, microwave, pressing, response surface optimisation, steaming.

Introduction

Several studies reported that Gac fruit aril (Momordica
cochinchinensis Spreng) is an excellent source of carote-
noids, a-tocopherol, flavonoids, medicinal compounds
and essential fatty acids (De Shan et al., 2001; Aoki
et al., 2002; Vuong et al., 2006; Xiao et al., 2007; Kha
et al., 2010; Nhung et al., 2010; Kubola & Siriamorn-
pun, 2011). Importantly, high levels of carotenoids,
especially b-carotene and lycopene, were found, in
comparison with other fruits and vegetables (Bauernfe-
ind, 1972; Vuong, 2000; Aoki et al., 2002). The aril of
Gac fruit also contains a significant amount of fatty
acids, at 102 mg g�1 of edible portion (Vuong et al.,
2002). About 70% of total fatty acids in the aril are
unsaturated, and 50% of these are polyunsaturated
(Vuong, 2000). These high content of fatty acids,
b-carotene and lycopene are found in Gac aril oil and
considered to be beneficial to humans.

To obtain a good quality of plant oil, in general, plant
materials such as Gac fruit are extracted using a hydrau-
lic press. The oil yield is often low (Bargale et al., 1999;
Owolarafe et al., 2007); therefore, several treatments
such as air drying and hot steaming before pressing
were employed to enhance the extraction efficiency (EE)

(Fasina & Ajibola, 1990; Mpagalile & Clarke, 2005).
However, the oil quality may be degraded due to using
heat in the processing steps. Consequently, it is a chal-
lenging task to determine the optimum conditions for the
extraction process of Gac oil to maximise the oil content
while minimising any loss of nutrients.
Recently, conventional extraction using harmful

organic solvents has been discarded due to health con-
cerns, environmental problems and quality degradation.
It is important to find a suitable alternative extraction
method of Gac oil using food grade solvents or eliminat-
ing the use of solvents completely. Microwave-assisted
extraction (MAE) is a novel alternative method for oil
extraction. The principle of this process is to heat up the
moisture inside a plant cell using microwave radiation,
thus generating evaporation and high pressure within the
cell wall. The cell membrane will therefore be ruptured,
and the oil from the ruptured cells will be released
increasing the oil yield (Uquiche et al., 2008; Azadmard-
Damirchi et al., 2010). In addition, the use of this
extraction also offers several benefits such as being
environmental friendly, solvent free and allowing reduced
processing times and uniform heating (Uquiche et al.,
2008). The advantages and drawbacks of microwave-
assisted extraction from food have been highlighted
previously (Kaufmann & Christen, 2002; Desai et al.,
2010; Tatke & Jaiswal, 2011).
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Response surface methodology (RSM) is the most
popular optimisation technique studied in recent years.
It is effective to use the RSM method to determine
the relationships between the response and the inde-
pendent variables and optimising the processes or
products (Bas� & Boyaci, 2007). The technique also
allows the evaluation of the effect of multiple parame-
ters and their interactions on the output variables with
a reduced number of trials (Lee et al., 2000). It is faster
and more economical than other approaches required
to optimise a process. According to Bas� & Boyaci
(2007) and Bezerra et al. (2008), an optimisation study
using RSM includes three main stages: (i) the screening
of the independent variables and their levels; (ii) the
selection of experimental design and the prediction and
verification of the model equation; and (iii) the graphi-
cal presentation of the model equation and determina-
tion of optimal operating conditions. Furthermore, it is
very important to choose the appropriate design. If
the data present curvature, experimental design for
first-order models cannot be used, hence it should use
experimental designs for quadratic response surfaces,
including three-level factorial, Box–Behnken, central
composite and Doehlert designs (Bezerra et al., 2008).

There is a lack of information on optimisation of
Gac aril treatments prior to hydraulic pressing using
response surface methodology. Therefore, experiments
designed for this study aimed to optimise Gac oil
extraction conditions including microwave drying and
steaming treatments and hydraulic pressure to obtain
the maximum extraction efficiency and the highest con-
tent of b-carotene and lycopene in Gac oil.

Materials and methods

Chemicals

Solvents and an antioxidant (butylated hydroxy-
toluene, BHT) were purchased from Merck Pty. Ltd.
(Sydney, NSW, Australia). b-apo-8’-carotenal, b-caro-
tene (C4582, type II synthetic, � 95%, HPLC grade)
and lycopene (L9879, � 90%, from tomato) standards
were obtained from Sigma-Aldrich Pty. Ltd. (Sydney,
NSW, Australia).

Gac fruit

Gac fruit, of a uniform yellow-red skin and size, was
purchased from a local market in Ho Chi Minh city,
Viet Nam. The fruit was transported in an insulated
hard plastic container to avoid light and temperature
exposure during transport. The red arils containing
seeds were then scooped out and frozen at temperature
of �18 °C until use. The freezing may cause cell disrup-
tion; however, no evidence of oil release after thawing
was found, probably because of the high solid contents.

Microwave drying treatment

Frozen Gac aril was thawed at 4 °C prior to micro-
wave drying treatments. The aril, including seeds
(about 900 g), was spread onto the turntable plate
with a thickness of 5 mm. The samples were then dried
at the microwave power of 630 W for different times
(Table 1), using a Panasonic Dimension NN-9853
microwave (Panasonic Australia Pty. Ltd., Frenchs
Forest, NSW, Australia) with cavity dimensions height 9
width 9 depth = 244 9 412 9 426 mm and an operating
frequency at 2450 MHz.

Steaming treatment

The microwave-dried samples had the seeds removed
by hand and then were powdered using an IKA M20
grinding mill (IKA� Company, Staufen, Germany).
The ground samples (with a thickness of 5 mm) were
placed inside a stainless steel steam cooker and
steamed at ambient conditions for different times as
shown in Table 1. Before that, a constant amount of
drinking water (2 L) was placed and boiled inside
the steam cooker. After steaming, the samples were
immediately wrapped inside filtration cloths for
pressing. The moisture content of the samples was
also determined after cooling to room temperature in
a desiccator.

Hydraulic press

The laboratory hydraulic press (length: width:
height = 650: 850: 1900 mm) was designed and made
by Tinh Anh company, Ho Chi Minh city, Viet Nam.
The press was designed for using cages with different
dimensions. The stainless steel press cage used in this
study was 210 mm high, 112 mm in internal diameter
and 3 mm in thickness. The size of the openings located
at the cage was 6 mm in diameter. The maximum
working hydraulic pressure was up to 250 kg cm�2.
For each test, the samples after steaming were

wrapped inside four layers of filtration cloths and
pressed at different designed pressures (Table 1). The
process was performed in two main stages consisting
of a compression stage of 0.2 min, where the direct

Table 1 The coded and uncoded levels of independent variables

Coded

variable

levels

Exposure

time

X1, min

Steaming

time

X2, min

Hydraulic

pressure

X3, kg cm�2

+1.682 66.7 35.1 186.8

+1 65.0 30.0 180.0

0 62.5 22.5 170.0

�1 60.0 15.0 160.0

�1.682 58.3 9.9 153.2
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target pressure on the material was achieved, and a
relaxation period of 5 min, which were repeated three
times. The total time for the extraction process was
about 15.6 min after which there was no additional oil
release.

Experimental design

Response surface methodology (RSM) was employed
to optimise the Gac oil extraction conditions on the
oil extraction efficiency, b-carotene and lycopene.
The levels of the independent parameters including
microwave drying time (X1), steaming time (X2) and
hydraulic pressure (X3) were based on preliminary
experimental results. The coded and uncoded levels of
independent variables used in the RSM design are pre-
sented in Table 1. The experimental design based on
the central composite design (CCD) using a 23 facto-
rial and star design with six central points was per-
formed. A second-order polynomial equation was used
to express the oil extraction efficiency (Y1), b-carotene
(Y2) and lycopene (Y3) as a function of the indepen-
dent variables as follows:

Yi ¼ ao þ a1X1 þ a2X2 þ a3X3 þ a11X
2
1 þ a22X

2
2

þ a33X
2
3 þ a12X1X2 þ a13X1X3 þ a23X2X3

where Yi represents the response variables, a0 is a con-
stant, ai, aii and aij are the linear, quadratic and inter-
active coefficients, respectively. Xi and Xj are the levels
of the independent variables.

Even if several regression coefficients were statisti-
cally insignificant, to respect the hierarchical property,
the former was still kept in the second-order equation.

Statistical analysis

The experimental data were analysed using JMP soft-
ware version 9.0. The adequacy of the model was
determined by evaluating the lack of fit, coefficient of
determination (R2) and the Fisher’s test value (F-value)
obtained from the analysis of variance (ANOVA). The
test of statistical significance was based on the total
error criteria with a confidence level of 95%. The plots
of three-dimensional (3D) and two-dimensional (2D)
contour of the response were created by varying two
variables within the experimental range and holding
another constant at the central point.

Different mean values of the measured and predicted
responses were analysed by analysis of variance (ANOVA)
using SPSS software version 19.0 (IBM Australia
Limited, St Leonards, NSW, Australia).

Analytical procedure

All measurements were taken in triplicate.

Moisture content determination
The moisture content of microwave-dried and steamed
samples was gravimetrically analysed using an AnD
MX-50 moisture analyser (A&D company, Ltd., Tokyo,
Japan).
The moisture content of oil samples was determined

according to AOCS (1998) Ca 2c-25. Oil samples
(about 5 g) were placed into a tared moisture dish and
air-dried at 130 � 1 °C for 30 min. After that, the
dish was removed and cooled to room temperature in
a desiccator and weighed. The moisture content was
calculated when the loss in weight did not exceed
0.05%/30-min drying period.

Soxhlet extraction
The total oil content of microwave-dried Gac sample
prior to each pressing experiment was determined
using FOSS SoxtecTM system 2045 extraction unit,
Hilleroed, Denmark. A method described by Brki�c
et al. (2006) with a slight modification was employed
for Gac oil extraction. Briefly, approximately 3 g of
the sample was weighed in cellulose thimbles and
inserted into the extraction system. Then, 50 mL
petroleum ether (boiling point of 60–90 °C) was filled
into weighed aluminium vessels and inserted into the
extraction unit as well. The temperature was set at
145 °C, and the programme of the oil extraction pro-
cess was given as follows: 30 min of boiling, 60 min of
rinsing, 15 min of evaporation and finally 20 min of
drying the aluminium vessels containing the extracted
oil. The sample was continually dried in an oven
at temperature of 80 °C until constant weight was
obtained. The oil content in samples was gravimetri-
cally calculated.

Oil extraction efficiency (EE)
A ratio of mass of extracted oil after subtracting mois-
ture and mass of oil in starting material using Soxtec
extraction unit is determined as the extraction effi-
ciency. The oil content (g per g of dry weight) of Gac
aril varied from 19 to 33%.

Determination of b-carotene and lycopene
A procedure of b-carotene and lycopene analyses was
carried out according to the method of Englberger
et al. (2006). HPLC analysis was performed with an
Agilent 1200 HPLC (Santa Clara, CA, USA) equipped
with diode array detector system consisting of a Luna
C18 (100 9 4.6 mm i.d; 5 lm) direct-connect guard
column coupled to a Jupiter C18 (250 9 4.6 mm i.d;
5 lm) reversed phase column (Phenomenex Australia
Pty. Ltd, Lane Cove, NSW, Australia). The mobile
phase consisted of acetonitrile, dichloromethane and
methanol (ACN/DCMMeOH) 50: 40: 10 v/v/v. The
flow rate was 1.0 mL min�1, detection was at 450 nm,
and the injection volume was 20 lL. The resultant
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Gac oil (10 lL) was dissolved in chloroform (2 mL)
and then diluted at a ratio of 1:200 with the HPLC
solvent, an internal standard of b-apo-8’-carotenal and
an antioxidant (butylated hydroxytoluene [BHT], 0.1%
in hexane). All operations were performed under sub-
dued light to minimise oxidation of the carotenoids.
The identification of b-carotene and lycopene was
based solely on the retention time of a peak compared
with the authentic standards. The amounts of b-caro-
tene and lycopene in Gac oils were expressed as mg
per 100 mL of crude oil.

Results and discussion

Fitting the models

The EE, and b-carotene and lycopene contents obtained
from all the experiments are presented in Table 2.
Analysis of variance (ANOVA) indicated that the sec-
ond-order polynomial model adequately represented
the experimental data with the coefficient of multiple
determination (R2) for the responses of EE and con-
tent of b-carotene and lycopene being 0.93, 0.85 and
0.86, respectively. The predicted values agreed fairly
well with the experimental ones obtained from the
RSM design (Table 2). In addition, ANOVA results
also showed that the three quadratic regression
models were significant (P < 0.01), and there was no

significance in the lack of fit (P > 0.05) in each of the
models (Table 3). Therefore, this indicates that the
quadratic polynomial models were adequate to
describe the influence of the independent variables
investigated on the EE, and b-carotene and lycopene
contents.
The significance of the coefficients of the quadratic

polynomial models was determined using t ratio and
P-value (significance level) and is listed in Table 3.
The larger absolute t ratio and smaller P-value would
indicate a more significant effect on the corresponding
variables (Amin & Anggoro, 2004). It can be seen that
the variable with the largest effect on the EE was the
interaction term of X1 and X2, followed by quadratic
of X3, interaction of X1 and X3, linear of X2, interac-
tion of X2 and X3, linear of X1 and quadratic of X2.
Furthermore, quadratic of steaming time and micro-
wave time and linear of hydraulic pressure were one
of the largest effects on b-carotene and lycopene con-
tents. The interaction between steaming time and
hydraulic pressure also had a significant effect on b-
carotene content.

Response surface analysis

Response surface optimisation of extraction efficiency
To determine the optimal levels of the independent
variables for the EE, the 3D surface and 2D contour

Table 2 Experimental (Exp.) and predicted (Pred.) values of EE, and b-carotene and lycopene contents of Gac oil obtained from the

CCD design

Exp. runa X1 (min) X2 (min) X3 (kg cm�2)

EE (%)

b-carotene (mg per

100 mL)

Lycopene (mg per

100 mL)

Exp. Pred. Exp. Pred. Exp. Pred.

1 60.0 30.0 160 59.27 59.61 90.00 64.02 300.03 251.83

2 62.5 35.1 170 76.16 74.78 51.47 90.37 137.36 181.83

3 62.5 9.9 170 91.49 88.61 111.44 92.22 359.80 289.97

4 65.0 30.0 160 88.43 89.08 61.46 56.27 140.00 167.87

5 62.5 22.5 170 87.80 87.83 149.84 171.16 495.01 496.15

6 60.0 15.0 180 86.54 88.90 139.41 130.69 372.98 363.05

7 58.3 22.5 170 86.33 82.14 92.47 117.12 300.57 310.71

8 65.0 15.0 180 65.89 68.56 105.54 117.61 317.77 383.90

9 60.0 15.0 160 86.69 89.70 86.68 93.46 252.89 309.62

10 65.0 30.0 180 82.19 82.19 165.55 144.85 351.90 313.10

11 62.5 22.5 153 78.63 78.15 102.48 103.78 392.77 368.45

12 65.0 15.0 160 91.82 91.06 111.92 122.84 307.27 326.32

13 62.5 22.5 170 87.68 87.83 185.54 171.16 562.41 496.15

14 62.5 22.5 170 91.33 87.83 194.04 171.16 430.56 496.15

15 60.0 30.0 180 70.66 74.43 219.90 195.07 394.02 392.90

16 62.5 22.5 170 84.11 87.83 166.22 171.16 543.83 496.15

17 62.5 22.5 170 89.44 87.83 170.84 171.16 416.37 496.15

18 66.7 22.5 170 89.88 89.81 104.58 99.60 293.13 257.64

19 62.5 22.5 187 75.46 71.68 191.20 209.58 536.54 535.50

20 62.5 22.5 170 85.90 87.83 163.87 171.16 524.34 496.15

aExperiments were run in random order.
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plots were drawn. The response surface plot shows
relationship between the independent variables and the
responses, while the contour plot helps to visualise the
shape of a response surface. Therefore, it is useful to
use the plots to evaluate the fits of model (Bas� &
Boyaci, 2007).

The effects of microwave time, steaming time and
hydraulic pressure on the EE are presented in Table 3
by the coefficients of quadratic model. The response
surface and contour plots based on these coefficients
are shown in Fig. 1a–c. In general, all regression coef-
ficients of the model statistically impacted on the EE,
except for the linear term of X3 and quadratic term of
X1 (P > 0.05).

Figure 1a shows the effect of microwave and steam-
ing times on the EE. It can be generally seen that
an increase in microwave time resulted in a slight
increase in EE at the constant hydraulic pressure of
170 kg cm�2. However, EE gradually decreased with
increasing steaming time. Furthermore, at the constant
microwave time of 62.5 min (Fig. 1b), a similar trend
of EE was also found as the samples were treated in
a range of steaming time of 15–30 min. The EE
remained unchanged at the constant microwave expo-
sure time of 62.5 min. For Fig. 1c, the EE increased at
the constant steaming time of 22.5 min when an
increase in microwave time and a decrease in pressure
were applied. In addition, results showed that critical
values of microwave exposure time, steaming time and
hydraulic pressure for Gac oil extraction condition

were 64 min, 16 min and 161 kg cm�2, respectively.
At this point, the extraction efficiency was about
91.2%.

Response surface optimisation of b-carotene content
The best way to visualise the interaction between
the independent variables on the b-carotene content
of Gac oil was to draw 3D response surface and 2D
contour plots (Fig. 2). Statistical results (Table 3)
indicated that linear term of X3, quadratic terms
of X1 and X2, and interaction term of X2 and X3

significantly influenced the b-carotene content of
Gac oil.
Figure 2a showed the effect of treatment times of

microwave and steaming prior to the hydraulic pres-
sure of 170 kg cm�2. It indicated that the moderate
time of microwave and steaming resulted in the high
content of b-carotene in Gac oil extract. The b-caro-
tene concentration was found to be low as shorter or
longer time of microwave and steaming treatments
was applied. This could be due to b-carotene being
lost because of heat as the microwave and steaming
times were increasing. However, the low oil level
extracted under the shorter times of microwave and
steaming may limit dissolving the b-carotene in the oil.
Therefore, the lower b-carotene amount that was
dissolved in the oil was extracted.
Figure 2b showed the effect of steaming time and

the pressure at the constant microwave time of
62.5 min. It indicated that the moderate steaming

Regression

coefficienta

EE (Y1) b-carotene Lycopene

Regression

coefficients t ratio

Regression

coefficients t ratio

Regression

coefficients t ratio

a0 87.832 171.163 496.146

Linear

a1 2.280* 2.52 �5.210 �0.77 �15.778 �0.93

a2 �4.113** �4.55 �0.548 �0.08 �32.149 �1.89

a3 �1.923 �2.13 31.453*** 4.65 49.664* 2.92

Quadratic

a11 �0.656 �0.74 �22.203** �3.37 �74.944** �4.52

a22 �2.169* �2.46 �28.238** �4.29 �92.011*** �5.55

a33 �4.566*** �5.19 �5.120 �0.78 �15.617 �0.94

Interaction

a12 7.026*** 5.95 �9.283 �1.05 �25.165 �1.13

a13 �5.426*** �4.59 �10.614 �1.20 1.040 0.05

a23 3.904** 3.30 23.454* 2.65 21.912 0.98

R2 0.93 0.85 0.86

P-value of

lack of fit

0.174 0.08 0.43

*P < 0.05.

**P < 0.01.

***P < 0.001.
aa0 is a constant, ai, aii and aij are the linear, quadratic and interactive coefficients of the

second-order polynomial equation, respectively.

Table 3 Regression coefficients of the fitted

quadratic equation and standard errors for

EE, and b-carotene and lycopene contents
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time resulted in high content of b-carotene in the oil
extract. However, the b-carotene content rose as the
pressure increased. A similar result for a trend of the
pressure and microwave time (Fig. 2c) was also
found when the steaming time of 22.5 min was fixed.
Furthermore, it was also found that the high concen-
tration of b-carotene (205 mg per 100 mL) in the oil
could be obtained at the optimal conditions of
microwave time of 62 min, steaming time of 25 min
and pressure of 180 kg cm�2.

Response surface optimisation of lycopene content
Statistical results showed that the lycopene content of
Gac oil was significantly affected by linear term of X3

and quadratic terms of X1 and X2 (Table 3). Fig-
ure 3a showed the interactions between the micro-
wave and steaming times on the lycopene content of
Gac oils. Similar to the trend of b-carotene in
Fig. 2a, medium extraction conditions of microwave
and steaming time resulted in the highest lycopene
content. Moreover, the high content of lycopene was
also extracted at the medium of steaming time and
the high pressure (Fig. 3b) or at the medium of
microwave time and the high pressure (Fig. 3c). In
addition, statistical results indicated that the maxi-
mum lycopene content (530 mg per 100 mL) could be

extracted at the predicted extraction conditions
including microwave time, steaming time and the
pressure of 62 min, 23 min and 180 kg cm�2, respec-
tively.
A similar trend for the extraction conditions can

be explained due to the fact that lycopene and
b-carotene are fat-soluble carotenoids. Therefore,
they were likely extracted together with Gac oil
under the investigated variables. In addition, statisti-
cal results indicated that the hydraulic pressure was
significantly independent variable affected the b-car-
otene and lycopene in both models. A combination
of microwave drying time and steaming time is also
an important factor in the extraction process. A
possible explanation is that the optimum microwave
drying time resulted in rupturing the cell membrane
(Oberndorfer et al., 2000; Chan et al., 2011) and
hence assisted the enhanced release of carotenoids.
Furthermore, the microwave-dried Gac tissues
can be softened and broken down under hot steam-
ing process (Mpagalile & Clarke, 2005). As a result,
the oil-dissolving b-carotene and lycopene were
easily released by pressing. Furthermore, the pres-
ence of other carotenoids such as a-carotene and
xanthophylls may be found in the oil in smaller
quantities.
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working hydraulic pressure (X3).
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Overall optimal extraction conditions and model
validation

This study aimed to determine the optimal aril pro-
cessing conditions of Gac oil, and a graphical optimi-
sation (Fig. 4) was therefore performed using JMP
package. The most important criterion is to obtain
the highest extraction efficiency and maximise the
b-carotene and lycopene contents. As discussed earlier
and can be seen in Fig. 4, an increase in microwave
and steaming times resulted in decreasing the EE, and
b-carotene and lycopene contents. The EE was also
reduced when increasing the hydraulic pressure. In a
recently published paper, Kha et al. (2012) found that
further increase in microwave and steaming times, and
the pressure slightly decreased the EE. Some interfibers
or capillary voids of the cell walls may be sealed with
increasing pressure; therefore, the oil flow is prevented
(Baryeh, 2001). However, the b-carotene and lycopene
concentrations significantly increased as the pressure
rose in the investigated range. Therefore, it is impor-
tant to determine the optimal conditions so that the
highest EE, and b-carotene and lycopene concentra-
tions could be obtained.

Figure 4 shows that the theoretical maximum val-
ues of EE, b-carotene and lycopene could be obtained

by combining microwave time, steaming time and
hydraulic pressure. Based on the prediction profiler,
the mathematical model suggested the optimum theo-
retical values of EE, b-carotene and lycopene under
the optimum conditions (microwave time of 62 min,
steaming time of 22 min and the pressure of
175 kg cm�2) as shown in Table 4. Moreover, the
comparison between predicted and measured response
values is a way for establishing how accurately the
model describes the studied process. Therefore, an
experiment (with three replicates) was performed at
the optimum conditions. Statistical results indicated
that there was insignificant difference between the pre-
dicted and measured responses of EE, b-carotene and
lycopene (P > 0.05) (Table 4). It is evident that the
measured values of the responses were found to be
well suited to the predicted ones by the regression
model. As a result, the suitability of the quadratic
equation for predicting the optimal response values
was validated under the optimum conditions. In other
words, the response surface optimisation methodology
for the aril processing conditions for Gac oil was
found to be of practical value.
It is generally agreed that treatments prior to extrac-

tion can have effects on the major quality features of
the oil. For example, conventional air drying to reduce
moisture before oil pressing can take a long time hence
can lead to potentially high level of oxidation. Com-
pared to air drying treatment prior to pressing, the
extraction efficiency and retention of b-carotene and
lycopene in the oil samples using microwave drying
treatment were much higher (Kha et al., 2012).
Therefore, results under this optimisation process for
Gac oil could be useful in encouraging Gac oil proces-
sers to use microwave and steaming pretreatments
prior to pressing to enhance extraction efficiency and
preserve carotenoids. Furthermore, a comparison of
different treatments and extraction methods on oil
yield, fatty acid composition and physicochemical
properties will be reported in another paper.

Conclusion

The results indicated that the quadratic polynomial
model was sufficient to describe and predict the
responses of the EE, b-carotene and lycopene in Gac
oil extraction optimisation process. The data could
adequately fit three second-order polynomial models
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Table 4 Optimum condition of Gac oil extraction

X1 min X2 min X3 kg cm�2

EE (%) b-carotene (mg per 100 mL) Lycopene (mg per 100 mL)

Predicted Measured Predicted Measured Predicted Measured

62 22 175 86.02 � 2.98 88.19 � 5.08 185.83 � 22.32 173.87 � 11.44 517.80 � 56.17 510.70 � 37.23
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for EE, b-carotene and lycopene with R2 values of
0.93, 0.85 and 0.86, respectively. The graphical optimi-
sation was adopted and it predicted the optimum
extraction parameters within the experimental ranges
including microwave time of 62 min, steaming time
of 22 min and the pressure of 175 kg cm�2. Under
such conditions, the EE, b-carotene and lycopene con-
tents achieved were also predicted and confirmed as
86%, 186 mg per 100 mL and 518 mg per 100 mL,
respectively.
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Effect of Drying Pre-treatments on the Yield and
Bioactive Content of Oil Extracted from Gac Aril

Abstract: Gac fruit (Momordica cochinchinensis Spreng)
aril contains high levels of bioactive compounds includ-
ing β-carotene, lycopene and fatty acids. Therefore, it is
important to find an extraction method of Gac oil result-
ing in the highest content of bioactive compounds. The
effects of microwave and air-drying pre-treatments of Gac
aril prior to hydraulic pressing and Soxhlet extraction on
the oil yield, nutrients and chemical properties of the oil
were compared. Results showed that the highest oil yield
could be obtained when the aril was microwave-dried
before Soxhlet extraction. This finding was explained by
microstructural changes of the dried arils. Microwave-
drying prior to pressing resulted in the highest content
of β-carotene (174 mg/100 mL) and lycopene (511 mg/
100 mL) in the oil extract. Oleic acid (48%) and linoleic
acid (18%) were found to be the dominant fatty acids in the
oil extracts. Gac oil with the lowest acid (0.69 mg KOH/g)
and peroxide values (1.80 meq O2/kg) was extracted
when microwave-drying was applied prior to pressing. It
can be concluded that the microwave drying pre-treat-
ment before pressing was better than the air-drying pre-
treatment for extracting Gac oil of high quality.
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drying, pressing
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1 Introduction

Gac aril (Momordica cochinchinensis Spreng) oil can be
utilised in the food industry due to its high nutritional

content. Several studies have reported high concentra-
tions of carotenoids such as β-carotene and lycopene in
Gac aril [1–3]. It is well-known that carotenoids such as
lycopene and β-carotene from plant-based foods play an
important role in human health, and are linked to
reduced risk of cardiovascular disease and cancers
[4–6]. The Gac aril also contains significant amounts of
fatty acids, at about 102 mg/g of fresh weight, particu-
larly monounsaturated and polyunsaturated acids [7].
Other bioactive compounds, including vitamin E and
flavonoids, found in the aril were also reported by Kha
et al. [8]. Furthermore, several studies show that the
absorption of carotenoids and other fat-soluble com-
pounds in the body is significantly improved when
ingesting with fat [9–11]. Gac oil containing high carote-
noids could be used as nutrient supplements and natural
food colourants. Therefore, it is important to find a sui-
table extraction method of Gac oil which results in the
highest content of bioactive compounds.

Among extraction methods, mechanical pressing, also
referred to as hydraulic pressing, is the common one used in
the oil processing industry. The main drawback of this
method is a low extraction yield, which is normally limited
to about 70% [12]. The two pre-treatments of air-drying and
steaming are the key steps in thismethod [13, 14]. However, it
can take a long time to air-dry a sample to reach the desired
moisture content. Generally, a low-quality air-dried sample
is usually obtained due to high temperature and oxygen
exposure. Microwave-drying has recently been of interest
as an alternative method of extraction pre-treatment.
Several studies have reported that microwave-drying as a
pre-treatment prior to mechanical pressing is effective in
terms of extraction yield and superior quality [15–18]. As a
result, there is a need to evaluate the effects of different
dryingpre-treatments, prior topressing, onGacoil extraction
yield and on the quality characteristics of the oil extracts.

Traditionally, the Soxhlet method has been used for
fat and oil extraction due to its high extraction efficiency.
However, in the Soxhlet method, the use of organic sol-
vents and high temperatures could affect the oil proper-
ties and may significantly reduce the nutritional content
of the resulting oils. The objective of this study was to
compare the Soxhlet and hydraulic pressing extractions
in terms of oil yield, carotenoid content, fatty acid
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composition and chemical properties of the Gac oil after
pre-treatments by microwave- or air-drying. In addition,
the microstructure of the dried aril samples was also
observed using light and scanning electron microscopes.

2 Materials and methods

2.1 Chemicals

Solvents and an antioxidant (butylated hydroxytoluene,
BHT) were purchased from Merck Pty. Ltd. (Kilsyth, Vic,
Australia). β-carotene (C4582, type II synthetic, ≥95%,
HPLC grade) and lycopene (L9879, ≥90%, from tomato)
standards, fatty acid methyl esters (FAME Mix, C8–C24)
analytical standards were obtained from Sigma-Aldrich
Pty. Ltd. (Castle Hill, NSW, Australia).

2.2 Drying pre-treatments of Gac fruit aril

Fresh Gac fruits, of uniform yellow-red skin and size,
were purchased from a local market in Ho Chi Minh
city, Vietnam. The red arils containing seeds were
scooped out and frozen at –18°C until used. Frozen Gac
aril was then thawed at 4°C prior to microwave and air-
drying pre-treatments.

For microwave-drying, 900 g of the aril (including
seeds), with an initial moisture content of 82%, were spread
onto the turntable plate to a thickness of 5 mm. The samples
were then dried at a microwave power of 630 W for 62 min,
using a Panasonic Dimension NN-9853 microwave oven
(Panasonic Australia Pty. Ltd., Macquarie Park, NSW,
Australia), with cavitydimensionsofheight!width!depth
¼ 244mm! 412 mm! 426mm and an operating frequency
at 2,450 MHz. The microwave conditions were chosen
according to the optimisation studies published by Kha
et al. [17, 18]. After microwave-drying, the temperature of
the arils was immediately measured using an electronic
stainless steel thermometer. The temperature after themicro-
wave pre-treatment of the samples was about 80°C.

For air-drying, 900 g of the aril (including seeds) were
spread onto a stainless tray (1.2 ! 0.8 m) to thickness of
1.5 cm. The samples were air-dried at 60°C for 18 h with an
air velocity of 1.1 m/s [19], using an air-drying oven (G.T.C.
Australia Trading Pty. Ltd., Alexandria, NSW, Australia).
The air-drying temperature of 60°C was chosen because
significant losses of carotenoids and fatty acids were found
at temperatures higher than 60°C. Furthermore, it took
much longer to dry Gac arils at lower temperatures [19].

2.3 Steaming treatment

The microwave-dried and air-dried samples had the seeds
removed by hand. The aril was then powdered using an
IKA M20 grinding mill (IKA® company, Staufen,
Germany). The ground samples (with an average particle
size of about 1 mm and stacked to a thickness of 5 mm)
were placed inside a stainless steel steam cooker and
steamed for 22 min. Before that, a constant amount of
potable water (2 L) was placed and boiled inside the
steam cooker. After steaming, the samples were immedi-
ately wrapped with filtration cloth for pressing [17]. The
moisture content of the steamed samples was also deter-
mined after cooling to room temperature in a desiccator.

2.4 Hydraulic pressing

For each experiment, the samples after steaming were
wrapped inside 4 layers of filtration cloth and pressed
at 175 kg/cm2, using a laboratory hydraulic press (length:
width: height ¼ 650: 850: 1,900 mm) (Tinh Anh com-
pany, Ho Chi Minh City, Vietnam). The stainless steel
press cage used in this study was 210 mm high, 112 mm
in internal diameter and 3 mm in thickness. The size of
the openings located at the exit from the cage was 6 mm
in diameter. The process was performed in two stages, a
compression stage for 0.2 min, where the direct target
pressure on the material was achieved, and a relaxation
period of 5 min, and the process was repeated three
times. The total time for the extraction process was about
15.6 min, after which there was no additional oil release.

2.5 Soxhlet extraction

For comparison with the pressing method, the oil of the
microwave-dried and air-dried samples was extracted
using the FOSS Soxtec™ system 2,045 extraction unit,
(Hilleroed, Denmark). A method described by Brkić et al.
[20] with a slight modification was employed for Gac oil
extraction. Briefly, approximately 3 g of the samples were
weighed in cellulose thimbles and inserted into the
extraction system. Approximately 50 mL petroleum
ether (boiling point of 60–90°C) was then filled into
weighed aluminium vessels and inserted into the extrac-
tion unit. The temperature was set at 145°C and the
program for the oil extraction process was 30 min of
boiling, 60 min of rinsing, 15 min of evaporation and
finally 20 min of drying the aluminium vessels containing
the extracted oil. The sample was then dried in an oven
set at a temperature of 80°C until a constant weight was
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obtained. The oil content was gravimetrically calculated.
Compared with the traditional Soxhlet extraction, the
extraction time with the semi-automatic FOSS Soxtec
system extraction unit was much shorter, about 1.45 h
as compared to more than 4 h.

2.6 Analytical methods

2.6.1 Microstructure of dried Gac arils before grinding

The microstructure of the Gac arils after microwave-dry-
ing and air-drying was observed using a light microscope
(Novex, Arnhem, Netherlands) equipped with an
attached CMEX camera. The samples were cut into thin
slices and observed using a 40! objective magnification.
The images were processed by ImageFocus® analysis
software. In this study, as we just observed the surface
structure of Gac aril tissue, the samples needed only
simple preparations, not as what was required later for
scanning electron microscope (SEM).

The surface morphography of the dried Gac arils was
also studied using a JSM-7401F scanning electron micro-
scope (SEM) (Jeol Co. Ltd., Tokyo, Japan). A small amount
of the thin slices of the air-dried and microwave-dried arils
were fixed onto the surface of a double-coated metallic
adhesive tape adhered to a metallic stub. The stub was
then coated with a fine layer of gold and argon in a MSP-1S
magnetron sputter coater (Vacuum Device, Tokyo, Japan)
under vacuum. The morphography was observed at differ-
ent magnifications operating the SEM at a voltage of 3 kW.

2.6.2 Moisture content determination

The moisture content of microwave-dried, air-dried and
steamed samples was gravimetrically analysed using an
AnD MX-50 moisture analyser (A&D company, Ltd.,
Tokyo Japan).

The moisture content of oil samples was determined
according to the AOCS Ca 2c-25 method [21]. Oil samples
(5 g) were placed into a tared moisture dish and air-dried at
130# 1°C for 30 min. After that, the dish was removed and
cooled to room temperature in a desiccator and weighed.
The moisture content was calculated when the loss in
weight did not exceed 0.05%/30 min drying period.

2.6.3 Oil yield

Oil yield was defined as the ratio of the mass of extracted
oil, after subtracting its moisture, and the mass of the oil
in the starting fresh Gac aril material (dry weight)

measured using the Soxhlet extraction as the benchmark
method [20] and expressed as a percentage of the oil
available in the fresh Gac arils.

2.6.4 Determination of β-carotene and lycopene

The procedure for the β-carotene and lycopene analyses was
carried out according to the method of Englberger et al. [22].
The HPLC analysis was performed with an Agilent 1,200
HPLC (Santa Clara, CA, USA) equipped with a diode array
detector systemandconsistingof aLunaC18 (100! 4.6mmi.
d.: 5 μm) direct-connect guard reverse phase column directly
coupled to a Jupiter C18 (250 ! 4.6 mm i.d.: 5 μm) reverse
phase column (Phenomenex Australia Pty. Ltd., Lane Cove,
NSW, Australia). The mobile phase consisted of acetonitrile,
dichloromethane and methanol (ACN: DCM: MeOH) 50: 40:
10 v/v/v. The flow rate was 1.0 mL/min, detection was at
450 nm and the injection volume was 20 μL. The resultant
Gac oils (10 μL)were dissolved in chloroform (2mL) and then
diluted at a ratio of 1: 200 with the HPLC solvent and an
antioxidant (butylated hydroxytoluene [BHT], 0.1% in hex-
ane). All operations were performed under subdued light to
minimise oxidation of the carotenoids. The identification of
β-carotene and lycopene was based solely on the retention
timeof thepeaks comparedwith theauthentic standards. The
amounts of β-carotene and lycopene in Gac oils were
expressed as mg/100 mL of crude oil.

2.6.5 Determination of fatty acid composition

The method of Ishida et al. [1] was employed for determin-
ing the fatty acid composition of the Gac oils. About 50 mg
of sample was weighted into 10 mL glass tubes. The fatty
acids were extracted using 2 mL of hexane/2-propanol (8:2,
v/v) containing 50 μg/mL BHT. The extraction took place at
55°C for 30 min, with shaking every 10 min. The extracts
were then filtered and dried over sodium sulphate and the
solvent was evaporated under nitrogen. Toluene (0.5 mL)
was added and the fatty acids were methylated for 1 h at
80°C using methanolic HCl 3%. The resulting fatty acid
methyl esters (FAMEs) were dissolved in 10 mL cyclohex-
ane (0.01% BHT) for GC analysis.

Quantitative analysis was performed by GC-FID using
an Agilent 5890N GC (Santa Clara, CA, USA). The injector
and detector temperatures were 250 and 280°C, respec-
tively. The column temperature was 100°C for 1 min, then
it was increased by 5°C/min to 250°C and held at 250°C
for 1 min. Standard solutions of a mixture of FAMEs at
three different concentrations in the range of 5–150 μg/
mL were used for generating the standard curves. The
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samples (1 μL) were injected into the GC system. The
identification of each fatty acid was based solely on the
retention times of the peaks compared with the authentic
FAME standards.

2.6.6 Chemical properties of oil samples

The chemical properties of the oil samples were analysed
according to AOCS methods [21] for determining acid
(AOCS Cd 3d-63), peroxide (AOCS Cd 8–53), iodine (AOCS
Tg 1–64) and saponification values (AOCS Cd 3–25).

2.7 Statistical analysis

The experiments and subsequent analyses were performed
in triplicate and the results were presented as mean values
with standard deviations. The one factor experiments were
randomly done to investigate the effect of four different
treatments, microwave-drying before pressing (MDP), air-
drying before pressing (ADP), microwave-drying before
Soxhlet extraction (MDS) and air-drying before Soxhlet
extraction (ADS), on the oil yield, content of β-carotene and
lycopene, fatty acid composition, and chemical properties of
the Gac oil samples. The mean values were analysed for
significant differences by analysis of variance (ANOVA) and
the least significant difference (LSD) post-hoc test using
SPSS software version 20.0 (IBM Corp., Armonk, NY, USA).

3 Results and discussion

3.1 Effect of drying pre-treatments and
extraction methods on oil yield and
content of β-carotene and lycopene in
Gac oil

The oil yield and the β-carotene and lycopene content of
the Gac oil obtained from the four different extraction
methods are presented in Table 1. The statistical results
indicated that the oil yield (P < 0.01) and the content of
β-carotene and lycopene (P < 0.001) were significantly
affected by the extraction methods.

It can be seen in Table 1 that the highest oil content
was extracted using the MDS method, followed by ADS,
MDP and ADP. However, the values showed statistically
insignificant differences among MDS, ADS and MDP
(P > 0.05). Therefore, microwave-drying could be consid-
ered to be the most suitable pre-treatment prior to pressing.
This is due to the fact that microwave radiation heats up

the moisture inside a plant cell, the moisture is evaporated
and then high pressure on the cell wall is generated. As a
result, the cell membrane is ruptured, allowing the easy
release of oil from the ruptured cells [23]. The effects of
different microwave pre-treatment conditions (power and
time) for Gac aril drying have been recently reported on [17,
18]. The results indicated that microwave power and time
were the most important parameters for Gac oil extraction,
increasing oil extraction efficiency and bioactive com-
pounds in comparison with untreated samples.
Furthermore, it was previously determined that the micro-
wave-dried Gac aril powder could be used without draining
for pressing the oil out because the dried samples effec-
tively retained the moisture they had absorbed during the
steaming. In fact, as moisture is absorbed during the
steaming process, the tissues can expand and weaken the
oil cell walls, which can break down and hence the oils are
more easily released when applying the pressure [13]. This
is consistent with several reports that the oil yield was
enhanced when materials, such as Chilean hazelnut [16]
and rapeseed [15], were pre-treated with microwave radia-
tion before pressing. In addition, reduced processing times
and uniform heating are also advantages of the use of
microwave heating as a drying pre-treatment [16].

The Gac arils after microwave-drying and air-drying
were observed under light microscope. Figure 1 shows dif-
ferent microstructural effects of the microwave-drying and
air-drying on Gac tissue. It can be seen that the cell wall of
themicrowave-dried sample (Figure 1B)was ofmuchgreater
porosity than that of the air-dried sample (Figure 1A), which
suggested that the cell wall was easier to break open during
pressing or solvent extraction after microwave-drying com-
pared to after air-drying. Therefore, significantly higher oil
yield was obtained when the sample was microwave-dried
before pressing compared to air-drying as a pre-treatment
(Table 1). A similar observation with microwave pre-treated
and pressed Chilean hazelnuts was reported by Uquiche
et al. [16].

Table 1 Effects of drying pre-treatments and extractions on the oil
yield and the β-carotene and lycopene in Gac oil

Treatment MDP ADP MDS ADS

Oil yield (%) 27# 2a 20# 3b 31# 4a 30# 2a

β-carotene
(mg/100 mL)

174# 11a 62#8b 106#6c 30#6d

Lycopene (mg/100 mL) 511# 37a 272# 32b 322# 17c 196# 20b

Notes: Values in the same row followed by different superscripts (a–d)
were significantly different (P < 0.05); MDP: microwave-drying before
pressing; ADP: air-drying before pressing; MDS: microwave-drying
before Soxhlet extraction; ADS: air-drying before Soxhlet extraction.
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In order to facilitate further understanding of the extrac-
tion mechanism, SEM was used to observe the micro-
structural changes in the dried arils under different
drying pre-treatments. As can be seen in Figure 2, the
cell walls of the microwave-dried arils (Figure 2B)
appeared more ruptured than that of the air-dried arils
(Figure 2A) at two different magnifications. The cell walls
of the microwave-dried sample appeared disintegrated,
consistent with several reports indicating disruptive
effects of microwave on the microstructure of plant mate-
rial containing oils and thus increasing the oil yield [24,
25]. In contrast, the cell walls of the air-dried sample
(Figure 2A) were closely packed, indicating stronger
cells, resulting in less release of oil. This observation
clearly showed why a higher oil yield was achieved

when the aril was microwave-dried before pressing
(Table 1).

The oil yield with hydraulic pressing obtained after
air-drying was 34% lower than that obtained by Soxhlet
extractuib (Table 1). It is clear that the traditional Soxhlet
extraction using organic solvents was effective at dissol-
ving the lipid components in the powdered Gac arils
whether they were air-dried or microwave-dried
(Table 1). However, this method has been discarded for
industrial scale production due to health concerns, envir-
onmental problems and quality degradation [26]. For the
Soxhlet extraction yield, microwave-drying and air-dry-
ing pretreatments were found not to be statistically dif-
ferent. However, microwave-drying pre-treatment prior to
the Soxhlet extraction was still preferable due to the

Cell membrane

Cell membrane

OilOil

Oil

(B)(A)

Figure 1 Light photomicrographs of the dried Gac arils before extraction. (A) Air-dried aril. (B) Microwave-dried aril

SE SEM LEI 3.0 kV X250 WD 7.9 mm 100 µmICT-VAST

SE LM LEI 3.0 kV X50 WD 8.0 mm 100 µmICT-VAST SE LM LEI 3.0 kV X50 WD 8.0 mm 100 µmICT-VAST

SE SEM LEI 3.0 kV X250 WD 7.7 mm 100 µmICT-VAST

(B)(A)

Figure 2 SEM microstructures of the dried Gac arils before extraction. (A) Air-dried arils and (B) Microwave-dried aril
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shorter drying time of about 1 h compared to the air-
drying time of 18 h. The percentage of oil left in the
pressed cake can be also estimated based on the oil
yield of the pressing and the amount of oil available for
extraction in the fresh Gac arils as measured using the
Soxhlet method (a standard extraction method for oil).
Based on the results from Table 1, it was estimated that
percentage of oil left in the pressed cake for the air-drying
and microwave-drying pre-treatments prior to pressing
were 36% and 13%, respectively. Furthermore, it is pos-
sible to scale up the microwave pre-treatment for indus-
trial Gac oil pressing. Several parameters including
thickness of the material, material load, microwave
power and time have now been investigated on a labora-
tory scale. However, there is still a need to validate
optimum parameters for industry-sized microwave ovens.

The HPLC analysis indicated that lycopene and β-caro-
tene in the Gac oil could be detected at 6.056 and 7.212 min,
respectively [18]. The content of lycopene and β-carotene in
the Gac oils obtained from the four different extraction
methods is presented in Table 1. The results showed that
the highest retention of both lycopene and β-carotene was
achieved using MDP, followed by MDS, ADP and ADS. This
is due to the fact that both bioactive compounds belong to
the carotenoid group and have similar characteristics.

Compared with the microwave-drying pre-treatment,
a significant degradation of carotenoids was found in Gac
oil obtained by air-drying prior to either pressing or
Soxhlet extraction (Table 1). A possible explanation is
that the carotenoids were susceptible to oxidation in
conventional air-drying, which caused the high loss of
lycopene and β-carotene [19, 27]. In addition, many stu-
dies have also reported that microwave-drying was an
effective method for preserving the carotenoid content
in various plant products [18, 28–32]. This result is con-
sistent with recently published papers by Kha et al. [17,
18], in which the carotenoid content of microwaved-dried
Gac arils was higher than in air-dried samples. This is
not surprising because, in the present study, the oil was
pressed after microwave-drying, using optimised micro-
wave-drying conditions according to their research.
Therefore, several studies now strongly support the
recommendation that microwave-drying of Gac aril
should be performed prior to pressing or Soxhlet extrac-
tion for Gac aril oil and carotenoid extraction.

For comparison between pressing and Soxhlet extrac-
tion, not taking into account the pre-treatment method,
the content of lycopene and β-carotene was much lower
after Soxhlet extraction. It is expected that Soxhlet

extraction, which is a standard method for oil extraction,
would have lower concentrations due to high oil yield.
However, Soxhlet extraction was run at high tempera-
tures and underwent several steps for a prolonged time
(refer to Section 2.5). As a result, significant degradation
of the carotenoids was likely to have resulted owing to
heat and air exposure [15].

3.2 Effect of drying pre-treatments and
extraction methods on fatty acid
composition

Gas chromatography was used to determine the fatty acid
composition in Gac oil samples. The chromatograms
(Figure 3) show retention times of the individual fatty
acids in standards and Gac oils. Generally, the results
indicated that the fatty acid composition in the oil
extracted was affected by the four different extraction
methods (Table 2). The statistical results showed that
the treatments significantly affected the C16:0
(P < 0.001), C16:1 (P < 0.05) and C18:2 (P < 0.05) levels.
However, C14:0, C18:0, C18:1, C18:3 were not significantly
influenced by the treatments (P > 0.05).

The most abundant fatty acids found in Gac oil were
palmitic acid (C16:0), a saturated fatty acid, oleic acid
(C18:1) and linoleic acid (C18:2), unsaturated fatty acids
(Figure 3 and Table 2). These finding are generally in
agreement with those reported by Ishida et al. [1] and
Vuong [33]. Several studies have reported that dietary
intake of oleic and linoleic acids has beneficial effects
on health [34–37]. Furthermore, Gac oil extracts contain-
ing a high concentration of oleic acid (Table 2) can be
used as a replacement for oils from other sources such as
sunflower, palm and soya [8].

Generally, linoleic and palmitic acids are often used
as a reliable indicator of the extent of lipid oxidation
during the heating process [38–40]. This is because lino-
leic acid is more susceptible to oxidation while palmitic
acid is more stable towards oxidation [41, 42]. As can be
seen in Table 2, this ratio was significantly affected by the
different extraction methods (P < 0.001). Gac oils
obtained by MDP and MDS methods showed a much
higher ratio of C18:2/C16:0 compared to ADP and ADS,
indicating that unsaturated fatty acids were less
degraded by oxidation during the extraction process
when microwave-drying was used. In other words, the
air-drying pre-treatment prior to either pressing or
Soxhlet extraction caused considerable oil oxidation.
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Table 2 FAME composition of Gac oil (% total FAMEs) obtained by drying pre-treatments and extraction methods

Fatty acids Abbreviation MDP ADP MDS ADS

Myristic C14:0 0.41#0.04a 1.09#0.58a 0.67#0.10a 0.63#0.19a

Palmitic C16:0 24.99# 2.51a 34.73# 1.87bc 22.61# 1.29a 34.89# 3.19c

Palmitoleic C16:1 Δ9 0.40#0.05a 0.19#0.08b 0.25#0.06b 0.18#0.07b

Stearic C18:0 6.85#0.33a 8.45# 1.00a 9.14# 1.02a 7.78# 1.86a

Oleic C18:1 Δ9 48.25# 2.98a 45.04# 3.32a 48.92# 3.80a 40.58# 3.53a

Linoleic C18:2 Δ9,12 18.28# 1.87a 10.14# 2.05b 17.88# 1.35a 15.60# 3.99a

α-Linolenic C18:3 Δ9,12,15 0.83#0.25a 0.37#0.14a 0.52#0.25a 0.34#0.12a

Σ MUFA 48.65# 3.03a 45.22# 3.38a 49.17# 3.74a 40.76# 3.47a

Σ PUFA 19.11# 1.84a 10.51# 2.13b 18.41# 1.45a 15.94# 4.06a

Σ SFA 32.24# 2.73a 44.27# 1.32b 32.42# 2.41a 43.30# 1.4b

C18:2/C16:0 0.73#0.11a 0.29#0.04b 0.79#0.03a 0.45#0.13b

Notes: Values in the same row followed by different superscripts (a–b) were significantly different (P < 0.05); MDP: microwave-drying before pressing;
ADP: air-drying before pressing; MDS: microwave-drying before Soxhlet extraction; ADS: air-drying before Soxhlet extraction.
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3.3 Effect of drying pre-treatments and
extraction methods on chemical proper-
ties of Gac oil

The chemical properties of Gac oil are important para-
meters to assess the quality of the product. Therefore,
how the quality properties, including acid value (AV),
peroxide value (PV), iodine value (IV) and saponification
value (SV), were affected by the different extraction
methods was evaluated. The statistical results (Table 3)
indicated that the AV, PV and SV were significantly
influenced by the different extraction treatments
(P < 0.001). However, there was no significant difference
among the extraction processes for the IV (P > 0.05).

Table 3 shows that the AV of Gac oil extracts
obtained from the different extraction processes was in
a range of 0.69–2.19 mg KOH/g oil. The Soxhlet extrac-
tion method caused higher AVs for the oil extracts com-
pared with the pressing method. The lowest AV was
found in the oil extracted by MDP. The increase in AV
observed for the other three oils can be attributed to
hydrolysis of triacylglycerol to produce free fatty acids
[43, 44]. Moreover, the AV can also be increased by the
use of solvents, high temperature, air and humidity
[45, 46].

The PV, another important parameter used to evalu-
ate the quality of oil, measures the quantity of hydroper-
oxides in the oil, which are formed by the reaction
between oxygen and unsaturated fatty acids. This value
is used to evaluate the initial stages of the oxidation
process [47]. Together with the low AV, the PV (1.80) of
Gac oil extracted by MDP was much lower and signifi-
cantly different from those obtained by the other three
extraction methods. In addition, according to Codex
STAN 19-1981 [48], the approved amount of PV is up to
15 meq O2/kg oil in virgin oils and up to 10 meq O2/kg oil
in cold pressed oil. Therefore, it can be concluded that

Gac oil obtained from microwave-dried and pressed sam-
ples had a high stability towards oil oxidation.

The IV is a chemical constant and a measure of the
unsaturation of fats and oils [49]. This value reflects
the ability of an unsaturated carbon-to-carbon bond to
absorb halogen atoms [16]. Therefore, if the iodine
value is greater, the susceptibility of oil to oxidation is
higher. The statistical results indicated that the different
extraction processes insignificantly affected the IV in
the oil extracts, which ranged from 79.14 to 84.72 g I2/
g oil. This value is within the published range in the
literature for vegetable oils, including high oleic sun-
flower oil (78–88), olive oil (80–88) and peanut oil (84–
100) [49].

The SV is a measure of the alkali-reactive groups
in oils and can usually be used for predicting the type
of glycerides in a sample. The higher the SV the lower
is the molecular weight of the oil [16, 50]. Table 3
shows that the microwave-drying pre-treatment before
either pressing or Soxhlet extraction caused lower SVs
compared to the respective air-dried treatments. This
result is consistent with the report by Uquiche et al.
[16] who found that the SV was decreased due to
microwave pre-treatment prior to pressing Chilean
hazelnut oil.

4 Conclusion

High oil yields could be obtained when the aril was
microwave-dried before either Soxhlet extraction or
hydraulic pressing. These high oil yields could be
explained by the observation of microstructural changes
in the cell walls of the microwave-dried Gac arils, using
light microscope and SEM techniques. The oil yield
obtained from Soxhlet extraction was higher than that
of pressing for the air-dried Gac arils. However, the

Table 3 Chemical properties of Gac oil obtained from different extraction methods

Treatment MDP ADP MDS ADS

Acid value (mg KOH/g oil) 0.69#0.12a 1.80#0.33b 1.95#0.28b 2.19#0.24b

Peroxide value (meq O2/kg) 1.80#0.35a 7.70# 1.26b 31.44# 2.46c 33.54# 3.21c

Iodine value (g I2/g oil) 81.32# 1.95a 83.53# 2.53a 79.14#4.49a 84.72# 2.49a

Saponification value (mg KOH/g oil) 152.82# 1.94a 173.58# 2.48b 169.58#4.40b 179.39# 3.80b

Notes: Values in the same row followed by different superscripts (a–c) were significantly different (P < 0.05); MDP: microwave-drying before
pressing; ADP: air-drying before pressing; MDS: microwave-drying before Soxhlet extraction; ADS: air-drying before Soxhlet extraction.
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highest quality of the oil extract was achieved by micro-
wave-drying and pressing, in terms of the highest reten-
tion of β-carotene and lycopene, and the lowest values
for acidity and peroxides. Furthermore, the desirable
oleic acid and linoleic acid were found to be the domi-
nant fatty acids in all Gac oil extracts. Therefore, it can be
concluded that the microwave-drying pre-treatment

before hydraulic pressing method is more suitable than
the air-drying pre-treatment and Soxhlet extraction tech-
nique for obtaining Gac oil of high quality.
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Microencapsulation of Gac Oil by Spray Drying: Optimization of
Wall Material Concentration and Oil Load Using Response
Surface Methodology
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The objective of this study was to optimize the wall material
concentration and the oil load on the encapsulation of Gac oil
using spray drying by response surface methodology. Results
showed that the quadratic polynomial model was sufficient to
describe and predict encapsulation efficiencies in terms of oil,
�-carotene, lycopene, peroxide value (PV), moisture content
(MC), and total color difference (�E) with R2 values of 0.96,
0.95, 0.86, 0.89, 0.88, and 0.87, respectively. Under optimum
conditions (wall concentration of 29.5% and oil load of 0.2),
the encapsulation efficiencies for oil, �-carotene, lycopene, PV,
MC, and �E were predicted and confirmed as 92%, 80%,
74%, 3.91 meq/kg, 4.14% and 12.38, respectively. The physical
properties of the encapsulated oil powders obtained by different
formulations were also determined. It was concluded that the
protein-polysaccharide matrix as the wall material was effectively
used for spray-drying encapsulation of Gac oil.

Keywords Gac oil; Microencapsulation; Response surface method-
ology; Spray drying; Whey protein

INTRODUCTION
Gac aril (Momordica cochinchinensis Spreng) contains

extraordinarily high levels of carotenoids, especially
�-carotene and lycopene.�1−3� Health benefits associated with
these compounds have been extensively demonstrated.�4−7�

In addition, significant amounts of unsaturated fatty acids,
which are beneficial to human health, are found in the
arils.�7� Several studies also showed that fat ingested with
carotenoid compounds in plant foods significantly improved
their absorption by the body.�8−10�

Recently, microwave-assisted extraction of Gac oil
containing a high content of �-carotene and lycopene has been
reported.�11�12� Due to the high number of double bonds in the

Correspondence: Tuyen C. Kha, School of Environmental
and Life Sciences, the University of Newcastle, Ourimbah
NSW 2258, Australia; E-mail: chan.kha@uon.edu.au or
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structure of carotenoids and polyunsaturated fatty acids, Gac oil
is susceptible to isomerization and oxidation during processing
and storage.Asa result, it is important tofindaneffectivemethod
to preserve those bioactive compounds. Microencapsulation
can be a method to protect, stabilize, and release the compounds
while also enabling their solubility in an aqueous medium.�13�

Recently, increasingattentionhasbeengiventotheapplicationof
encapsulation of bioactive compounds, particularly unsaturated
fatty acids and carotenoids. The encapsulation of fatty acids and
carotenoids in plant materials has been reported by numerous
studies.�13−15� However, a study of Gac oil encapsulation has not
yet been reported.

To effectively encapsulate Gac oil, an appropriate choice
of wall materials (encapsulating agent) and ratio of oil to wall
material are very important. There are various wall materials
effectively used for encapsulating food oils and carotenoids in
terms of good protection against heat, light, and oxidation. The
agents are classified as carbohydrates, cellulose, gum, lipids,
and protein, which have been thoroughly reviewed.�16−19�

Generally, different wall materials have different physical and
chemical characteristics; therefore, to effectively protect and
control the bioactive compounds, combinations of various
encapsulating agents are required.�20� A blend of whey
protein (WP) and gum arabic (GA) as wall materials may
enhance stability of emulsion against significant droplet size
increase�21�; an emulsion, which is highly stable over a certain
period of time, is a prerequisite for a proper encapsulation.
Moreover, among various factors affecting the encapsulation
efficiency of encapsulated oil, it is also important to optimize
the core concentration.�17� Several reports showed that high
stability of encapsulated oil using WP-polysaccharide matrices
could be achieved.�22�23�

Among various encapsulation techniques reported,�16�18�

spray-drying encapsulation is the most widely used in the food
industry.�24�25� This process can potentially offer many benefits,
such as economy, flexibility, and good quality of encapsulated
products.�26� Thus, it is highly recommended to investigate the
effect of formulation of wall material and oil concentration
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as a first step of encapsulation using spray drying. Further
optimization of the formulation is also needed using a response
surface methodology (RSM). It is well known that RSM is
one of the most effective methods to evaluate the relationship
between the response and the independent variables and then
optimize the process.�27�

Currently, Gac oil encapsulation, using spray drying, has
not been optimized by RSM in terms of the encapsulation
efficiencies (retention of oil, �-carotene, and lycopene),
peroxide value (PV), moisture content (MC), and total color
difference between the infeed and reconstituted emulsions
(�E). Therefore, experiments designed for this study aimed
to optimize wall material concentration (WMC) and oil load
to obtain high encapsulation efficiencies and to minimize PV,
MC, and �E. In addition, encapsulation yield, physicochemical
properties, color characteristics, and morphology of the
encapsulated oil powder were also evaluated.

MATERIALS AND METHODS
Chemicals

Carotenoid standards (HPLC grade), including �-carotene
(C4582, type II synthetic, ≥95%) and lycopene (L9879,
≥90%, from tomato), were obtained from Sigma-Aldrich
Pty. Ltd. (Sydney, NSW, Australia). Solvents and BHT
(Butylated hydroxytoluene) were purchased from Merck Pty.
Ltd. (Sydney, NSW, Australia).

Wall and Core Materials
Whey protein concentrate (WPC 100) and GA used as wall

materials were obtained from Amino Nutrition Co. (Kotara,
NSW, Australia). Deionized water was employed in the
preparation of all of the formulations. Core material used in this
study was Gac oil, which was pressed according to a method
described by Kha et al.�11� Briefly, fresh Gac arils (about
900g) were pre-heated by microwave at 630W for 62 min and
steamed for 22 min prior to hydraulic pressing at 175 kg/cm2.
The fatty acid composition of the pressed Gac oil was 0.41%
C14:0, 24.99% C:16, 0.40% C:16:1, 6.85% C18:0, 48.25%
C18:1, 18.28% C18:2, and 0.82% C18:3. Its peroxide value
was 1�80± 0�35meq O2/kg. Gac oil also contained �-carotene
(174mg/100mL) and lycopene (511mg/100mL).�11�

Preparation of the Oil-in-Water Emulsions and
Spray-Drying Conditions

Emulsions were prepared using a method from Bellalta
et al.�28� with some modifications. Aqueous stock solutions
(500mL) with different concentrations (presented in Table 1)
of wall materials (WPC/GA: 7/3, w/w) with 0.1% sodium
benzoate (to prevent the proliferation of microorganisms)
were prepared using an Ultra-Turrax T65D homogenizer
(Wilmington, DE, USA) at 6000 rpm for 10 min. In the
homogenizer, the solution samples were axially drawn into
the dispersion head and then forced radially through the slots
in the rotor/stator arrangement. The stock solutions were then

TABLE 1
The coded and uncoded levels of independent variables

Wall material
Coded variable concentration (WMC) Oil load
levels X1 (%, w/w) X2 (w/w)

+1�414 32.1 0.36
+1 30.0 0.33
0 25.0 0.27
−1 20.0 0.20
−1�414 17.9 0�17

kept at 4�C for at least 12h to ensure complete hydration of
proteins.

To create emulsions, Gac oil was added dropwise to the wall
material stock solutions while mixing using the homogenizer
at 4000 rpm for 10 min to allow full incorporation. Different
oil loads (that is, mass ratio of Gac oil to wall powder
material, w/w, which is not the concentration of the solution)
are also presented in Table 1. The crude emulsions were then
re-circulated for 5 min through a twin-stage valve homogenizer
(APV-1000, Poland) operated at 500 bars to form stable
emulsions.

The stable emulsions (about 500mL) were spray-dried
within a day in a LabPlant SD-06A spray dryer (LabPlant UK
Ltd., North Yorkshire, UK). The dryer was equipped with a
two-fluid nozzle atomizer (0.5mm diameter). The operating
conditions of the spray drying were inlet air temperature of
150± 3�C, outlet air temperature of 95± 3�C and pressure
of 2 bars, and the feed flow rate was about 400 mL/h.
The encapsulated powders were recovered from the collecting
chamber. The powders were stored in a desiccator containing
silica gel to prevent moisture adsorption, then vacuum-sealed
in high-density polyethylene (HDPE) plastic bags and stored
at −18�C until analysis (within 24h). The sample preparation
was performed in triplicate.

Experimental Design
RSM was employed to optimize WMC and oil load

on the encapsulation efficiencies in terms of retention of
oil, �-carotene, lycopene, PV, MC, and �E. The levels of
independent variables, including WMC (X1) and oil load (X2),
were based on preliminary trials. The coded and uncoded
levels of the independent variables used in the RSM design
are shown in Table 1. The experimental design based on
the central composite design (CCD) using a 22 factorial with
three central points was carried out in triplicate. A second-
order polynomial equation was used to express the extraction
efficiencies in terms of oil (Y1�� �-carotene (Y2), lycopene
(Y3�, PV (Y4�, MC (Y5), and �E �Y6) as a function of the
independent variables as follows: Yi = ao + a1X1 + a2X2 +
a11X

2
1 + a22X

2
2 + a12X1X2. Yi represents the response variables;

ao is a constant; ai� aii, and aij are the linear, quadratic, and
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MICROENCAPSULATION OF GAC OIL BY SPRAY DRYING 387

interaction coefficients, respectively. Xi and Xj are the levels
of the independent variables.

To respect the hierarchical property, even if several
coefficients were statistically insignificant, the former was still
kept in the second-order equation.

Statistical Analysis
The experimental data were analyzed using JMP software

version 10.0 (SAS Institute Inc., NC, USA). The adequacy
of the models was determined by evaluating the lack of fit,
coefficient of determination (R2), and the Fisher’s test value
(F-value) obtained from the analysis of variance (ANOVA).
The test of statistical significance was based on the total error
criteria with a confidence level of 95%.

Different mean values of the measured and predicted
responses, and effects of WMC and oil load on the investigated
parameters, were analyzed by ANOVA using SPSS software
version 20.0 (IBM Australia Limited, St Leonards, NSW,
Australia).

Analytical Methods
All subsequent measurements were carried out in triplicate.

Encapsulation Efficiency (EE, %)
Encapsulation efficiencies (EEs) were determined based on

the retention of Gac oil, �-carotene, and lycopene contents in
the encapsulated powder as follows:

EEOil�%� = total oil content− surface oil content
total oil content

× 100

EE�−carotene�%� = �-carotene content in powder (DW)
�-carotene content in emulsion (DW)

× 100

EELycopene�%� = lycopene content in powder (DW)
lycopene content in emulsion (DW)

× 100

The total oil content of the encapsulated powder sample (3g)
was extracted with n-hexane (50mL) using the FOSS Soxtec™

system 2045 extraction unit, Denmark. The total oil content in
the powder was gravimetrically calculated.�12�

Surface oil or extractable oil or non-encapsulated oil
content was determined according to Jimenez et al.�29� The
encapsulated powder sample (5g) was dissolved in n-hexane
for 10 minutes without microcapsule destruction. The solvent
was decanted and the residue was dried in a vacuum oven at
70�C until constant weight.

The content of �-carotene and lycopene in emulsion
before spray drying and in the encapsulated powder was
determined using HPLC as described by Kha et al.�12� Briefly,
about 1g weighed microcapsule sample was reconstituted in
deionized water (2mL) to form a homogeneous solution. The
emulsion samples or the reconstituted samples were dissolved
in a 4:3 (v/v) solution of ethanol and hexane (35 mL) and
an antioxidant (butylated hydroxytoluene [BHT], 0.1% in
hexane), and the mixture was blended for five minutes at 5,000

rpm. The extract was filtered through Whatman No. 1 filter
paper on a Buchner funnel. The residue was re-extracted with
another 35mL of ethanol and hexane (4:3) and then washed
twice with ethanol (12.5mL) and once with hexane (12.5mL).
The combined extracts were washed with deionized water,
dried by rotary evaporator, and then diluted with the mobile
phase solution. All operations were performed under subdued
light to minimize oxidation of the carotenoids.

HPLC analysis of �-carotene and lycopene was performed
with an Agilent 1200 HPLC (Santa Clara, CA, USA) equipped
with diode array detector system consisting of a Luna
C18 (100× 4�6mm i�d	 5
m) direct-connect guard column
coupled to a Jupiter C18 (250× 4�6mm i�d	 5
m) reverse
phase column (Phenomenex Australia Pty. Ltd., Lane Cove,
NSW, Australia). The mobile phase consisted of acetonitrile,
dichloromethane, and methanol (ACN: DCM: MeOH) 50: 40:
10v/v/v. The flow rate was 1.0 mL/min, the detection was at
450nm, and the injection volume was 20
L. The identification
of �-carotene and lycopene was based solely on the retention
time of peaks compared with the authentic standards. The
amount of �-carotene and lycopene in the emulsion samples
was expressed as 
g/g.

Encapsulation Yield (EY, %)
EY was calculated as the ratio of the weight of the resultant

powder after spray drying in the collecting bottle and the
weight of all solids (including wall and core materials) in the
emulsion, expressed as a percentage. Any powders adhering to
the walls of the drying chamber or cyclone was not considered,
so this yield is only approximate.

Peroxide Value (PV, meq/kg)
The PV value of Gac oil encapsulated powder samples

was measured according to AOCS Cd 8-53.�30� Extracted
oil (5g) from the encapsulated powder sample using the
FOSS Soxtec™ system 2045 extraction unit was placed in
a 250 mL Erlenmeyer flask and dissolved in 30ml of a
mixture containing acetic acid and chloroform (3:2, v/v), and
then the mixture was stirred for a few seconds to ensure
thorough mixing. Thereafter, 0.5mL of saturated potassium
iodide solution was added. After exactly one minute, deionized
water (30mL) was added and it was titrated with 0.01N
sodium thiosulfate using starch solution as an indicator until
the solution became colorless. The mixture was magnetically
stirred during the titration procedure. The results were
calculated as milliequivalents of active oxygen per kg of
sample as follows: PV

(
meq

kg

)
= �S−B�×N× 1000

Mass of sample (g) �

where S and B are the titration amount of 0.01 N sodium
thiosulfate for sample and blank (in mL), respectively. N is
the normality of the sodium thiosulfate solution.

Moisture Content (MC)
The MC of the samples was determined by drying at a

temperature of 105�C in an oven until a constant weight was
obtained.
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388 KHA ET AL.

Water Activity (Aw)
An Aqua Lab water activity meter (Aqua Lab Series 4

TEW, Decagon Devices, Inc., WA, USA) was used to measure
Aw of the encapsulated powders at 25± 0�5�C.

Bulk Density
Bulk density (g/mL) of the powder samples wasmeasured by

gently adding 2g of the powder into an empty 10mL graduated
cylinder and holding the cylinder on a vortex vibrator for 1 min.
The bulk density value was determined by the ratio of the mass
of the powder and the volume occupied in the cylinder.

pH Determination
The encapsulated powders were reconstituted with

deionized water to the same moisture content of the infeed
emulsions before measuring the pH. The pH values of the
infeed emulsion before spray drying and the reconstituted
powder were determined in a beaker maintained at 20�C by a
pH meter calibrated with standard buffers at pH 7 and 4.

Water Solubility Index (WSI)
The WSI of the powders was determined using the method

described by Anderson et al.�31� The encapsulated powder
(2.5g) and distilled water (30mL) were vigorously mixed in
a 100mL centrifuge tube, incubated in a 37�C water bath
for 30min, and then centrifuged for 20min at 11,410× g in
a J2-MC Centrifuge (Beckman, USA). The supernatant was
carefully collected in a pre-weighed beaker and oven-dried at
a temperature of 103± 2�C. The WSI (%) was calculated as
the percentage of the dried supernatant weight with respect to
the amount of the original 2.5g Gac fruit powder.

Color Characteristics
The color of the encapsulated powder, the reconstituted

powder, and the emulsion was measured using a Chroma meter
(CR-400, Konica Minolta Sensing, Inc., Japan) calibrated
with a white standard tile. The results were expressed as
Hunter color values of L∗� a∗, and b∗, where L∗ was used to
denote lightness, a∗ redness, and greenness, and b∗ yellowness
and blueness. Before measurement, the samples were packed
into a polyethylene pouch and measured.

Chroma (C), indicating color intensity, was calculated by
the formula

√
a∗2 + b∗2. The hue angle (H�) was calculated

by the formula H� = artan�b∗/a∗). The hue angle values vary
from 0� (pure red color), 90� (pure yellow color), 180� (pure
green color), to 270� (pure blue color). Total color difference
between two samples was calculated by the formula �E =√
�L∗

o − L∗�2 + �a∗
o − a∗�2 + b∗

o − b∗�2, where L∗
0� a

∗
0, and b∗

0

are the values of the infeed emulsion samples, and L∗� a∗, and
b∗ are the values of the reconstituted emulsion samples.

Particle Morphology
The external and internal morphography of powder particles

were performed using a JSM-7401F scanning electron

microscope (SEM) (Jeol Co. Ltd., Tokyo, Japan). A small
amount of the encapsulated powder was fixed onto the surface
of a double-coated metallic adhesive tape adhered to a metallic
stub. The stub was then coated with a fine layer of gold and
argon in a MSP-1S magnetron sputter coater (Vacuum Device,
Tokyo, Japan) under vacuum condition. The morphography
observation was examined at different magnifications using
the SEM at a voltage of 5kV. To evaluate the inner structure
of the particles, a small amount of powder (attached to the
stub) was fractured by attaching a second piece of adhesive
tape on top of the powder and then ripping it off quickly.�32�

RESULTS AND DISCUSSION
Encapsulation Efficiency (EE)

Preliminary trials showed thatWMC and oil load were found
to be the most significant factors influencing emulsion stability
before spray drying, and EEs in terms of retention of oil,
�-carotene, and lycopene (data not shown). The most suitable
range of the WMC (20 to 30%, w/w) and the oil load (0.20 to
0.33) was screened and the optimum levels of the two variables
were determined using RSM. These results were used for the
experimental design (Table 1).

The EEs obtained from all the experiments are shown
in Table 2. Analysis of variance (ANOVA) shows in
Table 3 that second-order polynomial models adequately
represented the experimental data with the coefficient of
multiple determination (R2) for the EEs in terms of retention of
oil (0.96), �-carotene (0.95), and lycopene (0.86). In addition,
the predicted values agreed well with the experimental ones
obtained from the RSM design (Table 2). ANOVA results also
indicated that the three models were significant (P< 0�01), and
there was no significance in the lack of fit (P> 0�05) in each
of the models (Table 3). Therefore, it can be stated that the
three models were adequate to describe the influence of the
WMC and the oil load on the EEs. Furthermore, Table 3 shows
that the statistical significance of the coefficients of the models
was determined using the t ratio and P-value (significance
level). According to Amin and Anggoro,�33� a more significant
effect on the corresponding variables would be indicated by
the larger t ratio and smaller P-value.

The lower surface oil content of the microcapsules, which
varied from 0.63 to 7.82%, resulted in higher EE of Gac oil.
The EE of Gac oil varied from 73.59 to 96.67% and was
significantly affected by the linear term of the oil load, and
the quadratic terms of the WMC and the oil load (Table 3).
As can be seen in Fig. 1, the increase in the EE was obtained
when the oil load decreased. Similar trends of the EEs in
terms of �-carotene and lycopene were also observed. The
lower encapsulation efficiency was caused by the higher
loss of �- carotene and lycopene contents in the infeed
emulsions during spray drying, which varied from 358 to
738 and from 992 to 2056 
g/g dry weight, respectively.
Furthermore, statistical results showed that the linear and
interaction terms of the WMC and the oil load significantly
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MICROENCAPSULATION OF GAC OIL BY SPRAY DRYING 389

TABLE 2
Experimental (Exp.) and predicted (Pred.) values of the encapsulation efficiencies obtained

EEOil (%) EE�−carotene (%) EELycopene (%) PV (meq/kg) MC (%) �E

Pattern X1 (%) X2 Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred.

+− 30.0 0.20 96.67 93.67 79.95 80.16 68.83 73.08 3.71 3.94 4.35 4.18 12.30 11.87
0A 25.0 0.36 77.34 76.53 69.84 71.04 70.05 71.83 4.55 4.95 4.16 4.12 14.14 12.02
a0 17.9 0.27 90.91 89.11 87.61 85.43 56.72 55.03 5.39 5.54 4.77 4.76 8�17 7�82
0a 25.0 0.17 92.5 94.27 81.23 79.27 79.88 74.63 4.77 4.50 3.81 3.96 12.34 13.37
00 25.0 0.27 70.73 72.26 76.20 76.40 75.67 75.59 3.90 3.90 4.11 4.07 15.13 15.63
00 25.0 0.27 72.45 72.26 77.89 76.40 76.98 75.59 4.10 3.90 3.95 4.07 16.25 15.63
−+ 20.0 0.33 77.00 79.04 86.05 86.59 63.13 62.35 5.15 4.79 4.66 4.72 5�74 7�26
00 25.0 0.27 73.59 72.26 75.11 76.40 74.11 75.59 3.70 3.90 4.15 4.07 15.50 15.63
++ 30.0 0.33 85.58 84.40 61.54 59.52 70.85 70.13 5.66 5.42 3.94 3.90 13.10 14.90
A0 32.1 0.27 89.31 92.06 66.68 68.11 69.18 67.41 4.81 4.79 4.03 4.16 13.75 13.01
– 20.0 0.20 94.64 94.86 74.81 77.58 59.17 63.36 5.51 5.63 4.29 4.21 12.90 12�19

X1: wall material concentration; X2: oil load.

influenced retention of �-carotene content, whereas retention of
lycopene was significantly affected by the linear and quadratic
terms of WMC (Table 3).

It is generally agreed that higher core loads result in lower
encapsulation efficiency or poorer retention with less core
material being encapsulated or higher core material content at
the surface of the microcapsules.�34−36� It is due to the amount
of wall materials used not being sufficient to encapsulate the
core material. Therefore, the core materials, which were not
embedded by the wall matrix, were readily destroyed by heat

and oxidation, resulting in lower encapsulation efficiency. In
other words, a higher concentration of core materials may lead
to a greater amount of core materials on the powder surface,�35�

thus increasing the surface oil (or carotenoids). In addition, a
high concentration of core materials may relate to the droplet
size in the emulsion before spray drying, which results in a
large core droplet size, thus poor encapsulation efficiency.�37�

This behavior could explain why it took a longer time for film
formation in large particles, resulting in greater loss of core
materials.�35� As a result, it is important to optimize the oil load

TABLE 3
Regression coefficients of the fitted quadratic equation and t ratio for the encapsulation efficiencies and

physicochemical properties

EEOil (%) EE�−carotene (%) EELycopene (%) PV (meq/kg) MC (%) �E

Regression Regression Regression Regression Regression Regression Regression
coefficient1 coefficient t ratio coefficient t ratio coefficient t ratio coefficient t ratio coefficient t ratio coefficient t ratio

ao 72�26 76�4 75�59 3�90 4�07 15�63
Linear
a1 1�04 1�14 −6�12∗∗∗ −7�30 4�38∗ 3�14 −0�26 −2�17 −0�21∗∗ −4�17 1�83∗ 3�20
a2 −6�27∗∗∗ −6�87 −2�91∗ −3�47 −0�99 −0�71 0�16 1�31 0�06 1�11 −0�48 −0�83
Quadratic
a11 9�17∗∗∗ 8�44 0�18 0�18 −7�18∗∗ −4�34 0�63∗∗ 4�36 0�19∗ 3�20 −2�61∗ −3�83
a22 6�57∗∗ 6�05 −0�62 −0�62 −1�18 −0�71 0�41∗ 2�84 −0�01 −0�22 −1�47 −2�15
Interaction
a12 1�64 1�27 −7�41∗∗ −6�25 −0�49 −0�25 0�58∗ 3�36 −0�20∗ −2�70 1�99 2�46
R2 0�96 0�95 0�86 0�89 0�88 0�87
P-value of 0�18 0�20 0�08 0�20 0�30 0�07
lack of fit

∗P< 0�05	∗∗P< 0�05	∗∗∗P< 0�05�
1ao is a constant; ai� aii� aij are the linear, quadratic, and interactive coefficients of the second-order polynomial equation, respectively.
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390 KHA ET AL.

FIG. 1. The 3D response and 2D contour plots of the EEs affected by the wall material concentration (X1� and the oil load (X2).

in the emulsion preparation to increase the EE and minimize
surface oil content.

The WMC had a positive effect on the EEs in terms of
retention of the oil and lycopene; i.e., a higher concentration
resulted in a higher encapsulation efficiency (Fig. 1). This
phenomenon could be explained by the high concentration
providing sufficient content of the continuous phase of the
wall materials to properly cover the surfaces of the droplets
of the core materials in the infeed emulsion�38� and decrease
in circulation movement inside the droplets.�17� As a result,
the continuous phase formed a dense, tightly packed matrix
surrounding the dispersed oil droplets containing carotenoids,
preventing degradation of the oil and carotenoids due to
oxidation. Moreover, a high concentration also resulted in
a higher emulsion viscosity and lower emulsion droplet
size,�17�39� promoting a faster drying and an increase in the

film-forming capacity of the wall materials on the surface core,
therefore increasing the encapsulation efficiency.�40�41� It can
therefore be concluded that the concentration of wall materials
and oil loads (as mentioned previously) significantly affected
the EE. The two variables are strongly related to the infeed
emulsion properties, including viscosity and droplet size.�42�

It is interesting to note that there was an inverse
trend of the EE in terms of retention of �-carotene and
lycopene (Fig. 1). Higher and lower retentions of lycopene
and �-carotene, respectively, were obtained at the higher
concentration of wall materials. This behavior is likely
due to different supramolecular structures and reactivity of
carotenoids, which interacted differently with the matrix of the
wall materials.�43�44� Furthermore, the physical and chemical
properties of carotenoids can be altered by the interactions
between carotenoids and the matrix, such as protein.�44�

Therefore, the complex between carotenoids and the mixture
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MICROENCAPSULATION OF GAC OIL BY SPRAY DRYING 391

was formed and had an impact on the different degradation
rates during spray drying. This result is also partly in agreement
with a study by Cao-Hoang et al.,�45� who reported the positive
effects of the formation of carotenoids extracted from Gac
arils, and polylactic acid as wall material, on oxidation.

Encapsulation Yield (EY)
As well as the EE, it was desirable to obtain higher EY,

which is one of the major parameters of the spray-drying
operation. The EY of the encapsulated powders formulated by
different WMCs and oil load is presented in Table 4. In general,
results showed that significantly higher EY was obtained when
increasing the WMCs, indicated by a significant value of
linear and quadratic terms of the concentration (P< 0�05). A
similar trend for effect of the oil load on the yield was also
found; however, it was not statistically significant (P> 0�05).
Furthermore, ANOVA results showed that effects of the
concentration and the oil load on the yield were inadequately
fitted into the quadratic model, indicated by R2 of 0.83 and
P> 0�05.

In this study, the yield, which varied from 30.49 to 48.74%,
was significantly affected by the WMC. The yield decreased
with decreasing WMC because the wall materials were not
sufficient to cover the oil droplets, which were easily stuck
to the walls of the drying chamber, leading to a low yield.
Therefore, it is important to optimize spray-drying conditions
such as inlet and outlet temperature to enhance the EY.
For example, Goula and Adamopoulos�35� reported that drying
temperatures had a positive effect on the yield.

Peroxide Value (PV)
Table 3 and Fig. 2 show effects of the WMC and the oil

load on the PV of the encapsulated powders. According to the
ANOVA analysis of the optimization study, the quadratic term
of WMC and the oil load had a significant effect on the PV.
In addition, interaction between the two variables was found
to be significant (P< 0�05).

FIG. 2. The 3D response and 2D contour plots of peroxide value (PV)
affected by the wall material concentration (X1) and the oil load (X2).

Generally, the PV, which measures the quantity of
hydroperoxides in the oil formed by the reaction between
oxygen and unsaturated fatty acid, is used to evaluate the
initial stages of the oxidation process.�46� Results showed that
a decrease in PV could be obtained at higher WMC and lower
oil load and vice versa. This is due to poorer oil encapsulation
efficiency obtained at the lower WMC and the higher oil load,
which resulted in the higher content of non-encapsulated oil.
As a result, the oil content at the particle surface was easily
subjected to oxidation due to the direct contact with oxygen of
drying air, leading to an increase in PV, which is in agreement
with a study by Aghbashlo et al.�47� on fish oil encapsulation.

TABLE 4
Physical properties and encapsulation yield (EY) of the encapsulated powders obtained by different formulations

WMC (%) Oil load Aw Density (g/mL) pH WSI (%) EY (%)

30.0 0.20 0�35± 0�05 0�36± 0�05 5�69± 0�18 91�15± 2�15 48�74± 1�62
25.0 0.36 0�36± 0�08 0�31± 0�03 5�70± 0�54 84�76± 4�03 37�12± 1�98
17.9 0.27 0�44± 0�08 0�36± 0�05 5�73± 0�39 86�16± 2�04 30�49± 1�84
25.0 0.17 0�38± 0�07 0�36± 0�08 5�70± 0�62 92�28± 2�24 42�38± 1�90
25.0 0.27 0�40± 0�02 0�44± 0�04 5�72± 0�27 91�12± 0�96 42�38± 1�80
20.0 0.33 0�38± 0�05 0�40± 0�05 5�66± 0�16 89�73± 1�94 38�54± 2�08
30.0 0.33 0�41± 0�04 0�44± 0�07 5�70± 0�39 86�25± 2�76 38�94± 1�09
32.1 0.27 0�27± 0�04 0�36± 0�04 5�68± 0�26 91�71± 2�74 38�42± 2�17
20.0 0.20 0�39± 0�03 0�40± 0�08 5�72± 0�31 89�79± 2�33 37�64± 3�34

WPC: whey protein concentration.
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392 KHA ET AL.

FIG. 3. The 3D response and 2D contour plots of moisture content (MC)
affected by the wall material concentration (X1) and the oil load (X2).

Moisture Content (MC)
The MC of the resultant powders obtained at different

conditions is presented in Table 3 and Fig. 3. Statistical
evaluation of results indicated that the MC was significantly
affected by linear and quadratic terms of theWMCs. Moreover,
there was a significant interaction between the WMC and the
oil load on the MC (P< 0�05).

Results showed that the WMC had a desirable effect in
lowering the MC of the resultant powders. It means that the
MC showed a decrease with an increase in the WMC. This
observation is due to the effect of WMC on the droplet size.
The smaller average particle size in the emulsion can be
obtained with increasing WMC, which can be explained by
the more complete interaction of WP and GA matrix with the
oil droplets.�48� The smaller particle size with a larger surface
area results in greater water evaporation rates. Furthermore,
an increase in the WMC reduced the total amount of water
available to be evaporated during spray drying.�49�50� This result
is also in agreement with other previous findings.�22�51�52�

In addition, MC is an important parameter for oil powder
because oil oxidation can quickly take place at high MC. The
MC of the powders under the investigated conditions was less
than 5% (Table 2), which is in the range of most dried powders
used in the food industry.

Water Activity (Aw)
Statistical results showed that the Aw of the resultant

powder was insignificantly affected by the WMC and the
oil load (P> 0�05). It is also indicated that the quadratic
model was insignificant (P> 0�05). In other words, the model
insufficiently described the effect of the WMC and the oil load
on the Aw, indicated by R2 of 0.55. Table 4 presents the Aw of
the encapsulated powders obtained at different formulations. In
general, the Aw, the mean values of which varied from 0.27 to

0.44, decreased when increasing the WMC. This observation
was similar to those for the MC. It is because low water
activities are associated with low water contents, which prevent
off-flavor caused by the lipid oxidation�53� and are considered
to be microbiologically stable.�50�54�

Bulk Density
Analogous to the Aw, the bulk density of the encapsulated

powders was insufficiently described by the quadratic model
using RSM, indicated by the low R2 of 0.51 and P> 0�05.
Table 4 shows that the average bulk density of the powders
obtained by different WMCs and oil loads varied from 0.31 to
0�44 g/mL. These values were also similar to those reported
by several authors, who showed that the bulk density of oil
powder which used WP and/or GA as wall material varied
from 0.29 to 0�53 g/mL.�55�56� Generally, low bulk density of
the power is not desirable due to the requirement of a greater
volume of package.�57� In addition, it is easy to include air
within the powders with the lower bulk density, thus oxidation
could take place, resulting in shorter storage stability.�58�

pH Value
According to ANOVA results, pH value of the encapsulated

powders was not significantly fitted into the quadratic model,
indicated by R2 of 0.66 and P> 0�05. Table 4 shows the
impacts of different WMCs and oil loads on the pH value, the
average values of which varied from 5.66 to 5.73. In general,
the pH value slightly decreased with the increasing WMC
and the oil load, even though this decrease was found to be
statistically insignificant.

In addition, at these pH values, a high stability of the
infeed and reconstituted emulsions was observed (data not
shown here). This is because those emulsions containing WP
have a charge that is enough to prevent the close approach of
suspended oil droplets.�59� Although WP is known to be very
sensitive to pH with a tendency to aggregation, especially at
pH values close to their isoelectric point of 5.2,�59� a continuous
phase consisting of WP and GA may make the emulsion less
sensitive to pH.�21�

Water Solubility Index (WSI)
In addition to obtaining high EE, WSI was also one of

the most important parameters for dried powder. Our previous
study showed that the WSI of spray-dried Gac aril powders
using maltodextrin as a drying aid agent was very low,
36.91–38.25%. It was because of a high content of liposoluble
substances and insoluble pulp in the aril.�50� As a result,
it is important to improve the water solubility for ease of
application in the food industry. In this study, the WSI of the
encapsulated powders was significantly improved by extracting
the oil containing high liposoluble substances from the aril
and using a mixture of WP and GA as wall material. This is
evident by obtaining the high WSI, which varied from 84.76
to 92.28% (Table 4). It could be explained by a continuous
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phase consisting of high soluble components of WP and GA.
Furthermore, the drying conditions for the infeed emulsions
may influence the solubility due to denatured WP causing a
decrease in dissolution rates.�57�60� Since solubility is one of
the key determinants of the overall reconstitution quality,�57� it
is highly desirable to optimize the drying conditions to obtain
the highest water solubility.

As can be seen in Table 4, the higher water solubility of the
oil powder was obtained at higher WMC and lower oil load.
It is also evident by calculating from a quadratic model using
RSM that the high value of above 90% could be obtained
when using the higher WMCs (25 to 32%) and the lower oil
loads (0.17 to 0.27). The high solubility could be explained
by the positive effects of an interaction between protein
and GA on the oil droplets containing carotenoids. At those
conditions, GA, having a high molecular mass arabinogalactan
polysaccharide, linked to the hydrophobic polypeptide chain
that strongly adsorbs at the oil in water interface.�21�61� Since
those protein-polysaccharide interactions, which are readily
formed, have been shown to possess excellent stabilizing
properties at interfaces,�62�63� good solubility in the aqueous
continuous phase could be obtained. Similarly, Bouyer et al.�23�

reported that high stability of emulsion could be obtained
when using these biopolymers under appropriate conditions,
due to covalent bonding or electrostatic interactions. However,
these data of the water solubility could not be sufficiently
predicted using the quadratic model, indicated by R2 of 0.73
and P> 0�05.

Color Characteristics
Table 5 shows the effects of the WMC and the oil load on

the color characteristics of the encapsulated powders, including
lightness L, chromaC, and hue angle H�. According to ANOVA
results, quadratic models insufficiently described the effects
of the independent variables on the L, C, and H� �P> 0�05).

However, the concentration significantly affected L and
H� �P< 0�05) of the powder, but not C (P> 0�05), higher
WMCs resulted in a decrease in L and H� of the powders.
An inconsistent result was observed in terms of the lightness
value of Gac powder spray-dried with maltodextrin addition.
A significant increase in L of the products was obtained by
increasing maltodextrin content.�50� The difference is due to the
different wall materials used; maltodextrin has a white color,
whereas the color of WP is light yellow. In addition, since the
redness of the encapsulated powders was indicated by the lower
values of H�, it can be concluded that it could be effectively
preserved at the higher WMC.

For comparison, color characteristics of the infeed and
reconstituted emulsions are presented in Table 6. In the
experimental range, in general, a significant decrease in the
values of L (P< 0�01), chroma (P< 0�001), and H� �P< 0�001)
of the infeed emulsions could be obtained when increasing the
WMC. A significant reverse effect of the oil load on the color
characteristics was observed. Moreover, according to ANOVA
results, thecolorcharacteristicsof theemulsionswereadequately
fitted intoquadraticmodels. In contrast, quadraticmodels didnot
sufficiently describe effects of the WMC and the oil load on the
color characteristics of the reconstituted emulsions.

Color is one of the most important appearance attributes of
food products as it directly impacts acceptability by consumers.
In addition to the high EE and the low PV, it is desirable
to obtain high quality of the encapsulated oil powder when
the color characteristics of its reconstituted emulsion are
close to those of the infeed one. Total color difference (�E)
between the reconstituted and infeed emulsions is shown in
Fig. 4 and Table 2. ANOVA results indicated that linear and
quadratic terms of the concentration significantly affected the
�E �P< 0�05). The quadratic model sufficiently described the
effect of the independent variables on the �E, indicated by R2

of 0.87 and P< 0�05 (Table 3). Generally, a higher �E value,
which indicates a greater color difference between the infeed

TABLE 5
Color characteristics of the encapsulated powder obtained by different formulations

Encapsulated powders

WPC (%) Oil load L C H�

30.0 0�2 79�66± 0�90 46�19± 1�38 72�29± 0�45
25.0 0.36 81�85± 1�67 44�07± 0�90 76�26± 0�79
17.9 0.27 80�54± 1�89 46�65± 0�57 74�02± 0�74
25.0 0.17 82�05± 0�49 46�18± 0�48 73�82± 0�12
25.0 0.27 78�10± 1�43 49�10± 0�78 73�24± 0�82
20.0 0.33 79�45± 0�47 48�01± 0�95 73�03± 0�59
30.0 0.33 77�92± 1�12 46�78± 1�13 69�81± 0�35
32.1 0.27 76�28± 0�63 48�09± 1�61 69�24± 0�15
20.0 0�2 83�59± 0�50 43�94± 0�52 75�73± 0�46

WPC: whey protein concentration; L: lightness, C: chroma, and H�: hue angle.
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TABLE 6
Color characteristics of the infeed and reconstituted emulsions obtained by different formulations

Infeed emulsions Reconstituted emulsions

WPC (%) Oil load L C H� L C H�

30.0 0�2 52�96± 0�85 41�03± 0�70 47�79± 0�26 61�84± 0�44 47�32± 0�67 55�21± 0�09
25.0 0.36 57�14± 0�91 47�63± 1�11 52�75± 0�09 67�25± 1�12 52�63± 0�42 62�46± 0�82
17.9 0.27 57�09± 0�89 45�55± 0�61 54�22± 0�33 63�10± 1�00 49�40± 1�15 58�76± 0�10
25.0 0.17 55�63± 1�07 43�08± 1�35 52�46± 0�07 62�23± 1�20 51�06± 1�04 60�46± 0�25
25.0 0.27 56�73± 1�32 42�27± 0�55 50�88± 0�06 63�47± 0�87 54�48± 0�28 59�08± 1�21
20.0 0.33 59�59± 0�51 48�15± 0�75 55�18± 0�23 61�54± 0�48 53�25± 0�56 53�26± 0�10
30.0 0.33 53�71± 1�32 42�69± 0�98 47�59± 0�09 60�74± 0�26 53�26± 0�79 51�39± 0�62
32.1 0.27 53�12± 0�52 41�07± 0�70 46�62± 0�13 59�79± 0�62 52�26± 0�33 51�91± 0�66
20.0 0�2 56�54± 0�49 43�49± 0�66 53�89± 0�00 63�28± 0�56 51�12± 0�50 63�48± 0�77

WPC: whey protein concentration; L: lightness, C: chroma and H�: hue angle.

and reconstituted emulsions, was obtained when increasing
the WMC (up to about 26%) and the oil load (up to about
0.26). After that, further increases resulted in lower �E value,
indicating lower color difference.

Particle Morphology
Figure 5 shows size and morphology (inner and outer) of the

optimized encapsulated powder (WMC at 29.5% and oil load
at 0.2). SEM micrographs confirmed that the powder particles
were micro-sized (<30
m) and had various sizes, which are
a typical characteristic of spray-dried powders.�40� Rough and
smooth surfaces of the particles were also found. These could

FIG. 4. The 3D response and 2D contour plots of total color difference (�E)
affected by the wall material concentration (X1) and the oil load (X2).

be due to the particle shrinkage during spray drying and
cooling, resulting in depressions forming.�40� In addition, the
microparticles also had spherical shapes and were free of
cracks and pores, which are important to effectively prevent the
oil and carotenoids from oxidation and the undesired release
of the oil droplets to the particle surface.�47�

Furthermore, it is also interesting to observe a broken
microcapsule to evaluate its inner porous structure. Small
spherical holes were observed in a cross cut of a microcapsule,
indicating oil homogeneously distributed in the wall matrix.�53�

These observations are also consistent with other reports using
different protein types as wall material.�22�55�

Overall Optimization and Model Validation
As discussed above, there are six responses including the

EEs in terms of oil, �-carotene, lycopene, PV, MC, and
�E that were significantly affected by the two independent
variables. ANOVA results also indicated that the quadratic
models adequately described effects of the variables on those
responses. For optimization of formulation conditions, the
most important criterion is to obtain the highest EEs of oil,
�-carotene, and lycopene, and minimize the PV, MC, and �E.
A graphical optimization (Fig. 6) was performed using a JMP
package for this study.

FIG. 5. Outer (left) and inner (right) microstructures of the optimized
encapsulated oil powder.
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FIG. 6. Prediction profilers of EEs of oil, �-carotene, lycopene, PV, MC, and �E as a function of the wall material concentration (X1) and the oil load (X2).

As discussed earlier and can be seen in Fig. 6, in general,
an increase in the WMC resulted in increasing the EEs of
oil, �-carotene, and lycopene, and decreasing PV. An opposite
trend of MC and �E was observed when the concentration
was increased. Moreover, the EEs of oil, �-carotene, lycopene,
and MC were decreased with increasing oil load. However,
there were great and slight increases found for PV and
�E, respectively. Therefore, it is desirable to determine the
optimum for the WMC and the oil load.

According to Fig. 6, the theoretical maximum values of
the EEs of oil, �-carotene, and lycopene, and minimum
values of PV, MC, and �E, could be obtained by combining
the concentration and the oil load. Based on the prediction
profiler, the mathematical model suggested the optimum
theoretical values of those responses under the optimum

conditions (the WMC of 29.5% and the oil load of 0.2),
as shown in Table 7. Furthermore, the comparison between
the predicted and measured values of the responses is to
establish how accurately the model describes the studied
process. Hence, an experiment with three replicates was
conducted at the optimum conditions. Statistical results
showed that the difference between the predicted and
measured values of those responses were insignificant
(P> 0�05) (Table 7). It is evident that the suitability of the
quadratic model for predicting the optimum responses was
practically validated for the optimum conditions using RSM.
Additionally, under the optimum conditions, the properties
of the optimum encapsulated Gac oil powder were also
evaluated. Results showed that the encapsulation yield (%),
Aw, pH, bulk density, and WSI (%) of the optimum powder

TABLE 7
Optimum conditions of the wall material concentration of 29.5% and the oil load of 0.2

EE-Oil (%) EE-�-carotene (%) EE-Lycopene (%) PV (meq/kg) MC (%) �E

Predicted Measured Predicted Measured Predicted Measured Predicted Measured Predicted Measured Predicted Measured

91�99 93�32 80�00 77�81 73�96 71�73 3�91 3�43 4�14 4�35 12�38 11�29
± 3�86 ± 1�43 ± 3�08 ± 3�18 ± 3�42 ± 2�86 ± 0�12 ± 0�34 ± 0�16 ± 0�42 ± 0�60 ± 1�15
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were 47�07± 2�00� 0�32± 0�05� 5�72± 0�09� 0�36± 0�02, and
92�60± 2�19, respectively. Color characteristics of the
encapsulated powder (L of 81�30± 1�00, C of 48�39± 2�66,
and H� of 71�60± 0�33) were also determined. The L, C,
and H� of the reconstituted powders were 61�07± 2�00,
48�28± 1�70, and 56�94± 0�99, respectively.

CONCLUSIONS
The results showed that the quadratic polynomial model was

sufficient to describe and predict the investigated responses
in the formulation process. The data could adequately fit six
second-order equations for the EEs in terms of oil, �-carotene,
lycopene, PV, MC, and �E with R2 values of 0.96, 0.95, 0.86,
0.89, 0.88, and 0.87, respectively. The graphical optimization
was employed to predict the optimum formulation conditions
within the experimental ranges including the WMC of 29.5%
and the oil load of 0.2. Under such conditions, the EEs in
terms of oil, �-carotene, lycopene, PV, MC, and �E achieved
were also predicted and confirmed as 92%, 80%, 74%,
3.91meq/kg, 4.14%, and 12.38, respectively.

In addition, the results also indicated that the EY was about
47%. The color characteristics and the physical properties of
the oil powders including Aw, pH, bulk density, and WSI were
also determined. The slight difference found when comparing
the color characteristics between the infeed and reconstituted
emulsions indicated its effectiveness in preserving color.
Therefore, it can be concluded that Gac oil containing
�-carotene and lycopene was successfully encapsulated in the
protein-polysaccharide matrix. The resultant Gac oil powder
could then be easily incorporated into various foods for
consumers to benefit from the nutrients and enjoy the attractive
red-yellow color.
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The objective of this study was to optimise the spray drying conditions for the encapsulation of Gac oil using re-
sponse surface methodology. Results indicated that the corresponding response surface model was sufficient to
describe and predict encapsulation efficiencies (EEs) in terms of the oil,β-carotene, lycopene, encapsulation yield
(EY), moisture content (MC), water solubility index (WSI) and peroxide value (PV) with R2 of 0.92, 0.91, 0.89,
0.85, 0.89, 0.98 and 0.97, respectively. Under optimal conditions (inlet and outlet temperatures of 154 and
80 °C), the response variables including the EEs of the oil,β-carotene, lycopene, EY,MC,WSI and PVwerepredict-
ed and validated as 87.22%, 82.76%, 84.29%, 52.78%, 4.90%, 90.29% and 4.06 meq/kg, respectively. Furthermore,
physicochemical, reconstitution and colour properties of the optimally encapsulated powder were also
determined. It was concluded that this powder containing high content of unsaturated fatty acids, β-carotene
and lycopene, and having the attractive red-yellow colour can be used as nutrient supplement and natural
food colourant.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Many studies showed that red Gac aril (Momordica conchinchinensis
Spreng) containedveryhighconcentrationsof bioactivecompounds. For
example, high contents of fatty acids (102mg/g of freshweight, FW) [1],
β-carotene (0.64–0.84mg/g FW) and lycopene (1.55-3.05mg/g FW) [2]
in the aril were reported. In addition, high level of vitamin E is also
found in the aril [3], which is a natural antioxidant, and helps protect
Gac oil from oxidation. It is well known that those compounds from
plant based foods play a crucial role in human heath, particularly, the
absorption of carotenoids in the human body significantly improved
in the presence of fat [4,5].

Extracted Gac oil containing high levels of unsaturated fatty acids, β-
carotene and lycopene using microwave pre-treatment prior to press-
ing [6,7] and using supercritical carbon dioxide [8] has been reported.
However, the extracted oil is susceptible to oxidation and isomerisation
owing to the high number of conjugated double bonds in the chemical
structure of fatty acids and carotenoids. Therefore, it is important to pre-
serve these compounds in a convenient oil powder form as nutrient
supplement and natural food colourant due to ease of consumption,
storage and transportation.
d Life Sciences, the University of
357 676; fax:+612 4348 4145.
n@hcmuaf.edu.vn (T.C. Kha).
Microencapsulation by spray drying appears to be an effective way
for those compounds in the powder form because of its advantages.
Excellent properties of the protection, stabilisation, solubility and
controlled release of the bioactive compounds can be obtained [9]. The
mechanism therein is to enclose the corematerial by forming an imper-
meable membrane (wall matrix) against mechanical stress, tempera-
ture, light, and oxygen diffusion among others [10,11]. The first step of
themicroencapsulation process is to select an appropriatewallmaterial,
which has excellent functional properties (such as emulsifying, gel and
film forming).Whey protein (WP),whichhas nutritional, physicochem-
ical and functional properties, has been used in foods due to its ability to
form thick and flexible films, preventing coalescence; whereas gum
Arabic (GA) is a complex blend of natural polysaccharides composed
of arabinogalactan, arabinogalactan-protein and glycoprotein. Several
studies reported that high stability of encapsulated oil using a blend of
WP and GA as the wall material was obtained [12–15].

It is well known that spray drying is commonly used in the food in-
dustry. There are many advantages of this process including economy,
flexibility and particularly good quality of resultant powder [16,17]. In
addition to the properties of the food material, the quality attributes of
the powder could be affected by the spray drying conditions such as
the feed flow rate, inlet and outlet temperatures, atomiser speed and
inlet air flow rate [18]. Among those, provided that infeed emulsion is
stable over the processing time, it is important to optimise the inlet
and outlet temperatures to obtain higher encapsulation efficiency (EE)
and encapsulation yield (EY) [19]. Higher inlet temperature, which is

http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2014.05.053&domain=pdf
http://dx.doi.org/10.1016/j.powtec.2014.05.053
mailto:chan.kha@uon.edu.au
mailto:khachantuyen@hcmuaf.edu.vn
http://dx.doi.org/10.1016/j.powtec.2014.05.053
http://www.sciencedirect.com/science/journal/00325910
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directly proportional to the drying rate, may destroy heat sensitive
components such as unsaturated fatty acids and carotenoids, resulting
in low EE. In contrast, if the inlet temperature is too low, the water
will not evaporate fully in short time and the spray-dried powder is
still wet. Hence, it is easily stuck on the drying chamber wall, resulting
in a low EY. In addition, the outlet temperature, which can be consid-
ered as the control indicator of the dryer and is controlled by the inlet
temperature, atomisation pressure and feed flow rate, may result in
cracking the microcapsules due to over-heating if it is too high [19,20].

Furthermore, encapsulation of carotenoid-rich Gac oil by spray
drying is attempted for not only protection from environment, but
also more diversified applications of the powder in foods. Therefore, it
is desirable to optimise the inlet and outlet temperatures to obtain
good quality of the final product in terms of reconstitution and colour
characteristics, peroxide value (PV), water activity (Aw), pH and bulk
density. Optimisation of the spray drying conditions for encapsulated
products has been successfully reported by using response surface
methodology (RSM) [21–23]. It involves a group of mathematical and
statistical techniques that can be employed to study the relationships
between the response and the independent variables [24,25].

Recently, optimisation of wall material concentration and Gac oil
load for Gac oil microencapsulation using RSM has been reported [14].
Considering a lack of scientific literature about spray drying micro-
encapsulation of Gac oil, this study aimed to optimise the spray drying
conditions using RSM in terms of the EEs (retention of Gac oil, β-
carotene and lycopene), EY, MC, water solubility index (WSI), and PV.
Furthermore, the physicochemical, reconstitution and colour character-
istics of the resultant powder were also evaluated.

2. Materials and methods

2.1. Chemicals and materials

Solvents and BHT (butylated hydroxytoluene) were purchased from
Merck Pty. Ltd. (Sydney, NSW, Australia). Carotenoid standards (HPLC
grade) including β-carotene (C4582, type II synthetic, ≥95%) and lyco-
pene (L9879, ≥90%, from tomato) were obtained from Sigma-Aldrich
Pty. Ltd. (Sydney, NSW, Australia). Wall materials or encapsulating
agents including whey protein concentrate (WPC 100) and gum Arabic
(GA) were obtained from AminoNutrition Co. (Kotara, NSW, Australia).

Gac oil used as corematerial, was pressed according to amethod de-
scribedbyKha et al. [6,7]. Briefly, about 900 g of freshGac arilswas dried
by microwave at 630 W for 62 min and then steamed for 22 min prior
to hydraulic pressing at 175 kg/cm2. The peroxide value of Gac oil was
1.80 ± 0.35 meq O2/kg (refer to Section 2.6.5). The content of β-
Table 1
The central composite design and experimental values obtained for the response variables.

Pattern X1 (°C) X2 (°C) Response variable

Y1 Y2

% %

0A 155 87 88.07 78.30
00 155 80 85.73 77.40
−− 150 75 90.88 85.53
++ 160 85 79.26 68.68
00 155 80 87.22 83.66
a0 148 80 84.19 86.45
0a 155 73 96.10 80.33
−+ 150 85 89.10 85.12
00 155 80 86.99 83.22
+− 160 75 81.88 68.80
A0 162 80 77.68 69.83

Y1, Y2, Y3, Y4, Y5, Y6, Y7: response variable of encapsulation efficiencies in terms of oil, β-carote
value, respectively. X1 and X2: independent variable of inlet and outlet temperatures, respectiv
carotene and lycopene in Gac oil was 186 and 518 mg/100 mL, respec-
tively [6].

2.2. Preparation of infeed emulsion

The infeed emulsions were prepared according to a method de-
scribed by Bellalta et al. [26] and Kha et al. [14]with somemodifications.
An aqueous solution containing WPC/GA: 7/3 (w/w) with the concen-
tration of 29.5% and 0.1% sodium benzoate (to prevent the proliferation
of microorganisms) was prepared using an Ultra-Turrax T65D homog-
eniser (Wilmington, USA) at 6000 rpm for 10 min. The wall material
solution was then kept at 4 °C for at least 12 h to ensure complete hy-
dration of proteins.

To create the oil in water emulsion, Gac oil (mass ratio of Gac oil to
wall material powder of 0.2, w/w) was added dropwise to the wall ma-
terial solutionswhilstmixing using the Ultra-Turrax T65D homogeniser
at 4000 rpm for 10min, to allow full incorporation. The crude emulsions
were then re-circulated for 5 min through a homogeniser (APV-1000,
Poland) operated at pressure of 500 bar to form a stable emulsion. The
emulsion was then held away from light at room temperature for at
least 1 h to ensure homogeneity of infeed prior to spray drying.

2.3. Spray drying conditions for infeed emulsion

The stable emulsion was spray-dried within a day in a LabPlant SD-
06A spray dryer (LabPlant UK Ltd., North Yorkshire, UK). The dryer was
equipped with a two-fluid nozzle atomiser (0.5 mm diameter). Practi-
cally, inlet air temperature has themost important effect on theproduct.
For each inlet temperature, the outlet air temperature is mainly depen-
dent on the feed rate and less so on the aspirator rate, air humidity
and spray air flow. The outlet temperature cannot be too high as it af-
fects the product quality or too low as it corresponds to undesirably
high residual moisture in the product, hence too high water activity.
This study focused on these two temperature parameters to find the op-
timal conditions within the limitations of the available spray drier. The
inlet temperature was controlled by settings of the air heater of the
equipment. The outlet temperature was controlled by varying the feed
flow rate from about 340 to 970 mL/h at the fixed pressure of 2 bar
and air flow speed of 4.3 m/s. The inlet and outlet air temperatures
were selected and run according to the generated experimental design
from RSM (Table 1). The encapsulated powders were recovered from
the collecting chamber. The powders were stored in a desiccator
containing silica gel to prevent moisture adsorption, then vacuum
sealed in high density polyethylene (HDPE) plastic bags and stored at
Y3 Y4 Y5 Y6 Y7

% % % % meq/kg

72.83 55.31 4.36 89.73 6.78
83.47 53.97 4.59 89.92 4.35
88.42 46.61 5.12 82.38 3.59
65.91 57.24 3.29 93.24 7.12
82.20 54.61 4.79 91.81 4.10
83.97 44.13 6.46 79.65 3.42
82.77 45.69 5.01 86.58 5.71
87.65 53.89 4.87 84.97 4.11
84.73 52.66 4.81 92.27 4.67
89.35 52.94 4.28 92.08 7.85
74.30 65.32 3.31 94.28 7.72

ne, lycopene, encapsulation yield, moisture content, water solubility index, and peroxide
ely.
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−18 °C until analysis (within 24 h). Sample preparation and spray dry-
ing conditions were performed in triplicate.

2.4. Experimental design

RSMwas employed to optimise inlet and outlet air temperatures on
the encapsulation efficiencies in terms of retention of oil, β-carotene, ly-
copene, as well as EY, MC, WSI, PV, Aw, pH, and bulk density. Also, col-
our characteristics of the encapsulated powder, reconstituted powder
and infeed emulsion, and total colour difference between reconstituted
and infeed emulsions (ΔE) were evaluated. The experimental design
based on the central composite design (CCD) using a 22 factorial with
three central points was carried out in triplicate. A total of 33 runs was
conducted. The levels of independent variables including inlet air tem-
perature (X1) and outlet air temperature (X2) were based on prelimi-
nary trials. A second-order polynomial equation was used to express
the response variables as a function of the independent variables as fol-
lows: Yi = ao+ a1X1+ a2X2+ a11X1

2+ a22X2
2+ a12X1X2.Where Yi rep-

resents the response variables, ao is a constant, ai, aii, and aij are the
linear, quadratic and interaction coefficients, respectively. Xi and Xj are
the levels of the independent variables. To respect thehierarchical prop-
erty, even if several coefficients were statistically non-significant, the
former was still kept in the second-order equation.

2.5. Statistical analysis

The experimental data were analysed using JMP software version
10.0 (SAS Institute Inc., NC, USA). The adequacy of the models was de-
termined by evaluating the lack of fit, coefficient of determination (R2)
and the Fisher's test value (F-value) obtained from the analysis of vari-
ance (ANOVA). The test of statistical significance was based on the total
error criteria with a confidence level of 95%.

Differentmean values of themeasured and predicted responses, and
effects of inlet and outlet air temperatures on the investigated parame-
ters were analysed by ANOVA using SPSS software version 21.0 (IBM
Australia Limited, St Leonards, NSW, Australia).

2.6. Analytical methods

All analytical measurements were carried out in triplicate.

2.6.1. Encapsulation efficiency (EE, %)
Encapsulation efficiencies (EEs) were determined based on the re-

tention of Gac oil,β-carotene and lycopene contents in the encapsulated
powder as follows:

EEoil (%) = [(total oil content − surface oil content) × 100] / total oil

content.
EEβ-carotene (%) = [β-carotene content in powder (d.b.) × 100] / β-

carotene in infeed emulsion (d.b.)
EElycopene (%) = [lycopene content in powder (d.b.) × 100] / lycopene

content in infeed emulsion (d.b.).
The total oil content of the encapsulated powder sample (3 g) was
extracted with n-hexane (50 mL) using the FOSS Soxtec™ system
2045 extraction unit, Denmark. The total oil content in the powder
was gravimetrically calculated [7,27].

Surface oil or non-encapsulated oil content was determined accord-
ing to Jimenez et al. [15]. The surface oil content was determined by
gently shaking the encapsulated powder sample (5 g) in n-hexane for
10 min without microcapsule destruction. The solvent was decanted
and the residue was vacuum-dried at 70 °C until constant weight.

The method described by Kha et al. [7] was employed to analyse the
content ofβ-carotene and lycopene in the infeed emulsion and in the en-
capsulated powder using HPLC. Briefly, about 1 g weighed microcapsule
samplewas reconstituted in deionisedwater (20mL) to form a homoge-
neous solution. The emulsion samples or the reconstituted sampleswere
dissolved in a 4:3 (v/v) solution of ethanol and hexane (35 mL) and an
antioxidant (butylated hydroxytoluene [BHT], 0.1% in hexane), and the
mixture was blended for 5 min at 5000 rpm. The extract was filtered
through Whatman No. 1 filter paper on a Buchner funnel. The residue
was re-extracted with another 35 mL of ethanol and n-hexane (4:3)
and then washed twice with ethanol (12.5 mL) and once with hexane
(12.5 mL). The combined extracts were washed with deionised water,
dried by rotary evaporator and then diluted with themobile phase solu-
tion. All operationswere performedunder subdued light tominimise ox-
idation of the carotenoids.

HPLC analysis of β-carotene and lycopene was performed with an
Agilent 1200 HPLC (Santa Clara, CA, USA) equipped with diode array
detector system consisting of a Luna C18 (100 × 4.6 mm i.d.; 5 μm)
direct-connect guard column coupled to a Jupiter C18 (250 × 4.6 mm
i.d.; 5 μm) reserved phase column (Phenomenex Australia Pty. Ltd.,
Lane Cove, NSW, Australia). The mobile phase consisted of acetonitrile,
dichloromethane andmethanol (ACN:DCM:MeOH) 50:40:10 v/v/v. The
flow rate was 1.0 mL/min, the detection was at 450 nm and the injec-
tion volume was 20 μL. The identification of β-carotene and lycopene
was based solely on the retention time of a peak compared with the au-
thentic standards. The amount of β-carotene and lycopene in the sam-
ples was expressed as μg/g.

2.6.2. Encapsulation yield (EY, %)
EYwas calculated as ratio of theweight of the resultant powder after

spray drying in collecting bottle and the weight of all solids (including
wall and core materials) in the emulsion, expressed as percentage.
Any powders adhering to the walls of drying chamber or cyclone were
not considered, so this yield will be only approximate.

2.6.3. Moisture content (MC)
TheMCof the sampleswas determined by drying at the temperature

of 105 °C in an oven until a constant weight was obtained.

2.6.4. Water solubility index (WSI)
The WSI of the powders was determined using the method de-

scribed by Anderson et al. [28]. The encapsulated powder (2.5 g) and
distilled water (30 mL) were vigorously mixed in a 100 mL centrifuge
tube, incubated in a 37 °C water bath for 30 min and then centrifuged
for 20min at 11,410 g in a J2-MCCentrifuge (Beckman, USA). The super-
natant was carefully collected in a pre-weighed beaker and oven dried
at a temperature of 103 ± 2 °C. TheWSI (%) was calculated as the per-
centage of dried supernatant of the original 2.5 g Gac fruit powder.

2.6.5. Peroxide value (PV, meq/kg)
The PV value of Gac oil encapsulated powder sampleswasmeasured

according to AOCS Cd 8-53 [29]. Extracted oil (5 g) from encapsulated
powder and Gac oil samples using the FOSS Soxtec™ system 2045 ex-
traction unit was placed into 250 mL Erlenmeyer flask and dissolved
in 30 ml of a mixture containing acetic acid and chloroform (3:2, v/v)
and then the mixture was stirred for few seconds to ensure thorough
mixing. Thereafter, about 0.5 mL of saturated potassium iodide solution
was added. After exactly 1min, deionisedwater (30mL)was added and
it was titrated with sodium thiosulfate (0.01 N) using a starch solution
as an indicator until the solution becomes colourless. The mixture was
magnetically stirred during the titration procedure. The results were
calculated as milliequivalents of active oxygen per kg of sample as
follows:

PV (meq/kg) = [(S − B) × N × 1000] / mass of sample (g)

where S and B are the titration amounts of 0.01 N sodium thiosulfate for
sample and blank (in mL), respectively. N is the normality of sodium
thiosulfate solution.
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2.6.6. Colour characteristics
The colour of the encapsulated powder, the reconstituted powder

and the emulsionwasmeasured using a Chromameter (CR-400, Konica
Minolta Sensing, Inc., Japan) calibrated with a white standard tile. The
results were expressed as Hunter colour values of L⁎, a⁎ and b⁎, where
L⁎ was used to denote lightness, a⁎ redness and greenness, and b⁎ yel-
lowness and blueness. Before measurement, the samples were packed
into a polyethylene pouch.

Chroma (C), indicating colour intensity, was calculated by the for-
mula (a⁎2 + b⁎2)0.5. The hue angle (H°) was calculated by the formula
H° = artan(b⁎ / a⁎). The hue angle values vary from 0° (pure red col-
our), 90° (pure yellow colour), 180° (pure green colour) to 270° (pure
blue colour). Total colour difference between two sampleswas calculat-
ed by the formula:

ΔE ¼ L�o– L�
� �2 þ a�o– a�

� �2 þ b�o– b�
� �2h i0:5

where L⁎o, a⁎o and b⁎o are the values of the infeed emulsion samples,
and L⁎, a⁎ and b⁎ are the values of the reconstituted emulsion samples
[30].

2.6.7. Water activity (Aw)
An Aqua Lab water activity meter (Aqua Lab Series 4 TEW, Decagon

Devices, Inc., WA, USA) was used to measure Aw of the encapsulated
powders at 25 ± 0.5 °C.

2.6.8. pH determination
The encapsulated powderswere reconstitutedwith deionised water

to the samemoisture content of the infeed emulsions before measuring
pH. The pH values of the infeed emulsion and the reconstituted powder
were determined in a beaker maintained at 20 °C by a pH meter cali-
brated with standard buffers pH 7 and 4.

2.6.9. Bulk density
Bulk density (g/mL) of the powder samples wasmeasured by gently

adding 2 g of the powder into an empty 10 mL graduated cylinder and
holding the cylinder on a vortex vibrator for 1 min. The bulk density
value was determined by the ratio of mass of the powder and the vol-
ume occupied in the cylinder.

2.6.10. Fatty acid analysis
The method of Ishida et al. [2] was employed for determining the

fatty acid composition of Gac oil before and after encapsulation with
some modifications. Briefly, about 0.05 g of the oil and the extracted
oil from the optimally encapsulated powder sample using the FOSS
Soxtec™ extraction unit was weighted into 10 mL glass tube. Toluene
(1 mL) was added and the fatty acids were methylated for 1 h at 80 °C
using methanolic hydrogen chloride 3%. Resulting fatty acid methyl es-
ters (FAMEs) were dissolved in 10 mL cyclohexane (0.01% BHT) for GC
analysis.

Quantitative analysis was performed by GC-FID using an Agilent
5890 N GC (Agilent Technologies Pty. Ltd., CA, USA). The injector and
detector temperatures were 250 and 280 °C, respectively. The column
temperature was 100 °C for 1 min, then increased by 5 °C/min to
250 °C and held at 250 °C for 1 min. Standard solutions of a mixture
of FAMEs at three different concentrations in the range of 5 to 150 μg/
mL were used for generating the standard curves. The samples (1 μL)
were injected into the GC system. The identification of each fatty acid
was based solely on the retention time of a peak compared with the au-
thentic standards.

2.6.11. Particle morphology
The outer and inner structures of powder particles were visualised

by a JSM-7401F scanning electron microscope (SEM) (Jeol Co. Ltd.,
Tokyo, Japan). To observe the inner structure of the particle, a small
amount of powder (attached to the stub) was fractured by attaching a
second piece of adhesive tape on top of the powder and then ripping
it off quickly [31]. Themorphography observation was examined at dif-
ferent magnifications using SEM operating at a voltage of 5 kV.

3. Results and discussion

3.1. Fitting the response surface models to independent variables

The encapsulation efficiencies (EEs) in terms of retention of Gac oil,
β-carotene, lycopene, encapsulation yield, moisture content, water sol-
ubility and peroxide value are shown in Table 1. The linear, quadratic,
and interaction effects of inlet air temperature (X1) and outlet air tem-
perature (X2) on each response variable (Yi) of encapsulated Gac oil
powder are given in Table 2. The estimated regression coefficients for
Yi with their corresponding R2, P value of regression and P value of
lack of fit are also shown in Table 2. Analysis of variance (ANOVA) indi-
cated that the response surface models were significant (Table 2) and
that there was no significance in lack of fit (P N 0.05) in each of the
models. In addition, the larger absolute t ratio and smaller P value
would indicate a more significant effect on the corresponding variables
[32]. The significance of the coefficients of the response surface models
is listed in Table 2. Therefore, themodels with high coefficients of deter-
mination (R2 in a range of 0.85 to 0.98) were adequate to explain the ef-
fect of the independent variables investigated on the Yi. In other words,
it indicates that more than 85% of the response variables could be accu-
rately described as function of the inlet and outlet air temperatures
investigated.

3.2. Encapsulation efficiency (EE, %)

The effects of inlet air and outlet air temperatures on the EE in terms
of the retention of Gac oil,β-carotene and lycopene are shown in Table 2
by the coefficients of quadraticmodel. For EE ofGac oil, all regression co-
efficients of the model significantly influenced the EE of oil. However,
the interaction termwas found to be non-significant (P N 0.05), indicat-
ing that there was no interaction between the inlet and outlet temper-
atures on the EE of the oil. For EE of carotenoids, the linear term of
inlet temperature significantly affected the EEs of β-carotene and lyco-
pene, whereas only the EE of lycopene was significantly impacted by
the linear term of outlet temperature. There was also a significant inter-
action between the inlet and outlet temperatures on the EE of lycopene.
Furthermore, the 3D surface and 2D contour plots (Fig. 1) were drawn
to determine the optimal levels of the independent variables. The rela-
tionship between the independent and response variables is shown in
the response surface plot, whilst the contour plot helps to visualise the
shape of a response surface. Therefore, it is important to use these
plots to evaluate the fits of model [24].

In this study, high content of total Gac oil, β-carotene and lycopene
in the spray-dried Gac oil powder varied from 14.36 to 15.54%, 596.25
to 785.34 μg/g and from 1275.49 to 1591.06 μg/g, respectively. The EE
of Gac oil varied from 77.68 to 96.10%, whereas the EE of β-carotene
and lycopene varied from 68.68 to 86.45% and 65.91 to 89.35%, respec-
tively (Table 1), andwere significantly affected by the inlet temperature
(Table 2). As the inlet drying temperature increased, the efficiency of
Gac oil encapsulation in terms of the retention of Gac oil, β-carotene
and lycopene decreased. According to Gharsallaoui et al. [20], it is im-
portant to determine an appropriate drying temperature to avoid dam-
age of the dried food product. There is a directly proportional drying
temperature to the evaporation rate and inversely with the final water
content of the powder. At low drying temperature, the formation of mi-
crocapsuleswith high densitymembranes, highwater content, poorflu-
idity and easiness of agglomeration is caused by the low drying rate. In
contrast, an excessive evaporation that occurred at high inlet tempera-
tures results in cracks in the membrane inducting subsequent prema-
ture release, and therefore a degradation of encapsulated bioactive
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compounds. Moreover, a rapid formation of the semi-permeable mem-
brane on the droplet surface also occurred at a high enough drying tem-
perature, resulting in the high retention of the bioactives. However,
drying temperatures above this level are likely to cause heat damage
to the powder product [18,33].

EEs in terms of oil and lycopene are also affected by the outlet tem-
perature, which is mainly determined by inlet temperature (Table 2).
The EEs were significantly decreasedwith the increasing outlet temper-
ature, indicated by the “minus” sign of regression coefficient and t ratio
in Table 2. This could be explained by the fact that higher inlet temper-
ature has lower encapsulation efficiency due to more loss of volatile oil
andmore carotenoid degradation by heat and oxidation [33]. According
to Bhandari et al. [34], this phenomenon could be explained by the
“ballooning” effect, where microcapsules may develop fissures, split
and release the encapsulated compounds. Furthermore, the balance be-
tween the rate of water evaporation and film formationmay be affected
by the high outlet temperature [35]. Therefore, it results in low EEs
owing to breaking down wall material matrix of particles and then
heat damage could easily destroy the bioactive compounds. In contrast,
reports indicated that effect of outlet temperature on the EE is also
controversial and unclear [18,33]. For example, Danviriyakul et al. [36]
reported that the outlet temperature did not influence surface oil con-
tent of encapsulated milk fat powders.
3.3. Encapsulation yield (EY, %)

In addition to the EE, the EY is one of the major factors describing
the spray-dried powder, it is expected to obtain higher EY. The EY (Y4)
in this study varied from 44.13 to 65.32% (Table 1) andwas significantly
affected by the inlet and outlet temperatures (Table 2). Higher EY of
the process was obtained with increasing drying temperatures, and is
shown in Fig. 2a and Table 2. Furthermore, the surface model with
a high coefficient of determination R2 of 0.85 was considered adequate-
ly to explain the effect of the independent variables investigated on the
EY.

It is generally agreed that if the inlet temperature is not high enough,
thewater will not vaporise fully, thus the powder is not dry enough and
easily sticks on the drying chamber wall. However, the water evapora-
tion occurs easier at higher inlet temperature due to the greater efficien-
cy of heat and mass transfer processes between the chamber walls and
the moving fluids [37,38], resulting in higher EY. A similar observation
was also reported by several authors [37,39,40]. Similarly, the EY
increased with increasing outlet temperature. It can be concluded that
the inlet and outlet temperatures had positive effects on the EY. It is
therefore desirable to optimise the drying temperatures to obtain
higher EY.

There is a consistency of the EY among our results and many other
findings [35,37,40], which is less than 65%. In contrast, Gallo et al. [41]
reported that higher EY of spray-dried powder could be achieved up
to 85% for a laboratory scale spray dryer. The big difference may be
due to difference in calculation of the EY. In this study, only the dried
powder collected in the collecting bottle, not the powders adhering to
the walls of drying chamber or cyclone, was considered for calculating
the EY. This could be explained by the fact that retention of powder at
the chamber wall or cyclone for a long time is undesirable. According
to Goula and Adamopoulos [38], the accumulated powder in the
chamber wall received more intense heat andmay have different prop-
erties such as moisture content, colour characteristics and solubility.
Therefore, these powders could not be considered as products. Further-
more, the EE of the resultant powder may be also affected due to more
heat exposure. In addition to the quality of the product, the low EY is re-
lated to the dimensions of the spray dryer [37] and the design of a dryer
system [42]. Theoretically, it may be improved if the drying chamber is
sufficiently large or recovery devices may be used in industrial system
[42].



Fig. 1. The 3D response and 2D contour plots of the EEs affected by inlet (X1) and outlet (X2) temperatures.
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3.4. Moisture content (MC, %)

The moisture content of the encapsulated powder varied from 3.31
to 6.46 (Table 1) and was significantly influenced by the inlet tempera-
ture (P b 0.01) (Table 2). Although the outlet temperature resulted in
the decreasing MC of the resultant powder, statistical results indicated
that there was no significant change in the MC (P N 0.05). Moreover,
Table 2 shows that the model with a high coefficient of determination
(R2) of 0.89was considered adequately to explain the effect of the inde-
pendent variables investigated on the MC.

As can be seen in Fig. 2b, an increase in the inlet and outlet temper-
atures resulted in a decrease in the MC. At higher inlet temperatures, a
greater temperature difference between the atomised infeed and the
drying air led to a higher rate of heat transfer, providing a greater driv-
ing force for water removal. As a result, lower MC of the dried powders
was obtained [21,38,43]. This similar observation was also reported by
our previous study on spray-dried Gac aril powder [30] and the other
powders containing carotenoids [22,43,44]. In addition to the inlet
temperature, Bakar et al. [21] reported that the MC of the spray-dried
powder also decreasedwith increasing outlet temperature. As discussed
previously, however, a degradation of carotenoids and oil, resulting in
lower EEs were also observed at higher inlet and outlet temperatures.
Therefore, it is important to optimise these temperatures to possibly
obtain higher EE and lower MC, which is discussed in the next section
of this paper.

3.5. Water solubility index (WSI, %)

According to the ANOVA analysis of this optimisation study, theWSI
of the encapsulated powder was significantly affected by the inlet and
outlet temperatures. A second-order polynomial equation with high
R2 of 0.98 was employed to explain the effects of these temperatures
on the WSI of the powder (Table 2). The linear and quadratic terms of
the inlet and outlet temperatures significantly influenced the WSI.
However, interaction between the inlet and outlet temperatures on
the WSI of the powder was found to be non-significant (P N 0.05).

In this study, the WSI of the powders under different spray drying
conditions varied from 79.65 to 94.28%. Fig. 2c shows that the WSI of
the powder increasedwith the increasing inlet and outlet temperatures.
The reason for this observation is due to an appropriate reduction of
moisture content, which was caused by higher drying temperatures,
providing the additional solubility of the powder [21]. Several studies
indicated that the MC of the resultant powder is one of the dominant
factors affecting its solubility, a lower MC leads to increasing solubility
of thedry powder [43,44]. In contrast, a hard surface layer of the powder
could be formed at higher inlet temperature, consequently decreasing



Fig. 2. The 3D response and 2D contour plots of the encapsulation yield (a), moisture content (b), water solubility index (c) and peroxide value (d) affected by inlet (X1) and outlet (X2)
temperatures.
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the solubility of the powder [43,45]. The opposite trend of the solubility
among those studies is due to diverse types of encapsulating agents or
drying aids used, which may also differently react within the various
Table 3
Colour characteristics of encapsulated and reconstituted powders.

Pattern X1 (°C) X2 (°C) Encapsulated powder

Lightness Chroma

0A 155 87 76.18 49.87
00 155 80 75.49 49.02
−− 150 75 73.58 48.92
++ 160 85 77.97 48.88
00 155 80 74.89 48.80
a0 148 80 76.79 48.23
0a 155 73 74.39 47.82
−+ 150 85 74.69 48.93
00 155 80 74.73 49.49
+− 160 75 76.12 50.39
A0 162 80 76.93 49.84

X1 and X2: independent variable of inlet and outlet temperatures, respectively.
ranges of inlet temperatures investigated. In this study, it is therefore
desirable to optimise the spray drying conditions to achieve the highest
water solubility of the encapsulated powder.
Reconstituted powder

Hue angle Lightness Chroma Hue angle ΔE

68.89 45.65 32.38 36.80 3.42
68.09 51.44 40.46 43.55 14.02
66.10 47.33 34.40 38.14 5.97
70.36 51.33 39.35 45.63 13.52
67.99 49.19 37.54 43.09 10.50
68.83 46.05 33.42 37.37 4.61
66.53 48.68 39.57 43.38 12.09
66.58 48.19 35.16 39.21 7.18
68.27 50.54 38.77 43.10 12.11
69.70 52.30 39.45 47.91 14.74
68.16 50.81 38.78 45.39 12.77



Table 4
Water activity, pH and density of encapsulated Gac oil powder.

Pattern X1 (°C) X2 (°C) Water activity pH Density (g/mL)

0A 155 87 0.23 ± 0.04 5.87 ± 0.14 0.32 ± 0.04
00 155 80 0.34 ± 0.05 5.72 ± 0.17 0.27 ± 0.04
−− 150 75 0.38 ± 0.06 5.98 ± 0.14 0.29 ± 0.04
++ 160 85 0.26 ± 0.06 5.96 ± 0.19 0.30 ± 0.04
00 155 80 0.27 ± 0.07 5.89 ± 0.16 0.30 ± 0.07
a0 148 80 0.30 ± 0.04 6.11 ± 0.21 0.32 ± 0.04
0a 155 73 0.35 ± 0.07 6.01 ± 0.11 0.33 ± 0.06
−+ 150 85 0.34 ± 0.07 5.82 ± 0.10 0.27 ± 0.05
00 155 80 0.30 ± 0.03 6.01 ± 0.09 0.25 ± 0.03
+− 160 75 0.43 ± 0.06 5.67 ± 0.17 0.30 ± 0.03
A0 162 80 0.36 ± 0.03 5.78 ± 0.13 0.24 ± 0.02

X1 and X2: independent variable of inlet and outlet temperatures, respectively.
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3.6. Peroxide value (PV, %)

Generally, the PV of an oil product is used to evaluate the quality of
oil, by measuring the quantity of hydroperoxides in the oil, which are
formed by the reaction between oxygen and unsaturated fatty acid.
This value is used to evaluate the initial stages of the oxidation process
[46]. In this study, the PV of the encapsulated Gac oil powder varied
from 3.42 to 7.85 meq/kg (Table 1). Statistical results (Table 2) show
that the PV of the encapsulated powderwas significantly affected by lin-
ear term of the inlet temperature, and quadratic term of the inlet and
outlet temperatures. In addition, the fit of the response surface model
to the PV as a result of the inlet and outlet temperatureswas considered
to be predictive, indicated by high R2 of 0.97 and P b 0.001 (Table 2).

As can be seen in Fig. 2d, the PV significantly increased with the in-
creasing inlet and outlet temperatures. At higher temperatures, the
higher amount of peroxides was generated due to the intensive energy
Fig. 3.Prediction profilers of EEs of oil (Y1),β-carotene (Y2), lycopene (Y3), encapsulation yield (
of inlet (X1) and outlet (X2) temperatures.
provided for lipid oxidation [47,48]. According to Thomson et al. [49], a
strong dependence of lipid oxidation on temperature was found. In this
study, for example, the PV of the encapsulated powder spray-dried at
the lower inlet/outlet temperatures of 148/80 °C was half lower than
that of the dried powder at the higher temperatures of 162/80 °C
(Table 1). This observation is also consistent with many reports [48,
50]. According to response surface plots from Figs. 1a and 2d, in addi-
tion, there is a relationship between the EE of Gac oil and the PV; gener-
ally the higher PV relates to the lower EE of the oil and vice versa. This is
because the lower the EE, the higher was the surface oil content, which
was easily oxidised due to the direct contact with the oxygen of drying
air [47,51]. To obtain the higher EE of the oil and the lower PV, therefore,
optimisation of the inlet and outlet temperatures is also needed.

3.7. Colour characteristics

Generally the colour of food powder is one of themost important pa-
rameters in food industry. In addition to nutrients relating to bioactive
compounds presented in plant foods, which are mainly responsible for
colour characteristics, the colour of the powders is also an important
quality indicator reflecting the sensory attractiveness. In this study,
the colour of the encapsulated Gac oil can be described as yellow-red,
which is a highly desirable quality attribute. As a result, it is important
to investigate the effects of the spray drying conditions on the colour
characteristics of the dried and also reconstituted powders. The colour
characteristics of the encapsulatedGac oil powders and their reconstitu-
tion obtained by the different spray drying conditions are shown in
Table 3.

For the encapsulated powder, results showed that the colour
characteristics including lightness, chroma and hue angle were non-
significantly affected by the inlet and outlet temperatures (P N 0.05).
Y4),moisture content (Y5),water solubility index (Y6) and peroxide value (Y7) as a function
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Moreover, ANOVA results also indicated that the colour characteristics
(lightness, chroma and hue angle) of the encapsulated powders affected
by the drying temperatures were not explained by the response surface
models, indicated by low R2 of 0.72, 0.46 and 0.46, respectively. Gener-
ally, an increase in the drying temperatures resulted in no significant
change in the lightness, chroma and hue angle of the powders.

For reconstituted powder, statistical results showed that the colour
characteristics of the reconstituted powder affected by inlet tempera-
ture were found to be significant (P b 0.05). The lightness, chroma
and hue angle of the reconstituted powders increased with the increas-
ing inlet temperature. However, ANOVA results indicated that response
surface model were not inadequate to explain the effects of the investi-
gated independent variables on lightness and chroma of the recon-
stituted powders, indicated by low R2 of 0.75 and 0.73. Furthermore,
although the hue angle of the reconstituted powder could be described
by the response surface model with P b 0.05 and high R2 of 0.86, sta-
tistical results also showed that lack of fit was found to be significant
(P b 0.05). Similarly, the inlet temperature significantly influenced
total colour difference between the reconstituted and infeed emulsions
(ΔE) (P b 0.05). However, the polynomial model described that effects
of the independent variables on theΔEwas found to be non-significant,
indicated by P N 0.05 and R2 of 0.78. Therefore, it can be concluded that
the polynomial models insufficiently explained the effects of the inde-
pendent variables on the colour characteristics of the reconstituted
powders.

The hue angle of the encapsulated powder varied from 66.10o to
70.36o, whereas the hue angle of reconstituted powder varied from
36.80° to 47.91° (Table 3). As 0° is pure red and 90° is yellow, those
values are correspondent to the regions of red to yellow. It is established
that a higher hue angle indicates more loss of carotenoid pigment in
food products [52,53]. In this study, higher inlet temperatures led to
higher hue angle of the spray-dried and reconstituted powders, in-
dicating more colour loss. As discussed in Section 3.2, the EEs in terms
of β-carotene and lycopene decreased when the inlet temperatures
increased. Carotenoids, which are mainly responsible for the yellow-
red colour of Gac oil, were lost by heat; therefore, the colour degrada-
tion of the dried and reconstituted powders occurred. This is also consis-
tent with previous studies that the lower colour retention (higher hue
angle) of the spray-dried Gac aril powder [30], watermelon powder
[43], and watermelon and carrot mixture powder [22] was reported
when the inlet temperature increased. Similarly, increasing inlet tem-
perature resulted in increased ΔE, indicating greater colour difference
between reconstituted and infeed emulsions.

3.8. Other physicochemical properties

According to ANOVA results, the physicochemical properties, in-
cluding Aw, pH and density of the encapsulated Gac oil powders were
non-significantly affected by the investigated independent variables (P
N 0.05). Results also indicated that polynomialmodels were insufficient
to explain the effect of the inlet and outlet temperatures on the Aw, pH
and density, indicated by low R2 of 0.77, 0.56 and 0.48, respectively. The
Aw, pH and density of the encapsulated Gac oil powder under different
spray drying conditions are shown in Table 4.

Generally, Aw, measuring the availability in a food system of free
water responsible for microbiological and biochemical reactions, is
one of the most important parameters that significantly impact the
shelf life of food powders. Therefore, it is undesirable to have a high
Aw due to shorter shelf life. According to Tang and Yang [54], the dete-
rioration of dried food powder caused by micro-organisms and bio-
chemical reactions can be prevented at Aw lower than 0.6. However,
dried food products containing lipids and with a low Aw of less than
0.2 are particularly sensitive to lipid oxidation due to the action of
free radicals. In this study, the Aw of the encapsulated oil powder
varied from 0.23 to 0.43 (Table 4) and can be considered to be quite
microbiologically and biochemically stable. In addition, the Aw of the
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encapsulated oil powder was non-significantly affected by the inlet
temperature. This observationwas alsomade in other reports to that re-
ported by other researchers [30,40,43].

As can be seen in Table 4, the pH value of the encapsulated powders
ranged from 5.67 to 6.11 andwas not significantly influenced by the in-
vestigated independent variables. Similar results were also reported
when investigating effect of spray drying temperature on the pH change
of resultant powders from Gac aril [30] and Roselle extracts [55].
Furthermore, Dalgleish [56] stated that emulsion containing whey pro-
tein as a continuous phase is sensitive to pH with a tendency to aggre-
gation, especially at pH close to their isoelectric point of 5.2. In this
study, no aggregation of the infeed and reconstituted powder emulsions
was observed under the pH range. It is because the interaction between
protein and polysaccharide in a continuous phase has a charge that is
enough to prevent the close approach of suspended oil droplets [56]
and makes the emulsions less sensitive to pH [57]. In addition, pH of
the food products is one of the most important factors affecting colour
of food products containing carotenoids [58,59]. The hue of carotenoids
such as β-carotene is often unchangeable over a pH range of 2 to 7 [60].
It can be therefore concluded that the pH range of the encapsulated
powder is suitable and should bemaintained for application forms of ca-
rotenoid food colourant.

In this study, the bulk density of the encapsulated powders obtained
by the different drying conditions ranged from 0.24 to 0.33 g/mL. The
density of the particles slightly decreasedwith increased inlet tempera-
tures, however this change was found to be statistically non-significant
(P N 0.05). Several authors reported that the bulk density of the dried
powders decreased with the increasing spray drying temperatures
[30,44,47]. This is because evaporation rates were quicker, resulting in
the dried products having a more porous or fragmented structure [38]
and a higher ratio of surface to volume [39]. In addition to the drying
temperature, the difference in the bulk density may also be depending
on major food components such as water, carbohydrate, protein, fat,
and ash [61]. Moreover, the dried powders with low bulk density have
more occluded air within the particles [39]; as a result, oxidative degra-
dation of the unsaturated fatty acids and carotenoids would have oc-
curred, reducing the storage stability. For longer storage, therefore, it
is very important to prevent the presence of oxygen or maintain low
concentrations of oxygen. There are several ways to modify the gas at-
mosphere inside food packages; these are creating a vacuum, removing
most of the gases present, and flushing the headspace area inside the
package with an inert gas such as nitrogen.

3.9. Overall optimisation and model validation

As discussed above, there are seven response variables including EEs
(Gac oil, β-carotene and lycopene), EY, MC,WSI and PV, which could be
adequately fitted into the corresponding response surface model. A
graphical optimisation (Fig. 3) was performed using JMP package for
this study to optimise the drying conditions. In general, an increase in
the inlet and outlet temperatures resulted in decreasing the EEs and
MC. However, an opposite trend of the EY, WSI and PV was observed
Table 6
Fatty acid composition of Gac oil and encapsulated Gac oil.

Fatty acids Abbreviation Gac oil

Myristic C14:0 0.42 ± 0.04
Palmitic C16:0 24.76 ± 1.50
Palmitoleic C16:1 Δ9 0.43 ± 0.03
Stearic C18:0 6.72 ± 0.38
Oleic C18:1 Δ9 49.18 ± 1.93
Linoleic C18:2 Δ9,12 17.65 ± 0.64
α-Linolenic C18:3 Δ9,12,15 0.84 ± 0.07

Σ SFAs 31.90 ± 1.81
Σ MUFAs 49.61 ± 1.96
Σ PUFAs 18.49 ± 0.67

Σ SFAs: total saturated fatty acids; Σ MUFAs: total monounsaturated fatty acids; Σ PUFA: total
when the inlet and outlet temperatures were increased. Therefore, it is
important to optimise the encapsulated Gac oil powder, which could
be considered as an optimal product if the criteria applied for the opti-
misation process resulted in (1) maximising the EEs, EY, and WSI, and
(2) minimising MC and PV.

The prediction profilers (Fig. 3) show that the optimal drying condi-
tionswithin the investigated range for the encapsulated powder, where
the criteria for the response variables were satisfied, can be determined
by moving the vertical dot lines on left or right. The corresponding hor-
izontal dot lines indicate the values of the response variables achieved.
The conditions were achieved at the inlet and outlet temperatures of
154 and 80 °C, respectively. Under the optimal conditions, the predicted
response variable for the drying conditions is shown in Table 5. More-
over, the comparison between the predicted and experimental values
of the response variables was to evaluate how accurately themodel de-
scribes the investigated process. Therefore, an experiment with three
replicates was carried out at the optimal drying conditions. Results indi-
cated that differences between those values for all response variables
were found to be non-significant (P N 0.05). It can be concluded that
the adequacy of corresponding response surface model for predicting
the EEs (oil, β-carotene and lycopene), EY, MC, WSI and PV as function
of the inlet and outlet temperatures was validated.

3.10. Properties of the optimal encapsulated Gac oil powder

In addition to the seven response variables, it is also desirable to
evaluate the other properties of the optimal powder including Aw, pH,
bulk density, colour of the encapsulated and reconstituted powders,
fatty acid composition, and particle morphology. This is because those
properties play important roles in application and storage in food indus-
try. The Aw, pH and density of the optimal powder were 0.32 ± 0.03,
5.75 ± 0.07, and 0.33 ± 0.04 g/mL, respectively. As discussed earlier,
in general, the optimal powder product could be stable over storage
time due to the low Aw. The powder can be also applied in various
foods due to colour stability of the powder containing carotenoids,
which is often stable at the pH range of 2 to 7 (refer to Section 3.8).
However, there is a need to consider for longer storage owing to the
low bulk density of the powder. Therefore, it is recommended that a
storage study of the optimal powder under different storage conditions
should be carried out.

Colour characteristics of food items are one of themost important is-
sues in the food industry, especially natural food colourants. Therefore,
it is important to analyse the colour characteristics of the optimally en-
capsulated and reconstituted powders. The colour characteristics of the
optimal powder determined were lightness of 74.79 ± 2.23, chroma of
49.31 ± 1.48 and hue angle of 67.12 ± 1.16°. To evaluate the colour
characteristic of the reconstituted emulsion, in addition, the optimally
encapsulated powder was reconstituted in deionised water to the
same moisture content of the initial emulsion before spray drying. Re-
sults indicated that reconstituted emulsion had lightness of 50.80 ±
2.70, chroma of 38.25 ± 2.25 and hue angle of 46.13 ± 0.73. It is inter-
esting to note that the encapsulated powder had the lesser red-yellow
Encapsulated Gac oil Significance (P value)

0.45 ± 0.10 0.695
25.96 ± 1.97 0.450
0.50 ± 0.05 0.072
7.50 ± 1.23 0.351

49.35 ± 2.63 0.931
15.51 ± 1.22 0.055
0.73 ± 0.05 0.089

33.91 ± 2.93 0.370
49.85 ± 2.62 0.902
16.24 ± 1.27 0.053

polyunsaturated fatty acids.



Fig. 4. Outer (left) and inner (right) microstructures of the optimal encapsulated oil powder.
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colour compared with the reconstituted equivalent, indicated by higher
hue angle [30]. This could be explained by the fact that the carotenoids,
which being the main pigment responsible for the red-yellow colour of
the product, were encapsulated in the whey protein and gum Arabic
matrix. When reconstituting in the water, the carotenoids easily exited
from the matrix, therefore, the more attractive colour of the recon-
stituted emulsion was obtained, an indication of more redness due to
lower hue angle. Furthermore, total colour difference between the
reconstituted and infeed emulsions (ΔE) was used to compare with
the different colours before and after spray drying. Results showed
that the average ΔE value was low as 9.95 ± 2.65, indicating that the
colour characteristics were slightly changed.

Several authors reported that Gac oil was rich in oleic and linoleic
acids [2,62], and dietary intake of those fatty acids has been proven to
be beneficial to humans [63,64]. Therefore, it is important to examine
whether the fatty acid composition is altered by encapsulation. A com-
parison between the pressed Gac oil before and after encapsulation is
shown in Table 6. Generally, saturated and monosaturated fatty acids
slightly increased, whereas a slight decrease in polyunsaturated fatty
acids (PUFAs) was detected. However, these observations were found
to be statistically non-significant (P N 0.05). In other words, it can be
concluded that the fatty acid composition in the optimally encapsulated
Gac oil powderwas preserved. Furthermore, in comparisonwith PUFAs,
monosaturated fatty acids were more stable during the encapsulation
process. It is because the chemical structure of PUFAs containing a
higher number of double bonds, which could be oxidised easily due to
heat and oxygen during spray drying.

In order to evaluate if wall materials can protect the bioactive com-
pounds inside their structure, it is desirable to observe the morphology
of particles. As can be seen in Fig. 4, the optimally produced powder had
particles with various sizes (less than 20 μm), spherical shape and con-
cave surface, which are the typical characteristics of microcapsules pro-
duced by spray drying. Importantly, most of the particles showed no
apparent cracks or fissures, ensuring a low permeability for oils and
gases, therefore providing better protection and core retention [51].
Furthermore, it is also desirable to observe the inner structure of micro-
capsules, in which small pores were well distributed. It is indicated that
the oil droplet containing carotenoids were homogeneously distributed
in the wall matrix of whey protein and gum Arabic. These observations
are in agreement with many reports using other types of protein wall
materials [10,12,65].

4. Conclusions

Overall the study established that the quality of the encapsulated
Gac oil, in terms of the EEs of the oil, β-carotene, lycopene, EY, MC,
WSI and PV was adequately fitted and predicted by the corresponding
response surface model. The optimal spray drying conditions within
the experimental ranges including inlet and outlet air temperatures of
154 and 80 °C were obtained. Under such conditions, the response
variables including the EEs of the oil, β-carotene, lycopene, EY, MC,
WSI and PV achieved were also predicted and validated as 87.22%,
82.76%, 84.29%, 52.78%, 4.90%, 90.29% and 4.06 meq/kg, respectively.

The colour characteristics of the optimally encapsulated oil powder
and its reconstitution were also evaluated. The results indicated that
only a slight difference in colour between the infeed and reconstituted
emulsions was found, indicating effective preservation of the colour.
Furthermore, other physicochemical properties of the powder including
Aw, pH, bulk density, fatty acid composition, and particle morphology
were also determined. It is expected that the powder could be stored
for a long time due to low Aw and good protective structure of particles
against light, oxidation, and the unwanted released of the oil droplets
and carotenoids. Therefore, it can be concluded that the high quality
of the encapsulated Gac oil powder could be then used as nutrient sup-
plement and natural food colourant due to its contents of unsaturated
fatty acids, β-carotene and lycopene, and its attractive red-yellow
colour.
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Abstract 24	
  

This study investigated the effects of different storage conditions, temperatures of -20, 10, 25	
  

room temperature (RT), 40 and 63 oC for up to 12 months in the presence or absence of air and 26	
  

light, on the stability of an encapsulated Gac (Momordica cochinchinensis) oil powder. A stability 27	
  

trial of the encapsulated oil powder incorporated into yoghurt, pasteurised milk and cake mix stored 28	
  

at 4±2oC and RT for different storage times was also carried out. The results showed that a 29	
  

progressive degradation of colour, β-carotene and lycopene, and a progressive increase in surface 30	
  

oil content and peroxide value (PV) occurred in the encapsulated powders with increasing storage 31	
  

temperatures and storage times. However, the degradation was much less when the encapsulated 32	
  

powder was stored at low temperature in the absence of air and light. The isotherm curves of the 33	
  

encapsulated Gac oil powder samples had sigmoidal shapes and the equilibrium moisture content at 34	
  

a constant temperature increased with the increase in the equilibrium relative humidity. The results 35	
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also showed that the encapsulated Gac oil powder could successfully be incorporated into food 36	
  

products in terms of retention of colour, β-carotene and lycopene, and low PV. In conclusion, the 37	
  

encapsulated Gac oil powder is stable when stored at low temperatures especially in the absence of 38	
  

air and light and can be incorporated into food products. 39	
  

 40	
  

1. Introduction 41	
  

It has been reported that Gac oil extracted from Gac fruit (Momordica cochinchinensis) arils 42	
  

contains high levels of β-carotene (186 mg/100 mL), lycopene (518 mg/100 mL) and fatty acids 43	
  

(102 mg/g of fresh weight) (Kha et al., 2013a; Kha et al., 2013c, 2014a; Vuong, 2000). These 44	
  

bioactive components play important roles in human health (DeFilippis et al., 2010; Rao and Rao, 45	
  

2007). The health benefits of the carotenoids, the unsaturated fatty acids and other bioactive 46	
  

compounds in the Gac fruit have been reviewed recently by Kha et al. (2013b). In addition, it is 47	
  

highly desirable to produce Gac oil containing both carotenoids and fatty acids because a significant 48	
  

improvement in the absorption of the carotenoids into the human body occurs when they are 49	
  

digested with fat (Unlu et al., 2005). Having a high antioxidant activity, carotenoids such as β-50	
  

carotene and lycopene can be used in oils where they can protect unsaturated fatty acids against 51	
  

peroxidation (Pénicaud et al., 2011). 52	
  

Gac oil is easily susceptible to isomerisation and oxidation during processing and storage 53	
  

because of the presence of a high number of double bonds in the structure of carotenoids and 54	
  

unsaturated fatty acids. It is therefore important to find an effective method to prevent the 55	
  

degradation of the bioactive components in the oil. Microencapsulation by spray-drying is one of 56	
  

the most effective techniques, which can be employed to protect, stabilise, and release the 57	
  

compounds while also enabling their solubility in an aqueous medium (Rocha et al., 2012). Kha et 58	
  

al. (2014b, c) successfully encapsulated Gac oil into a matrix of protein and polysaccharide using 59	
  

spray drying. The authors reported that optimisation of the emulsion formulation and spray-drying 60	
  

conditions is one of the most important prerequisites to achieve successful encapsulation, in terms 61	
  

of high encapsulation efficiencies, high water solubility, low moisture content and low water 62	
  

activity.  63	
  

In addition to quality loss through processing, the quality of foods may also change during 64	
  

storage and distribution. It is necessary to study the effect of storage conditions on the quality of the 65	
  

encapsulated Gac oil powders, because several deteriorative reactions impacting on the colour and 66	
  

nutrient properties of the powders occur continually during storage. Many factors such as light, 67	
  

temperature and oxygen are considered to influence the quality of powders. The deterioration rate 68	
  

will accelerate in foods containing high unsaturated fatty acids and carotenoids when kept under 69	
  

inappropriate conditions, such as exposure to oxygen or high temperatures. Additionally, 70	
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degradation reactions can be related to enzymatic action, lipid oxidation and non-enzymic 71	
  

browning; these reactions are often responsible for undesirable changes in colour, flavour and 72	
  

nutritive value (Robertson, 2006). Therefore, an understanding of the causes of deterioration, and 73	
  

the appropriate storage conditions for food products is important. However, the stability of the 74	
  

encapsulated Gac oil powder product during storage over time has not been reported yet and 75	
  

therefore needs to be carried out. 76	
  

The final step of a successful encapsulation process is that the encapsulated powder can be 77	
  

easily incorporated in foods. It is desirable to test the stability of the encapsulated powder in various 78	
  

food products, so that the encapsulated Gac oil powder can be used as a nutrient supplement, food 79	
  

additive and/or natural food colourant. In fact, the demand for carotenoids is still increasing due to 80	
  

their attractive colour and their health benefits (Kong et al., 2010; Ribeiro et al., 2011). It is well 81	
  

known that tomatoes and carrots are good sources of lycopene and β-carotene, respectively, but an 82	
  

encapsulated Gac oil powder containing high levels of both carotenoids would be an excellent 83	
  

alternative source. In addition, as fresh Gac fruit is not available throughout the year, it would be 84	
  

very convenient to use the powder form of Gac in place of the fresh fruit for the fortification of 85	
  

carotenoids into foods such as dairy products. 86	
  

This study aimed to investigate the stability of the encapsulated Gac oil powder under a 87	
  

variety of storage conditions, in terms of colour, surface oil content, peroxide value (PV) and β-88	
  

carotene and lycopene content. Kinetic parameters and moisture sorption isotherms were examined 89	
  

for predicting the shelf life of the encapsulated powder. In addition, the shelf life of Gac oil-90	
  

fortified yoghurt, pasteurised milk and cake mix was also evaluated. 91	
  

 92	
  

2. Materials and methods 93	
  

2.1 Chemicals 94	
  

Carotenoid standards (HPLC grade), including β-carotene (C4582, type II synthetic, ≥95%) 95	
  

and lycopene (L9879, ≥90%, from tomato), were obtained from Sigma-Aldrich Pty. Ltd. (Sydney, 96	
  

NSW, Australia). Solvents and butylated hydroxytoluene (BHT) were purchased from Merck Pty. 97	
  

Ltd. (Sydney, NSW, Australia). Whey protein concentrate (WPC 100) and gum Arabic (GA), used 98	
  

as encapsulating wall materials, were purchased from Amino Nutrition Co. (Kotara, NSW, 99	
  

Australia).  100	
  

 101	
  

2.2 Gac oil extraction and encapsulation by spray drying 102	
  

Fresh Gac fruit was purchased from a local market in Ho Chi Minh City, Viet Nam. A 103	
  

method described by Kha et al. (2013a) was employed to produce Gac oil. Briefly, the fresh Gac 104	
  

arils including seeds (900 g) were scooped out from the fruits and heated by microwave at 630 W 105	
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for 62 min. The microwave-dried sample had the seeds removed by hand, was powdered and then 106	
  

steamed for 22 min prior to pressing at 175 kg/cm2. A batch of fresh Gac fruits (100 kg) was used 107	
  

for production of Gac oil (1.4 kg). 108	
  

The optimum formulation for the preparation of the Gac oil and wall material emulsion 109	
  

using whey protein concentrate and gum Arabic (7/3, g/g) for spray drying was a 29.5% solution 110	
  

and an oil load of 0.2 g/g (Kha et al., 2014b). For spray drying in a LabPlant SD-06A spray dryer 111	
  

(LabPlant UK Ltd., North Yorkshire, UK), the optimum conditions were an inlet temperature of 112	
  

154 oC, outlet temperature of 80 oC, feed flow rate of 970 mL/h, air flow speed of 4.3 m/s, and 113	
  

pressure of 2 bar (Kha et al., 2014c). 114	
  

 115	
  

2.3 Storage conditions of encapsulated Gac oil powder 116	
  

The encapsulated Gac oil powders (10 g) were vacuum-packed and non-vacuum-packed into 117	
  

high barrier vacuum pouches (Caspak Products Pty Ltd, Melbourne, Vic, Australia). The packed 118	
  

samples were then stored at different temperatures of -20 oC, 10 oC and room temperature (RT, 25 - 119	
  

30 oC) for 360 days, at 40 oC for 120 days and at 63 oC for 28 days. For storage at RT, the samples 120	
  

were also packed into laminated and non-laminated vacuum pouches in the presence or absence of 121	
  

air. For practical reasons, due to the time consuming nature of the testing of storage conditions at 40 122	
  
oC or lower, the simple accelerated method of using oven storage at 63 oC (Schaal Oven test) was 123	
  

carried out as is often done to evaluate the stability of food products containing oils. Duplicate 124	
  

samples were periodically withdrawn during the storage in order to measure surface oil content, 125	
  

peroxide value (PV), carotenoid (β-carotene and lycopene) content and colour. 126	
  

 127	
  

2.4 Water sorption isotherms 128	
  

The encapsulated Gac oil powders (2 g) were weighed in aluminium containers and then put 129	
  

into a series of hermetic glass desiccators containing saturated salt solutions of sodium hydroxide 130	
  

(NaOH), lithium chloride (LiCl), potassium acetate (CH3COOK), potassium carbonate (K2CO3), 131	
  

magnesium nitrate (Mg(NO3)2), sodium chloride (NaCl), and potassium chloride (KCl), providing a 132	
  

range of relative humidities from 6 to 87% (Greenspan, 1977). The desiccators were tightly closed 133	
  

and placed at 10, 30 and 40 oC. The samples were then weighed every five days until they reached 134	
  

equilibrium. The final moisture content of the samples was determined by the air drying method at 135	
  

103 oC until a constant weight was reached.  136	
  

The monolayer moisture content Mo (d.b.) was calculated using the Brunauer Emmett Teller 137	
  

(BET) and Gugenheim Anderson de Boer (GAB) equations as follows (Lee and Lee, 2008):  138	
  

BET:  !"
!!!" !"

= !
!!!

+ (!!!)
!!!

𝐴𝑤  139	
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GAB:  MC = !!!!!!!"
(!!!!!")(!!!!!"!!!!!!")

 140	
  

where MC is moisture content of powders expressed in g per 100 g solids; Mo is g of water 141	
  

equivalent to monomolecular layer adsorbed per 100 g dry solids; Aw is water activity at moisture 142	
  

content MC; C is BET constant; Co, KG and CG are GAB equation parameters. 143	
  

 144	
  

2.5 Fortification of foods with encapsulated Gac oil powder 145	
  

The encapsulated Gac oil powders were incorporated into three types of foods: yoghurt, 146	
  

pasteurised milk and cake mix, using typically standard formulations. For fortified yoghurt, raw 147	
  

milk (1 L) purchased from the morning milking at the experimental farm of the University of Nong 148	
  

Lam, (Ho Chi Minh City, Viet Nam), was heated and stirred until 90 oC was reached. The 149	
  

temperature was quickly reduced from 90 oC to 45 oC by placing the steel container containing the 150	
  

milk in a cold water bath and the encapsulated Gac oil powder (20 g), sugar (100 g) and a good 151	
  

quality commercial live yoghurt (125 g, Vinamilk Corp., Ho Chi Minh City, Viet Nam) were added 152	
  

into the heated milk and stirred thoroughly. The mixture was then incubated at 42±2 oC for 4.5 h in 153	
  

an IF55 incubator (Memmert GmbH + Co.KG, Munich, Germany). Afterwards, the mixture, with a 154	
  

pH value of 4.3±2, was poured into sterilised jars and stored under refrigeration at 4±2 oC. 155	
  

Duplicate samples were periodically withdrawn for testing (β-carotene and lycopene content, PV 156	
  

and colour), after 0 (control), 5, 10, 20 and 30 days. 157	
  

For fortified pasteurised milk, the raw milk was heated at 63 oC for 20 seconds. The 158	
  

encapsulated Gac oil powder (20 g) was added into the milk (1 L) and stirred until completely 159	
  

dissolved. The milk was then filtered using a cloth filter and heated to 95 oC for 30 seconds. After 160	
  

heating, the milk, with a pH of 5.31±0.25, was hot filled into glass bottles (330 mL) with a 1.0 cm 161	
  

headspace. The heating pasteurisation process (90 oC for 5 min) was performed using an autoclave 162	
  

(Korimat KA 160, Haiger, Germany) with a thermocouple measuring a “cold region” temperature 163	
  

of the bottle. After thermal treatment, the milk bottles were immediately cooled in an ice-water 164	
  

bath. For the storage study, the milk products were kept under refrigeration at 4±2 oC and then 165	
  

periodically withdrawn for testing (β-carotene and lycopene content, PV and colour), after 0, 5, 10, 166	
  

20 and 30 days. Samples of the milk before pasteurisation were also measured as a control before 167	
  

pasteurisation. 168	
  

For a fortified cake mix, the encapsulated Gac oil powder (160 g) was thoroughly mixed 169	
  

with whey flour (200 g), sugar (40 g), raising agents (sodium bicarbonate, 10 g) and salt (4 g). The 170	
  

cake mix (30 g) was packed into high barrier vacuum pouches and stored at RT for 4 months. 171	
  

Duplicate samples were periodically withdrawn during the storage in order to measure total oil 172	
  

content, PV, carotenoid (β-carotene and lycopene) content and colour.  173	
  

 174	
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2.6 Analyses 175	
  

2.6.1 Surface oil content 176	
  

The surface oil content of the encapsulated Gac oil powders during storage was determined 177	
  

by gently shaking the encapsulated powder sample (5 g) in n-hexane for 10 min without 178	
  

microcapsule destruction. The solvent was decanted and the residue was vacuum-dried at 70 oC 179	
  

until constant weight (Jimenez et al., 2006). 180	
  

 181	
  

2.6.2 Peroxide value (PV) 182	
  

The PV value of Gac oil encapsulated powder and cake mix samples was determined 183	
  

according to AOCS Cd 8-53 (AOCS, 1998). Extracted oil (3 g) from the encapsulated Gac oil 184	
  

powder or the fortified products using n-hexane was placed into 200 mL Erlenmeyer flask and 185	
  

dissolved in 20 ml of a mixture containing acetic acid and chloroform (3:2, v/v) and then the 186	
  

mixture was stirred for a few seconds to ensure thorough mixing. Thereafter, about 0.5 mL of 187	
  

saturated potassium iodide solution was added. After exactly 1 minute, deionised water (20 mL) 188	
  

was added and it was titrated with 0.01 N sodium thiosulfate, using a starch solution as an indicator, 189	
  

until the solution became colourless. The mixture was magnetically stirred during the titration 190	
  

procedure. The results were calculated as milliequivalents of active oxygen per kg (meq/kg) of oil 191	
  

sample as follows:  192	
  

PV (meq/kg) = [(S – B) x N x 1000]/ Mass of sample (g) 193	
  

where S and B are the titration amounts of 0.01 N sodium thiosulfate for the sample and 194	
  

blank (in mL), respectively. N is the normality of sodium thiosulfate solution. 195	
  

 196	
  

2.6.3 Determination of carotenoid content 197	
  

The content of β-carotene and lycopene of the encapsulated Gac oil powder and the fortified 198	
  

products was analysed using an HPLC method (Kha et al., 2013c). Briefly, the microcapsule 199	
  

samples (1 g) or the fortified samples (5 g) were weighed and reconstituted in deionised water (20 200	
  

mL) to form an homogeneous solution. The reconstituted samples were dissolved in a 4:3 (v/v) 201	
  

solution of ethanol and hexane (35 mL) containing 0.1% BHT, and the mixture was blended for 5 202	
  

minutes at 5,000 rpm. The extract was filtered through a Whatman No. 1 filter paper on a Buchner 203	
  

funnel. The residue was re-extracted with another 35 mL of the ethanol and hexane (4:3) with BHT 204	
  

solution and then washed twice with ethanol (12.5 mL) and once with hexane (12.5 mL). The 205	
  

combined extracts were washed with deionised water, dried by rotary evaporator and then diluted 206	
  

with the mobile phase solution. All operations were performed under subdued light to minimise 207	
  

oxidation of the carotenoids.  208	
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HPLC analysis of β-carotene and lycopene was performed with an Agilent 1200 HPLC 209	
  

system (Santa Clara, CA, USA) equipped with a diode array detector. He carotenoids were 210	
  

separated using two reverse phase columns; a Luna C18 column (100 x 4.6 mm i.d; 5µm) was 211	
  

directly connected to a Jupiter C18 column (250 x 4.6 mm i.d; 5µm) (Phenomenex Australia Pty. 212	
  

Ltd., Lane Cove, NSW, Australia). The mobile phase consisted of acetonitrile, dichloromethane and 213	
  

methanol (ACN: DCM: MeOH) 50: 40: 10 v/v/v. The flow rate was 1.0 mL/min, the detection was 214	
  

at 450 nm and the injection volume was 20 µL. The identification of β-carotene and lycopene was 215	
  

based solely on the retention time of the peaks compared with authentic standards. The amount of 216	
  

β-carotene and lycopene in the samples was expressed as µg/g.  217	
  

 218	
  

2.6.4 Colour determination 219	
  

The colour of encapsulated Gac oil powder and fortified product samples was determined 220	
  

using a Minolta Chroma Meter calibrated with a white standard tile. The results were expressed as 221	
  

Hunter colour values of L*, a*, and b*, where L* was used to denote lightness, a* redness and 222	
  

greenness, and b* yellowness and blueness. Prior to colour measurement, the encapsulated Gac oil 223	
  

powder samples and cake mix products were packed into a polyethylene pouch and measured. For 224	
  

the yoghurt and pasteurised milk products, the samples were placed in clear Petri dishes and filled 225	
  

to the top before the measurement.  226	
  

Chroma, representing colour intensity, was calculated by the formula (a*2 + b*2)1/2. The hue 227	
  

angle (Ho) was calculated by the formula Ho = arctan(b*/a*). The hue angle values vary from 0o 228	
  

(pure red colour), 90o (pure yellow colour), 180o (pure green colour) to 270o (pure blue colour). The 229	
  

desirable hue angle is about 45o. Total colour difference or change (ΔE) between two samples was 230	
  

calculated by the following formula: 231	
  

2**
0

2**
0

2**
0 )()()( bbaaLLE −+−+−=Δ  232	
  

where Lo*, ao* and bo* are the values of the samples at zero time, and L*, a* and b* the 233	
  

measured values of each sample with time.  234	
  

 235	
  

2.6.5 Calculation of kinetic parameters 236	
  

The degradation of β-carotene and lycopene in the encapsulated Gac oil powders was 237	
  

calculated by using the standard equation for a first-order kinetic model as follows: 238	
  

lnC = lnCo – k(t) 239	
  

where C is the concentration at time t; Co is the concentration at time zero; k, the 240	
  

degradation rate constant (day-1) is obtained from the slope of a plot of the natural log of C/Co 241	
  

versus time; and t, being the storage time (days). 242	
  

The half-life was calculated at a specific temperature by the equation: t1/2 = ln2/k 243	
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 244	
  

2.7 Statistical analysis 245	
  

The experiments were carried out in duplicate and the subsequent analyses were performed 246	
  

in triplicate. The results were presented as mean values with standard deviations. The three-factor 247	
  

experiments (temperature, air and time in the absence of light; and air, light and time at RT) were 248	
  

randomly done to investigate the effects of the storage conditions on the oil surface content, PV, 249	
  

carotenoid content and colour of the encapsulated powder. For the fortification, the one-factor 250	
  

experiments (storage time) were randomly carried out to investigate the effect of storage time on 251	
  

PV, carotenoid content and colour characteristics of the fortified food products. The mean values 252	
  

were analysed for significant difference by analysis of variance (ANOVA) and the least significant 253	
  

difference (LSD) post-hoc test using SPSS software version 22.0 (IBM Corp., Armonk, NY, USA). 254	
  

 255	
  

3. Results and discussion 256	
  

3.1 Effects of storage conditions on the surface oil content and peroxide value 257	
  

To consider the effectiveness of spray-dried powder for food application, it is necessary to 258	
  

guarantee its stability and functionality during storage (Da Silva et al., 2013). Therefore, 259	
  

investigation of the effects of storage conditions on the quality of the encapsulated Gac oil powders 260	
  

is important. The Gac oil powders were stored at different temperatures of -20, 10, RT, 40 and 63 261	
  
oC in the presence or absence of air and light, for a period of time. There was no change in the water 262	
  

activity and moisture content of the samples during storage (data not shown). This was most likely 263	
  

due to the very high water barrier packaging material used for storing the samples. However, the 264	
  

statistical results indicated that the investigated factors significantly impacted the surface oil content 265	
  

and the PV (P < 0.001). As anticipated, higher storage temperatures and longer times resulted in an 266	
  

increase in the surface oil content (Fig. 1) and the PV (Fig. 2). Similarly, the surface oil content and 267	
  

the PV during storage also increased when the samples were in the presence of air and light (P < 268	
  

0.001). 269	
  

During storage at higher temperatures for a longer time, the surface oil content of the 270	
  

encapsulated Gac oil powder significantly increased, especially at 40 and 63 oC for 120 and 28 271	
  

days, respectively. Therefore, the oil was released to the surface of the powder during storage under 272	
  

these conditions, due to physical and chemical changes in the wall materials and the molecular 273	
  

diffusion of the oil through them (Aghbashlo et al., 2013). For example, proteins can denature at 274	
  

high temperatures (60 oC) during storage (Lim et al., 2012) and lead to low protection properties of 275	
  

protein wall materials, due to the changes in their structure, and therefore, oil diffusion from inside 276	
  

the matrix to the outside surface can be promoted. The encapsulating structure might also be 277	
  



	
   9	
  

weakened when the samples are exposed to increased temperatures for a longer time, causing high 278	
  

release rates of the oil to the surface.  279	
  

In addition, the increased surface oil content could decrease the amount of Gac oil 280	
  

encapsulated inside the microcapsules, resulting in a poorer oil protection against oxidation. Similar 281	
  

to carotenoids, it is well known that the oil containing high levels of unsaturated fatty acids is much 282	
  

more susceptible to oxidation due to temperature, air and light. In this study, it is evident that the 283	
  

PV of the encapsulated Gac oil powder significantly increased during storage and is related to the 284	
  

increased surface oil content (Figs. 1 and 2). Particularly, the PV of the samples increased up to 212 285	
  

and 374 meq/kg when the samples stored at the higher temperatures of 40 and 63 oC in the presence 286	
  

of air, for up to 120 and 28 days, respectively (Fig. 2). As a result, it is recommended that the 287	
  

encapsulated Gac oil should be kept at as low a temperature as possible in the absence of air and 288	
  

light. 289	
  

 290	
  

3.2 Effects of storage conditions on the β-carotene and lycopene content 291	
  

Statistical results indicated that the investigated storage conditions significantly affected the 292	
  

content of β-carotene and lycopene in the encapsulated Gac oil powder (P < 0.001). Significant 293	
  

degradation of the carotenoids occurred in the powder samples and increased with higher storage 294	
  

temperatures and longer storage times, particularly at 40 and 63 oC in the presence of air. The 295	
  

results indicated that at those storage conditions, the loss of β-carotene and lycopene was -56% and 296	
  

-93%, and -60% and -97%, respectively. Many studies have reported that the main reasons for this 297	
  

phenomenon are oxidation and isomerisation (Chen and Tang, 1998; Çinar, 2004). According to 298	
  

these studies, the possible mechanism of carotenoid degradation is that heat and available oxygen 299	
  

promote isomerisation of trans-carotenoids to the cis-forms, which are less stable and more 300	
  

susceptible to degradation during storage. As a result, low molecular mass compounds are formed, 301	
  

resulting in significant degradation of the carotenoids. In addition, compared to the higher 302	
  

temperatures of 40 and 63 oC, loss of carotenoids in the encapsulated powder samples at the lower 303	
  

temperatures of -20, 10 oC and RT after storage periods of 360 days, was much lower. This could be 304	
  

explained by the re-isomerisation from cis-isomers to all-tran forms, which have greater stability, 305	
  

occurring during storage at low temperatures (Xianquan et al., 2005). Alternatively, the degradation 306	
  

of carotenoids during storage at higher temperatures for a longer time could be explained by 307	
  

degradation of the carotenoids into colourless forms at these conditions, rather than isomerisation or 308	
  

re-isomerisation (Goula and Adamopoulos, 2012). 309	
  

Storage of the dried samples at RT is more convenient. Therefore, the effects of storage of 310	
  

the encapsulated Gac oil powders at RT in laminated packaging (no light) and non-laminated 311	
  

packaging (light) in the presence or the absence of air, were also determined. The results showed 312	
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that the samples stored at RT exposed to light in the presence or absence of air had significantly 313	
  

decreased retention of β-carotene and lycopene (P < 0.001). However, the interaction between the 314	
  

presence or absence of air and the exposure or not to light, on the degradation of carotenoids was 315	
  

found to be statistically insignificant (P > 0.05). It has been previously reported that samples 316	
  

containing carotenoids stored in the presence of air and light at a constant temperature had a faster 317	
  

degradation rate than those stored with exposure to air and light (Pénicaud et al., 2011; Sharma and 318	
  

Maguer, 1996). However, Çinar (2004) reported that the carotenoid degradation in freeze-dried 319	
  

plant samples such as orange peel, sweet potato and carrot was not affected by exposure to light 320	
  

when the samples were stored at 25 oC for 45 days. Similarly, the stability of lycopene in tomato 321	
  

puree was insignificantly changed by exposure to light (Shi et al., 2008). Furthermore, according to 322	
  

Pénicaud et al. (2011), light can also favour the isomerisation of carotenoids such as β-carotene, 323	
  

resulting in the formation of cis-isomers, but to a smaller extent compared to the effect high 324	
  

temperatures can have. It can be concluded that, depending on the type of food matrix and the 325	
  

storage conditions used, the extent of the loss of carotenoids during storage may differ.  326	
  

It is also desirable to investigate the kinetic degradation of β-carotene and lycopene in the 327	
  

encapsulated powder in order to predict the shelf life of the product during storage. As can be seen 328	
  

in Figs. 3 and 4, the degradation of β-carotene and lycopene in all samples during storage fitted a 329	
  

first-order reaction. The findings are consistent with other studies (Chen and Tang, 1998; Desobry 330	
  

et al., 1999). Table 1 shows the kinetic parameters of β-carotene and lycopene degradation in the 331	
  

encapsulated Gac oil powder under the different storage conditions. Generally, higher degradation 332	
  

rates and lower half-life values for β-carotene and lycopene were obtained as a result of increasing 333	
  

storage temperatures from -20 oC to 63 oC. For example, the apparent degradation rate (k = 0.0002 334	
  

day-1) of β-carotene in the powder samples stored at -20 oC was much lower than for samples stored 335	
  

at higher temperatures in the absence of air and light, i.e. 2 times higher at 10 oC, 2.5 times at RT, 336	
  

19 times at 40 oC and 331 times at 63 oC. Similar trends were also found for the degradation rate for 337	
  

lycopene in the powder samples. However, compared to β-carotene, the degradation rate of 338	
  

lycopene was higher in most samples, except for the samples stored at 10 oC in the presence of air 339	
  

and under dark conditions, indicating a greater loss of lycopene during storage. This observation is 340	
  

in agreement with several reports that lycopene was degraded faster than β-carotene (Henry et al., 341	
  

2000; Nhung et al., 2010). Furthermore, the different degradation rates for the carotenoids could be 342	
  

due to the different supramolecular structure and reactivity of the carotenoids, which would cause 343	
  

them to interact differently with the protein-polysaccharide matrix of the encapsulating material 344	
  

during storage. Differing interactions between different carotenoids and their surrounding matrix 345	
  

have been reported, which can lead to changes in the physical and chemical properties of the 346	
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carotenoids (Britton, 1995). As a result, different effects on the degradation rate of different 347	
  

carotenoids during storage were found. 348	
  

According to Nhung et al. (2010), the degradation rates of β-carotene and lycopene in Gac 349	
  

oil stored at different temperatures of 5, RT, 45 and 60 oC, which followed a first order kinetics 350	
  

model, were much higher than those in the encapsulated Gac oil powder samples under the current 351	
  

storage conditions. Similar results were found in that higher storage temperatures caused a greater 352	
  

loss of carotenoids. However, the lower rates observed in the present study indicate that the 353	
  

carotenoids in Gac oil degraded much faster than those in the encapsulated Gac oil powder. 354	
  

Therefore, it is evident in this study, that prominent protective effects on the carotenoids were 355	
  

achieved by the encapsulation using the protein-polysaccharide matrix. Similarly, Selim et al. 356	
  

(2000) reported that improved resistance of carotenoids to oxidation can be achieved by applying 357	
  

encapsulation. In the present study, high stability, as seen by low surface oil content, PV and 358	
  

carotenoid degradation rates, was achieved when the encapsulated oil powder samples were stored 359	
  

at low temperatures, including RT in the absence of air and light.  360	
  

 361	
  

3.3 Effects of storage conditions on total colour difference  362	
  

Fig. 6 shows how the total colour difference (ΔE), between the encapsulated Gac oil 363	
  

samples at time zero and time t, was affected by the different storage conditions (temperature, air 364	
  

and light). The results indicated that a higher storage temperature and a longer storage time led to 365	
  

significantly larger differences in the total colour of the encapsulated powder samples (P < 0.001). 366	
  

Higher lightness and lower redness values were obtained for the powder stored at the higher 367	
  

temperatures and for the longer times, resulting in greater total colour differences. Similarly, other 368	
  

studies have also reported that the colour of samples containing carotenoids was significantly 369	
  

affected by high storage temperatures and times (Chen and Tang, 1998; Duangmal et al., 2008). In 370	
  

contrast, only a slight change in the ΔE value was found for the samples stored at low temperatures. 371	
  

As can be seen in Fig. 5, the ΔE values of the samples stored at temperatures of -20 oC, 10 oC and 372	
  

RT (oC) and in the absence of air and light for 1 year only changed slightly, as indicated by 373	
  

measurements lower than 10 units. However, the results also indicated that the samples stored in the 374	
  

presence of air and light resulted in significantly greater ΔE values. Therefore, it is important to 375	
  

note that low temperatures and the absence of air and light should be recommended for storage of 376	
  

the encapsulated Gac oil in order to minimise colour change. 377	
  

In addition to determining the optimal storage conditions for preserving the high quality of 378	
  

the encapsulated powders, it was also deemed necessary to determine whether there were 379	
  

relationships among the dependent variables such as ΔE, carotenoids and surface oil content. The 380	
  

results indicated that there was a high correlations between ΔE and β-carotene content (R2 = 0.80) 381	
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and between ΔE and lycopene content (R2 = 0.82) during storage. According to the Pearson 382	
  

correlation test correlation coefficients for ΔE and β-carotene and for ΔE and lycopene were -0.895 383	
  

and -0.904, respectively, and the correlations were significant at the 0.01 level (2-tailed). The 384	
  

negative correlations meant that the increases in total colour difference most likely resulted from a 385	
  

decrease in the carotenoid content during storage. Chen and Tang (1998) also reported a similar 386	
  

strong relationship between colour differences and the carotenoid content of carrot pulp waste 387	
  

powder stored under various conditions.  388	
  

High correlations between the surface oil content and β-carotene (0.89) and between the 389	
  

surface oil and lycopene (0.89), were also found. The Pearson correlation coefficients were -0.945 390	
  

and -0.941 for the surface oil content and β-carotene and for the surface oil content and lycopene, 391	
  

respectively, and the correlations were significant at the 0.01 level (2-tailed). This indicates that the 392	
  

surface oil content increased as the carotenoid content decreased in the stored samples. There was 393	
  

also a high correlation between the surface oil content and the ΔE (R2 = 0.81). The positive Pearson 394	
  

correlation coefficient of 0.90 between these values was also significant at the 0.01 level (2-tailed).  395	
  

The encapsulated Gac oil powder was previously shown to be highly dissolvable in water 396	
  

(Kha et al., 2014b, c) and in the present study to be highly dissolvable in the dairy products tested. 397	
  

There was an insignificant difference in colour when the encapsulated Gac oil powder was 398	
  

reconstituted in the fortified yoghurt and the pasteurised milk products or in water (results not 399	
  

shown). Colour is one of the most important appearance attributes of food products as it directly 400	
  

influences acceptability by consumers. In products such as the encapsulated Gac oil powder, colour 401	
  

can be more easily measured and more quickly evaluated during storage compared to analysing 402	
  

other parameters such as surface oil, β-carotene and lycopene. Therefore, high correlations between 403	
  

colour and the other parameters are useful for predicting the retention of carotenoids and the surface 404	
  

oil content during storage based on the colour. 405	
  

 406	
  

3.4 Moisture sorption isotherms 407	
  

The moisture sorption isotherms are extremely useful for predicting the shelf life of a 408	
  

product in terms of its physical, biochemical and microbial stability when determining packaging 409	
  

and storage conditions (Janjai et al., 2006; Yan et al., 2008). The graphical relationship between the 410	
  

equilibrium moisture content (EMCdb,%) and the equilibrium relative humidity (ERH, %) at a 411	
  

constant temperature is described by moisture sorption isotherms. Fig. 6 shows the sorption 412	
  

isotherm curves constructed for the encapsulated Gac oil powder samples stored at the three 413	
  

different temperatures of 10, 30 and 40 oC, which all showed sigmoid shapes and similar trends. 414	
  

Generally, the EMC values at a constant temperature increased as the ERH increased. This is in 415	
  

agreement with several authors who stated that the moisture isotherms for dried plant food usually 416	
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exhibit a sigmoidal curve (Janjai et al., 2006; Yan et al., 2008). In the ERH range of 6 - 43%, 417	
  

depending on the storage temperature, the encapsulated powder samples showed a very slight 418	
  

increase in the EMC. The moisture content and the water activity of the samples in this range were 419	
  

very low, indicating that there was a very small amount of free water within the powders. Thus, the 420	
  

samples could be more stable physically, chemically and biologically. However, it is very difficult 421	
  

and costly to bring foods within this range of ERH with drying processes.  422	
  

In contrast, deterioration of samples occurs easily and rapidly at ERH higher than 75% due 423	
  

to a high moisture uptake, a condition that supports chemical, biological and microbial degradation. 424	
  

In the present study, the greatest increase in water uptake behaviour was observed as the ERH was 425	
  

increased from 43% to 57%, as displayed by the highest gradient slope in this section of the curves. 426	
  

This indicated that the encapsulated powder samples should not be stored within this range of ERH, 427	
  

unless a very good quality packaging material with very high water barrier properties is used. At 428	
  

ERH values from 48 to 75%, the EMC almost remained unchanged, indicating that the water uptake 429	
  

was stable and did not increase further. 430	
  

Fig. 6 also shows that the EMC values decreased as the storage temperature was increased 431	
  

from 10 to 40 oC, at a constant ERH. This is because the physicochemical changes in the wall 432	
  

material matrix caused by the increasing temperature most likely resulted in a decrease in the total 433	
  

number of active sites for binding water (Goula et al., 2008). Furthermore, the mobility of water 434	
  

molecules is also increased by increasing temperatures; the higher heat energies can activate the 435	
  

water molecules and cause them to separate from their water-binding sites on the food (Goula et al., 436	
  

2008; Palipane and Driscoll, 1993). As a result, at a constant relative humidity, the amount of 437	
  

adsorbed water decreases with increasing temperature, thus decreasing the EMC. 438	
  

According to the BET equation, the monolayer moisture content, Mo (%, d.b.) obtained for 439	
  

the samples stored at 10, 30 and 40 oC was 3.53 (R2 = 0.95), 2.43 (R2 = 0.91) and 2.25% (R2 = 440	
  

0.90), respectively. However, the values using the GAB equation were higher at 4.75 (R2 = 0.84), 441	
  

4.93 (R2 = 0.86) and 4.78 (R2 = 0.84), respectively. These results indicated that the BET equation 442	
  

was more accurate for predicting the Mo because the values it generated had higher R2 values. In 443	
  

general, the Mo of a dried food product is considered to be the safest condition in terms of storage 444	
  

stability. This is because a higher rate of lipid oxidation is promoted at moisture levels below the 445	
  

Mo and at higher moisture levels, deterioration of food occurs due to promotion of Maillard 446	
  

browning and of enzymatic and microbiological activities. However, foods are not usually dried to 447	
  

below Mo values due to the extra heat needed for evaporation. Therefore, the initial moisture 448	
  

content of a product is preferred to be at or slightly above its Mo value in order to achieve a 449	
  

maximal shelf life with minimal spoilage (Fellows, 2009). The encapsulated Gac oil powder sample 450	
  

used in this study had a moisture content of 4.2 ± 0.31%, which was close to the Mo, indicating that 451	
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the sample was likely to be able to be stored for an extended period of time. As discussed 452	
  

previously, it is evident that the encapsulated Gac oil powder was highly stable at low temperatures 453	
  

in the absence of air and light for up to 1 year. 454	
  

 455	
  

3.5 Fortification with the encapsulated Gac oil powder 456	
  

Foods containing carotenoids are currently receiving considerable attention from food 457	
  

manufactures and consumers. Generally, carotenoids such as β-carotene and lycopene are widely 458	
  

used within the food industry as colourants and nutrient supplements due to an increased awareness 459	
  

of consumers of the benefits of these natural nutrient components (Zulueta et al., 2007). As 460	
  

mentioned earlier, the final purpose of the encapsulation process is to fortify foods by incorporation 461	
  

of the encapsulated product in foods. In this study, it was important to test whether the encapsulated 462	
  

Gac oil powder could be incorporated into yoghurt, pasteurised milk and cake mix.  463	
  

The stability of the encapsulated Gac oil powder when used for the fortification of yoghurt 464	
  

(Table 2), pasteurised milk (Table 3) and cake mix (Table 4) followed by storage at 4 oC or RT for 465	
  

4 weeks or 4 months was evaluated. In general, the results showed that the colour characteristics 466	
  

(lightness, chroma, hue angle and ΔE) of the fortified products remained unchanged or only 467	
  

changed slightly during storage. Compared to the fortified yoghurt and pasteurised milk samples at 468	
  

time zero (control), there was only a very slight change in colour for the samples stored under 469	
  

refrigeration at 4 oC, as indicated by the low ΔE value (less than 4 units). According to Obón et al. 470	
  

(2009), the total colour difference between fresh and processed products can be generally 471	
  

distinguished when the ∆E value is higher than 5 units. Similarly, the colour characteristics of the 472	
  

cake mix fortified with the encapsulated Gac oil powder was stable for up to 4 months. In other 473	
  

words, the colour of the fortified products remained unchanged during storage.  474	
  

There are a number of commercial dairy products that have been fortified with bioactive 475	
  

compounds from fruits and vegetables such as tomato, apricot, carrot, guava and passion fruit. 476	
  

According to Zuleta et al. (2007), these beverages come in a variety of different colours, indicated 477	
  

by a large range of hue angle values from 36 to 116. The fruit and vegetable juice-milk products, 478	
  

among others which were typically observed to have a yellow-red colour, exhibited hue angle 479	
  

values of less than 90. Therefore, from the commercial point of view, the yoghurt, pasteurised milk 480	
  

and cake mix products fortified with the encapsulated Gac oil powder, which have an attractive 481	
  

yellow-red colour, could be competitively marketed. 482	
  

The PV is mainly used to evaluate the initial stages of the oxidation process in food products 483	
  

containing unsaturated fatty acids (Van Hoed et al., 2010). When it was measured in the fortified 484	
  

products during storage, Tables 2 shows that the PV values of the fortified yoghurt product were 485	
  

found to be insignificantly changed (P > 0.05). The PV of the pasteurised milk (Table 3) and the 486	
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cake mix (Table 4) fortified with the encapsulated Gac oil powder were only slightly increased 487	
  

during storage for up to 4 weeks and 4 months, respectively (P < 0.05). According to Codex STAN 488	
  

19-1981 (2003), the PV of oil products should not exceed 10 meq/kg. Therefore, it can be 489	
  

concluded, due to their low PV, that the fortified products in the current study were highly stable in 490	
  

terms of oil oxidation. 491	
  

Generally, the results from Tables 2, 3 and 4 show that only a slight decrease in β-carotene 492	
  

and lycopene occurred in some of the fortified products as the storage time increased. The 493	
  

degradation of carotenoid content in the products during storage is mainly due to auto-oxidation, 494	
  

photo-oxidation and photo-isomerisation. These reactions can occur simultaneously and 495	
  

competitively in the presence of catalyst, oxygen and light intensity. The oxidation severity also 496	
  

depends on the carotenoid structure and environmental conditions (Chen et al., 1996).  497	
  

The apparent high stability of the carotenoids in the fortified products during storage is 498	
  

highly desirable. However, another issue, which will be important to investigate, is the release of 499	
  

the carotenoids from the protein-polysaccharide matrix and the maintenance of their antioxidant 500	
  

activity under gastric and intestinal conditions. The way the encapsulation system behaves under 501	
  

digestive conditions will ultimately determine the bioavailability of the carotenoids and whether the 502	
  

encapsulated Gac oil is likely to be useful for meeting the recommended daily intake levels for 503	
  

these carotenoids. 504	
  

The recommended daily intake levels for β-carotene and lycopene are 0.2 - 9.7 mg (Müller, 505	
  

1996) and 5 - 7 mg (Rao and Rao, 2007), respectively. As can be seen from the results in Tables 2, 506	
  

3 and 4, one serve of 100 g of yoghurt, pasteurised milk and cake mix contained 4 to 14 mg of β-507	
  

carotene and 8 to 41 mg of lycopene. After refrigeration for up to 4 weeks, despite some losses 508	
  

(refer to Tables 2 and 3), the content of β-carotene and lycopene in the fortified yoghurt and 509	
  

pasteurised milk were still higher than those reported for some other pasteurised fruit and vegetable 510	
  

juices, such as tomato juice, which ranged from 32 to 56 µg/g (Podsȩdek et al., 2003; Sánchez-511	
  

Moreno et al., 2006).  512	
  

As a result of having established in the present study that the levels of the carotenoids 513	
  

remained high during storage in the products fortified with the encapsulated Gac oil powder, these 514	
  

products could be recommended as good sources of β-carotene and lycopene for their value as a 515	
  

vitamin A precursor and for the prevention of prostate cancer, respectively. Indeed, consumption of 516	
  

Gac fruit, particularly rich in β-carotene, has been reported by Vuong et al. (2002) to reduce the 517	
  

incidence of vitamin A deficiency. Studies have also indicated that the consumption of fruits and 518	
  

vegetables rich in lycopene, has been linked with a lower risk of developing prostate cancer (Chan 519	
  

et al., 2009; Guns and Cowell, 2005). 520	
  

 521	
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4. Conclusions 522	
  

It can be concluded that a significant progressive degradation of colour, β-carotene and 523	
  

lycopene, and a significant increase in the surface oil content and PV of the encapsulated Gac oil 524	
  

powder occurred as a result of increasing the storage temperature from -20 to 10, RT, 40 and 63 oC, 525	
  

and increasing the storage period. The degradation rate of β-carotene and lycopene in the powder 526	
  

was best fitted by a first-order reaction. The loss of colour, β-carotene and lycopene, and the 527	
  

increase in the surface oil content and PV in the encapsulated Gac oil powder were less when the 528	
  

powder was packed in the absence of air and light. There were high correlations among total colour 529	
  

difference, PV, β-carotene and lycopene in the powder samples under the various storage conditions 530	
  

tested. Moreover, the isotherm curves of the encapsulated Gac oil powder samples stored at 10, 30 531	
  

and 40 oC had sigmoidal shapes and similar patterns to those which are usually observed in dried 532	
  

food products. At a constant temperature, the EMC values increased with the increase in ERH.  533	
  

The fortification experiments showed that the encapsulated Gac oil powder was easily 534	
  

incorporated into three food products. In these experiments, the stability of the encapsulated Gac oil 535	
  

powder incorporated into yoghurt, pasteurised milk and cake mix was tested during storage under 536	
  

refrigeration at 4±2 oC and at RT for different storage times. The stability was found to be 537	
  

satisfactory, in terms of the retention of colour, β-carotene and lycopene and low PV during storage 538	
  

for 4 weeks for the yoghurt and the pasteurised milk, and for 4 months for the cake mix.  539	
  

In conclusion, the encapsulated Gac oil powder is stable when stored at low temperatures 540	
  

especially in the absence of air and light. It can also be successfully incorporated into food 541	
  

products. 542	
  

 543	
  

Acknowledgment 544	
  

The authors acknowledge the University of Newcastle, Australia for the financial support 545	
  

through a PhD scholarship for Tuyen Kha. 546	
  

 547	
  

References 548	
  

Aghbashlo, M., Mobli, H., Madadlou, A., Rafiee, S., (2013). Influence of Wall Material and Inlet 549	
  

Drying Air Temperature on the Microencapsulation of Fish Oil by Spray Drying. Food and 550	
  

Bioprocess Technology 6(6), 1561-1569. 551	
  

Alimentarius Codex (2003). Codex Standard for Olive Oil and Olive Pomace Oil. Codex STAN, 552	
  

19-1981, (Rev. 2002-2003). 553	
  

AOCS, (1998). Official Methods and Recommended Practices of the AOCS (5th ed). AOCS Press, 554	
  

Champaign, Illinois, AOCS Press. 555	
  



	
   17	
  

Britton, G., (1995). Structure and properties of carotenoids in relation to function. The FASEB 556	
  

Journal 9(15), 1551-1558. 557	
  

Chan, R., Lok, K., Woo, J., (2009). Prostate cancer and vegetable consumption. Molecular 558	
  

Nutrition and Food Research 53(2), 201-216. 559	
  

Chen, B.H., Tang, Y.C., (1998). Processing and Stability of Carotenoid Powder from Carrot Pulp 560	
  

Waste. Journal of Agricultural and Food Chemistry 46(6), 2312-2318. 561	
  

Chen, H.E., Peng, H.Y., Chen, B.H., (1996). Stability of carotenoids and vitamin A during storage 562	
  

of carrot juice. Food Chemistry 57(4), 497-503. 563	
  

Çinar, I., (2004). Carotenoid pigment loss of freeze-dried plant samples under different storage 564	
  

conditions. LWT - Food Science and Technology 37(3), 363-367. 565	
  

Da Silva, F.C., Da Fonseca, C.R., De Alencar, S.M., Thomazini, M., Balieiro, J.C.D.C., Pittia, P., 566	
  

Favaro-Trindade, C.S., (2013). Assessment of production efficiency, physicochemical 567	
  

properties and storage stability of spray-dried propolis, a natural food additive, using gum 568	
  

Arabic and OSA starch-based carrier systems. Food and Bioproducts Processing 91(1), 28-569	
  

36. 570	
  

DeFilippis, A.P., Blaha, M.J., Jacobson, T.A., (2010). Omega-3 fatty acids for cardiovascular 571	
  

disease prevention. Current Treatment Options in Cardiovascular Medicine 12(4), 365-380. 572	
  

Desobry, S.A., Netto, F.M., Labuza, T.P., (1999). Influence of maltodextrin systems at an 573	
  

equivalent 25DE on encapsulated β-carotene loss during storage. Journal of Food 574	
  

Processing and Preservation 23(1), 39-55. 575	
  

Duangmal, K., Saicheua, B., Sueeprasan, S., (2008). Colour evaluation of freeze-dried roselle 576	
  

extract as a natural food colorant in a model system of a drink. LWT - Food Science and 577	
  

Technology 41(8), 1437-1445. 578	
  

Fellows, P., (2009). Food processing technology: Principles and practice (2nd ed). Woodhead, 579	
  

Cambridge. 580	
  

Goula, A.M., Adamopoulos, K.G., (2012). A new technique for spray-dried encapsulation of 581	
  

lycopene. Drying Technology 30(6), 641-652. 582	
  

Goula, A.M., Karapantsios, T.D., Achilias, D.S., Adamopoulos, K.G., (2008). Water sorption 583	
  

isotherms and glass transition temperature of spray dried tomato pulp. Journal of Food 584	
  

Engineering 85(1), 73-83. 585	
  

Greenspan, L., (1977). Humidity fixed points of binary saturated aqueous solutions. Journal of 586	
  

Research of the National Bureau of Standards – A, Physics and Chemistry 81 A(1), 89-96. 587	
  

Guns, E.S., Cowell, S.P., (2005). Drug insight: Lycopene in the prevention and treatment of 588	
  

prostate cancer. Nature Clinical Practice Urology 2(1), 38-43. 589	
  



	
   18	
  

Henry, L.K., Puspitasari-Nienaber, N.L., Jaren-Galan, M., Van Breemen, R.B., Catignani, G.L., 590	
  

Schwartz, S.J., (2000). Effects of ozone and oxygen on the degradation of carotenoids in an 591	
  

aqueous model system. Journal of Agricultural and Food Chemistry 48(10), 5008-5013. 592	
  

Janjai, S., Bala, B.K., Tohsing, K., Mahayothee, B., Haewsungcharern, M., Mühlbauer, W., Müller, 593	
  

J., (2006). Equilibrium moisture content and heat of sorption of longan (Dimocarpus longan 594	
  

Lour.). Drying Technology 24(12), 1691-1696. 595	
  

Jimenez, M., García, H.S., Beristain, C.I., (2006). Spray-dried encapsulation of Conjugated Linoleic 596	
  

Acid (CLA) with polymeric matrices. Journal of the Science of Food and Agriculture 597	
  

86(14), 2431-2437. 598	
  

Kha, T.C., Nguyen, M.H., Phan, D.T., Roach, P.D., Stathopoulos, C.E., (2013a). Optimisation of 599	
  

microwave-assisted extraction of Gac oil at different hydraulic pressure, microwave and 600	
  

steaming conditions. International Journal of Food Science and Technology 48(7), 1436-601	
  

1444. 602	
  

Kha, T.C., Nguyen, M.H., Roach, P.D., Parks, S.E., Stathopoulos, C., (2013b). Gac Fruit: Nutrient 603	
  

and Phytochemical Composition, and Options for Processing. Food Reviews International 604	
  

29(1), 92-106. 605	
  

Kha, T.C., Nguyen, M.H., Roach, P.D., Stathopoulos, C.E., (2013c). Effects of Gac aril microwave 606	
  

processing conditions on oil extraction efficiency, and β-carotene and lycopene contents. 607	
  

Journal of Food Engineering 117(4), 486-491. 608	
  

Kha, T.C., Nguyen, M.H., Roach, P.D., Stathopoulos, C.E., (2014a). Effect of drying pre-treatments 609	
  

on the yield and bioactive content of oil extracted from Gac Aril. International Journal of 610	
  

Food Engineering 10(1), 103-112. 611	
  

Kha, T.C., Nguyen, M.H., Roach, P.D., Stathopoulos, C.E., (2014b). Microencapsulation of Gac Oil 612	
  

by Spray Drying: Optimization of Wall Material Concentration and Oil Load Using 613	
  

Response Surface Methodology. Drying Technology 32(4), 385-397. 614	
  

Kha, T.C., Nguyen, M.H., Roach, P.D., Stathopoulos, C.E., (2014c). Microencapsulation of Gac oil: 615	
  

Optimisation of spray drying conditions using response surface methodology. Powder 616	
  

Technology 264, 298-309. 617	
  

Kong, K.W., Khoo, H.E., Prasad, K.N., Ismail, A., Tan, C.P., Rajab, N.F., (2010). Revealing the 618	
  

power of the natural red pigment lycopene. Molecules 15(2), 959-987. 619	
  

Lee, J.H., Lee, M.J., (2008). Effect of drying method on the moisture sorption isotherms for 620	
  

Inonotus obliquus mushroom. LWT - Food Science and Technology 41(8), 1478-1484. 621	
  

Lim, H.K., Tan, C.P., Bakar, J., Ng, S.P., (2012). Effects of Different Wall Materials on the 622	
  

Physicochemical Properties and Oxidative Stability of Spray-Dried Microencapsulated Red-623	
  



	
   19	
  

Fleshed Pitaya (Hylocereus polyrhizus) Seed Oil. Food and Bioprocess Technology 5(4), 624	
  

1220-1227. 625	
  

Muller, H., (1996). The daily intake of carotenoids (carotenes and xanthophylls) from total daily 626	
  

diets and carotenoid contents of selected vegetables and fruits. European Journal of 627	
  

Nutrition 35(1), 45-50. 628	
  

Nhung, D.T.T., Bung, P.N., Ha, N.T., Phong, T.K., (2010). Changes in lycopene and beta carotene 629	
  

contents in aril and oil of gac fruit during storage. Food Chemistry 121(2), 326-331. 630	
  

Obón, J.M., Castellar, M.R., Alacid, M., Fernández-López, J.A., (2009). Production of a red-purple 631	
  

food colorant from Opuntia stricta fruits by spray drying and its application in food model 632	
  

systems. Journal of Food Engineering 90(4), 471-479. 633	
  

Palipane, K.B., Driscoll, R.H., (1993). Moisture sorption characteristics of in-shell macadamia nuts. 634	
  

Journal of Food Engineering 18(1), 63-76. 635	
  

Pénicaud, C., Achir, N., Dhuique-Mayer, C., Dornier, M., Bohuon, P., (2011). Degradation of β-636	
  

carotene during fruit and vegetable processing or storage: Reaction mechanisms and kinetic 637	
  

aspects: A review. Fruits 66(6), 417-440. 638	
  

Podsȩdek, A., Sosnowska, D., Anders, B., (2003). Antioxidative capacity of tomato products. 639	
  

European Food Research and Technology 217(4), 296-300. 640	
  

Rao, A.V., Rao, L.G., (2007). Carotenoids and human health. Pharmacological Research 55(3), 641	
  

207-216. 642	
  

Ribeiro, B.D., Barreto, D.W., Coelho, M.A.Z., (2011). Technological Aspects of β-Carotene 643	
  

Production. Food and Bioprocess Technology 4(5), 693-701. 644	
  

Robertson, R.L., (2006). Food Packaging: Principles and Practice (2nd ed). Taylor & Francis, 645	
  

Boca Raton, FLA. 646	
  

Rocha, G.A., Fávaro-Trindade, C.S., Grosso, C.R.F., (2012). Microencapsulation of lycopene by 647	
  

spray drying: Characterization, stability and application of microcapsules. Food and 648	
  

Bioproducts Processing 90(1), 37-42. 649	
  

Sánchez-Moreno, C., Plaza, L., de Ancos, B., Cano, M.P., (2006). Nutritional characterisation of 650	
  

commercial traditional pasteurised tomato juices: carotenoids, vitamin C and radical-651	
  

scavenging capacity. Food Chemistry 98(4), 749-756. 652	
  

Selim, K., Tsimidou, M., Biliaderis, C.G., (2000). Kinetic studies of degradation of saffron 653	
  

carotenoids encapsulated in amorphous polymer matrices. Food Chemistry 71(2), 199-206. 654	
  

Sharma, S.K., Maguer, M.L., (1996). Kinetics of lycopene degradation in tomato pulp solids under 655	
  

different processing and storage conditions. Food Research International 29(3-4), 309-315. 656	
  

Shi, J., Dai, Y., Kakuda, Y., Mittal, G., Xue, S.J., (2008). Effect of heating and exposure to light on 657	
  

the stability of lycopene in tomato purée. Food Control 19(5), 514-520. 658	
  



	
   20	
  

Unlu, N.Z., Bohn, T., Clinton, S.K., Schwartz, S.J., (2005). Carotenoid absorption from salad and 659	
  

salsa by humans is enhanced by the addition of avocado or avocado oil. Journal of Nutrition 660	
  

135(3), 431-436. 661	
  

Van Hoed, V., Ali, C.B., Slah, M., Verhé, R., (2010). Quality differences between pre-pressed and 662	
  

solvent extracted rapeseed oil. European Journal of Lipid Science and Technology 112(11), 663	
  

1241-1247. 664	
  

Vuong, L.T., (2000). Underutilized β-carotene-rich crops of Vietnam. Food and Nutrition Bulletin 665	
  

21(2), 173-181. 666	
  

Vuong, L.T., Dueker, S.R., Murphy, S.P., (2002). Plasma β-carotene and retinol concentrations of 667	
  

children increase after a 30-d supplementation with the fruit Momordica cochinchinensis 668	
  

(Gac). American Journal of Clinical Nutrition 75(5), 872-879. 669	
  

Xianquan, S., Shi, J., Kakuda, Y., Yueming, J., (2005). Stability of lycopene during food processing 670	
  

and storage. Journal of Medicinal Food 8(4), 413-422. 671	
  

Yan, Z., Sousa-Gallagher, M.J., Oliveira, F.A.R., (2008). Sorption isotherms and moisture sorption 672	
  

hysteresis of intermediate moisture content banana. Journal of Food Engineering 86(3), 673	
  

342-348. 674	
  

Zulueta, A., Esteve, M.J., Frígola, A., (2007). Carotenoids and color of fruit juice and milk 675	
  

beverage mixtures. Journal of Food Science 72(9), C457-C463. 676	
  



Figure captions 
 

Fig. 1. Effects of storage conditions on the surface oil content of encapsulated Gac oil powder. 

Samples were stored at -20, 10 (A), 40 and 63 oC (C) in the presence or absence of air 

(vacuum or non-vacuum) and in the absence of light (dark). B: samples were stored at room 

temperature (RT) in the presence or absence of air and light (vacuum or non-vacuum and 

light or dark). 
 

Fig. 2. Effects of storage conditions on the peroxide value (PV) of encapsulated Gac oil powder. 

Samples were stored at -20, 10 (A), 40 and 63 oC (C) in the presence or absence of air 

(vacuum or non-vacuum) and in the absence of light (dark). B: samples were stored at room 

temperature (RT) in the presence or absence of air and light (vacuum or non-vacuum and 

light or dark). 
 

Fig. 3. First-order degradation plots for β-carotene in encapsulated Gac oil powder under different 

storage conditions. 

Samples were stored at -20, 10 (A), 40 and 63 oC (C) in the presence or absence of air 

(vacuum or non-vacuum) and in the absence of light (dark). B: samples were stored at room 

temperature (RT) in the presence or absence of air and light (vacuum or non-vacuum and 

light or dark). 
 

Fig. 4. First-order degradation plots for lycopene in encapsulated Gac oil powder under different 

storage conditions.  

Samples were stored at -20, 10 (A), 40 and 63 oC (C) in the presence or absence of air 

(vacuum or non-vacuum) and in the absence of light (dark). B: samples were stored at room 

temperature (RT) in the presence or absence of air and light (vacuum or non-vacuum and 

light or dark). 
 

Fig. 5. Effects of storage conditions on total color difference (ΔE). 

Samples were stored at -20, 10 (A), 40 and 63 oC (C) in the presence or absence of air 

(vacuum or non-vacuum) and in the absence of light (dark). B: samples were stored at room 

temperature (RT) in the presence or absence of air and light (vacuum or non-vacuum and 

light or dark). 
 

Fig. 6. Sorption isotherm curves of the encapsulated Gac oil powder samples at different 

temperatures of 10, 30 and 40 oC.  

EMC: equilibrium moisture content; ERH: equilibrium relative humidity. 
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Table 1. Degradation kinetics of β-carotene and lycopene in the encapsulated Gac oil powder 

 

Storage conditions 

β-Carotene  Lycopene 

k (day-1) 
Half life 

(day) 

First-order 

degradation 
r2 

 
k (day-1) 

Half life 

(day) 

First-order 

degradation 
r2 

Vacuum + dark at -20oC 0.0002 3466 y = -0.0002t + 0.0029 0.894  0.0004 1733 y = -0.0004t + 0.0097 0.971 

Non-vacuum + dark -20oC 0.0003 2310 y = -0.0003t + 0.0124 0.923  0.0004 1733 y = -0.0004t + 0.0075 0.948 

Vacuum + dark at 10oC 0.0004 1733 y = -0.0004t + 0.0219 0.952  0.0004 1733 y = -0.0004t - 0.0107 0.977 

Non-vacuum + dark at 10oC 0.0009 770 y = -0.0009t + 0.0374 0.964  0.0006 1155 y = -0.0006t - 0.0157 0.973 

Vacuum + dark at RT 0.0005 1386 y = -0.0007t - 0.0535 0.989  0.0011 630 y = -0.0011t + 0.087 0.852 

Non-vacuum + dark at RT 0.0013 533 y = -0.0013t - 0.0545 0.969  0.002 347 y =-0.002t + 0.0978 0.966 

Vacuum + light at RT 0.0009 770 y = -0.0009t - 0.043 0.912  0.0012 578 y =-0.0012t + 0.1001 0.819 

Non-vacuum + light at RT 0.0015 462 y= -0.0015t - 0.0437 0.991  0.0022 315 y = 0.0022t + 0.0686 0.912 

Vacuum + dark at 40oC 0.0038 182 y = -0.0038t - 0.035 0.989  0.0048 144 y = -0.0048t + 0.0334 0.981 

Non-vacuum + dark at 40oC 0.0063 110 y = -0.0063t + 0.0099 0.932  0.0077 90 y = -0.0077t + 0.0808 0.951 

Vacuum + dark at 63oC 0.0662 10 y = -0.0662t + 0.3119 0.887  0.0748 9 y = -0.0748t + 0.462 0.771 

Non-vacuum + dark at 63oC 0.1018 7 y = -0.1018t + 0.5168 0.858  0.1265 5 y = 0.1265t + 0.6537 0.845 

y = ln(C/Co); C: amount of β-carotene or lycopene at storage time t; Co: initial amount of β-carotene or lycopene; k: apparent degradation rate 

constant 

 



 

 

Table 2. Colour characteristics, peroxide value (PV) and carotenoid content of the yoghurt 

incorporated with encapsulated Gac oil powder 

 

Sample Lightness Chroma Hue angle ΔE PV 

(meq/kg) 

β-carotene 

(µg/g) 

Lycopene 

(µg/g) 

Week 0 75.1 ± 0.1a 47.2 ± 0.7a 73.5 ± 0.1a  2.0 ± 0.2a 50.6 ± 13.9a 119.3 ± 26.4a 

Week 1 75.3 ± 0.6a 50.0 ± 1.7b 73.4 ± 0.5a 2.9 ± 1.7a 2.1 ± 0.3a 43.1 ± 8.2a 112.0 ± 32.9a 

Week 2 75.4 ± 0.5a 50.3 ± 1.1b 73.7 ± 0.4a 3.2 ± 1.2a 2.2 ± 0.1a 48.2 ± 11.9a 87.2 ± 15.3a 

Week 3 75.4 ± 0.6a 50.8 ± 0.7b 73.3 ± 0.6a 3.7 ± 0.7a 2.3 ± 0.4a 44.7 ± 5.3a 85.6 ± 12.6a 

Week 4 75.5 ± 0.3a 50.2 ± 0.6b 74.7 ± 0.8a 3.3 ± 0.4a 2.6 ± 0.2a 42.7 ± 7.7a 81.2 ± 13.1a 

Values in the same column followed by different superscripts (a - c) were significantly different (P < 0.05); ΔE: total color 

difference. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 3. Colour characteristics, peroxide value (PV) and carotenoid content of the pasteurised milk 

incorporated with encapsulated Gac oil powder 

 

Sample Lightness Chroma Hue angle ΔE PV 

(meq/kg) 

β-carotene 

(µg/g) 

Lycopene 

(µg/g) 

Before 

pasteurisation 

77.6 ± 0.2a 48.7 ± 0.7a 74.2 ± 0.1a  2.2 ± 0.3a 61.3 ± 2.7a 162.6 ± 12.6a 

Week 0 76.9 ± 0.2ab 48.5 ± 0.4a 74.3 ± 0.4a 1.0 ± 0.2a 3.8 ± 0.2b 57.6 ± 8.5a 148.5 ± 20.0ab 

Week 1 76.8 ± 0.5b 48.5 ± 0.5a 74.2 ± 0.2a 0.9 ± 0.6a 4.1 ± 0.2bd 56.6 ± 5.7a 128.3 ± 18.0bc 

Week 2 76.1 ± 0.5b 48.5 ± 0.6a 75.2 ± 0.3b 2.0 ± 0.2b 4.2 ± 0.2bd 54.8 ± 3.6a 117.0 ± 11.4c 

Week 3 76.0 ± 0.8b 48.1 ± 0.3a 75.3 ± 0.3b 2.0 ± 0.5b 4.2 ± 0.1bd 52.0 ± 5.6a 110.1 ± 10.7c 

Week 4 76.8 ± 0.3b 48.7 ± 0.4a 75.8 ± 0.5c 1.7 ± 0.6b 4.3 ± 0.1cd 52.9 ± 6.7a 108.4 ± 12.5c 

Values in the same column followed by different superscripts (a - d) were significantly different (P < 0.05); ΔE: total color 

difference. 

	
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table 4. Colour characteristics, peroxide value (PV) and carotenoid content of the cake mix 

incorporated with encapsulated Gac oil powder 

 

Samples Lightness Chroma Hue angle ΔE PV 

(meq/kg) 

β-carotene 

(µg/g) 

Lycopene 

(µg/g) 

Control 80.9 ± 0.8a 40.4 ± 0.4a 73.3 ± 0.2a  3.4 ± 0.2a 140.0 ± 8.6a 410.1 ± 17.3a 

Month 1 80.8 ± 1.3a 40.8 ± 1.0ab 74.6 ± 1.1b 1.8 ± 0.7a 4.6 ± 0.1b 139.3 ± 14.1a 406.1 ± 28.9a 

Month 2 81.2 ± 1.0a 40.8 ± 0.5ab 74.8 ± 0.7b 1.6 ± 0.6a 6.2 ± 0.2c 134.8 ± 13.5a 381.3 ± 16.8a 

Month 3 82.3 ± 0.5a 41.9 ± 0.4b 76.1 ± 0.6c 3.0 ± 0.7b 7.1 ± 0.3d 123.7 ± 7.7a 376.4 ± 12.0a 

Month 4 81.9 ± 0.1a 44.3 ± 1.0c 77.4 ± 0.4d 5.2 ± 0.6c 7.7 ± 0.5d 101.3 ± 8.1b 372.3 ± 20.2a 

Values in the same column followed by different superscripts (a - d) were significantly different (P < 0.05); ΔE: total color 

difference. 
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PART 3: GENERAL DISCUSSION AND CONCLUSIONS 
 

 

3.1 General discussion 

The current research work has two main parts: extraction and encapsulation. In the 

extraction part, several novel extraction methods and the use of water as extracting 

solvent were employed to effectively extract the oil and carotenoids from the fresh Gac 

arils. In a study of the Gac oil extraction, it is necessary to investigate the effects of 

different extraction methods on extraction efficiencies in terms of the oil, β-carotene 

and lycopene. As a result of such investigations, depending on the desired final product 

quality and other considerations, a suitable extraction method can be chosen. For the 

encapsulation, to effectively preserve the bioactive compounds in the resultant Gac oils 

in the powder form, the encapsulation by spray drying was used. A storage study of the 

encapsulated Gac oil powder also needed to be carried out to examine whether the 

encapsulated Gac oil powder product has the potential for long storage at ambient 

temperature. Finally, an investigation of incorporation into a range of foods was carried 

out in this study as the use of carotenoid-based foods as natural colourants and nutrient 

supplements is currently receiving considerable attention from consumers and food 

industry. 

 

The main results and discussion of this study have been discussed in the eight research 

papers (section 2.2). Therefore, general discussion and recommendations are presented 

in the following sections. 

 

 3.1.1 Gac oil extraction 

It is well known that different extraction techniques have different advantages and 

drawbacks. In this section, the three different extraction methods of Gac oil from the 

Gac arils, including supercritical carbon dioxide (SC-CO2) extraction, ultrasound-

assisted aqueous extraction and microwave-drying before pressing are discussed. A 

comparison of different extraction methods, in terms of extraction efficiency and 

physicochemical properties, is also presented. 

 

 



	
  
46 

It is expected that the extraction efficiencies in terms of Gac oil, β-carotene and 

lycopene were affected by conditions applied during the extraction. The main findings 

of the Gac oil extraction supported the hypothesis that the extraction efficiencies could 

be improved by applying suitable extraction conditions and optimisation of the 

independent variables. For example, the three different extraction methods for 

extracting oil from Gac aril significantly improved the oil extraction efficiency by at 

least 18% compared to the traditional extraction methods. Furthermore, the bioactive 

compounds in the Gac oil extracts were also significantly better preserved (refer to 

Papers II, III, IV, V and VI). 

 

SC-CO2 extraction 

Generally, the SC-CO2 extraction has been applied for extracting oils from plant 

materials as an alternative to traditional extraction using hazardous solvents. This is 

because it offers a number of advantages of having non-solvent residues, shorter 

extraction times, higher extraction yields and better retention of valuable bioactive 

compounds (Azmir et al., 2013; Herrero et al., 2006). It is also well known that 

improvement of the extraction efficiency could be achieved by applying optimal 

extraction conditions, including pressure, temperature, CO2 flow rate, and extraction 

time. However, pre-treatments prior to SC-CO2 extraction have also been reported as 

improving the extraction efficiency (Del Valle & Uquiche, 2002). Therefore, this study 

as reported in Paper II was the first to comprehensively investigate the impact of 

different pre-treatments (enzymatic treatment, air-drying temperature and powder 

particle size) on the oil yield and β-carotene and lycopene contents of the Gac oil 

extract using SC-CO2 extraction.  

 

According to the results of Paper II, enzymatic pre-treatment for the fresh Gac arils 

prior to the SC-CO2 extraction improved the oil yield compared to the un-treated 

sample. The cell walls are opened up by a positive effect of enzyme; the complex 

lipoprotein and lipopolysaccharide molecules are also broken up into simpler molecules 

(Li et al., 2012; Shankar et al., 1997). However, a significant degradation of β-carotene 

and lycopene contents in the oil extracts with enzymatic hydrolysis was found. This is 

because the contacting surface area of the enzymatic-treated arils with oxygen was 
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larger than the surface of the untreated samples. As a result, more carotenoids were 

substantially degraded due to oxidation (Tran et al., 2008).  

 

Air-drying and particle size were also important parameters to achieve high oil yield 

and content of β-carotene and lycopene. Reducing the moisture content of the Gac arils 

before the SC-CO2 extraction allows an adequate diffusion of SC-CO2 through the cell 

membrane due to the microstructural changes of the dried arils (Gutiérrez, Ratti, & 

Belkacemi, 2008). The air-drying temperature of 50oC provided enough heat to break 

down the cell walls and the bonding forces between carotenoids and the tissue matrix 

(Chang et al., 2006). Moreover, a smaller particle size of 0.45 mm not only increased 

surface area to volume ratio of materials but also ruptured cell membranes. As a result, 

a faster rate of the CO2 diffusion could be obtained (Del Valle & Uquiche, 2002; Panfili 

et al., 2003); the oil and carotenoids were then easily extracted.  

 

Ultrasound-assisted aqueous extraction  

As mentioned earlier, the use of hazardous industrial chemical solvents has been 

traditionally used for extracting vegetable oil and bioactive compounds from plant 

materials. The main disadvantages of this process are health concerns and increased 

environmental regulations due to the toxicity of hazardous solvents. Moreover, the 

extracted oils can be of low quality in terms of their content of unwanted free fatty 

acids, waxes and unsaponifiable matter (Do & Sabatini, 2011). Therefore, it is desirable 

to use “green” solvent such as CO2, which was reported in Paper II, to extract the oils 

and bioactive compounds from Gac arils. As expected higher oil yield could be obtained 

when the SC-CO2 extraction was used. However, processing costs are also one of the 

most important considerations when SC-CO2 equipment is used for Gac oil extraction. 

To achieve effective Gac oil extraction efficiency compared to SC-CO2 extraction, use 

of “green” solvent and cheaper equipment are the main criteria. Water is relatively 

cheap, environmentally friendly, non-flammable, non-toxic and readily available. 

Generally, the ultrasound water bath is much cheaper compared to SC-CO2 equipment. 

Therefore, in this study ultrasound-assisted aqueous extraction was also employed to 

extract the oil from microwave-dried Gac arils. 
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Several important parameters such as ultrasound power, extraction time, particle size 

and ratio of water to solid have been reported as impacting the extraction efficiency and 

quality of the oil extract (Azmir et al., 2013; Toma et al., 2001; Vinatoru, 2001). Paper 

III reported the most suitable conditions of ultrasound-assisted aqueous extraction for 

Gac oil from microwave-dried Gac aril powder. The results in this paper pointed out 

that high extraction efficiencies in terms of Gac oil, β-carotene and lycopene, and low 

PV could be obtained using the optimal extraction conditions including ultrasound 

power of 320 W, extraction time of 20 min, powder particle sizes of 0.3 - 0.5 mm and a 

ratio of water to powder of 9 g/g. The finding supported the hypothesis, which is 

presented in section 1.5.  

 

Furthermore, the results from Paper III also confirmed that the use of microwave-

drying method as a pre-treatment for Gac arils significantly improved the extraction 

process compared to air-drying method. It is evident that microwave-drying can be used 

as an alternative drying method to conventional hot air-drying with several advantages 

such as uniform energy delivery, high thermal conductivity to the interior of the 

material, better space utilisation, sanitation, energy saving, and fast start-up and 

shutdown conditions (Izli et al., 2014; Krokida, Maroulis & Saravacos, 2001). 

Importantly, appropriate microwave-drying conditions could result in better retention of 

nutrients, colour characteristics and less drying time (Zhao et al., 2013).  

 

In addition to the above-mentioned advantages of the microwave-drying, in the 

vegetable oil extraction process it is important to break down the cell walls of the 

material. As a result, the oils and bioactive compounds can be easily extracted. In this 

study, Paper III also showed the surface morphology of the microwave-dried Gac arils 

appeared more disintegrated compared to the air-dried Gac arils, using SEM. It 

suggested that microwave-drying disrupted their membrane structures, as seen with 

other plant materials (Choi et al., 2006). A comparison of the microstructural changes in 

the dried Gac aril under different drying methods using light microscope and SEM was 

also presented (see Paper VI). 

 

Interestingly, Paper III also showed that major disruption of the Gac aril cells was 

observed when the combination of microwave-drying the Gac aril followed by the 

ultrasound-assisted aqueous extraction was used. It allows a better contact between the 
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components inside the cells and the solvent. Therefore, high extraction efficiencies in 

terms of Gac oil, β-carotene and lycopene, and low PV were obtained. It can be 

concluded that microwave-drying followed by ultrasound-assisted aqueous extraction is 

an effective method for the extraction of Gac oil enriched in β-carotene and lycopene 

and with a low PV. 

 

Microwave-drying and pressing extraction 

In the first two research papers (Papers II and III), the extraction methods of the Gac 

oil including SC-CO2 extraction and ultrasound-assisted aqueous extraction were 

carried out under laboratory scale conditions. A small amount of Gac aril material was 

used and a small quantity of the oil extracts was obtained. As a result, to obtain a larger 

quantity of Gac oil with high quality, which can be further used for encapsulation study, 

it is desirable to find another effective extraction method. Hydraulic pressing extraction 

of vegetable oil has been investigated under pilot scale conditions, which can be further 

scaled up to commercial operation. Therefore, in this study, microwave-drying and 

pressing extraction was also investigated to extract Gac oil with larger quantity. The 

resultant Gac oil will be then used for encapsulation study (refer to section 3.1.2). 

Furthermore, it is also important to compare those different Gac oil extraction methods 

in terms of Gac oil extraction efficiency and quality of the oil extract. 

 

The results from Paper IV showed that the extraction efficiencies in terms of Gac oil, 

β-carotene and lycopene were significantly impacted by microwave power, microwave 

time, steaming time and hydraulic pressure. In practice, mechanical extraction by 

hydraulic or screw press is one of the most common extraction methods in vegetable oil 

processing industry. This is because high quality of oil extract could be obtained in 

terms of better retention of nutrients and chemical free compared to traditional 

extraction methods using hazardous solvents. However, the main drawback of this 

mechanical extraction method is that the oil extraction efficiency is low being about 

70% (Bargale et al., 1999; Owolarafe, Osunleke & Oyebamiji, 2007). As a result, there 

is a need to overcome this disadvantage which bioactive compounds are also effectively 

preserved. In this study, application of microwave-drying and steaming processing steps 

significantly enhanced the oil extraction efficiency and better retention of β-carotene 

and lycopene in the Gac oil extract. 
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In general, it is well known that optimisation using RSM is commonly applied to 

improve the performances of a system, a process or a product to obtain the maximum 

benefit from it (Bezerra et al., 2008). Therefore, it is important to use RSM to optimise 

the Gac oil pressing extraction to obtain the extraction efficiency as high as possible. To 

achieve this goal, the significant impact and the most suitable range of independent 

variables in Paper IV were used to optimise the microwave-drying and pressing 

extraction in Paper V. The results from Paper V confirmed that the maximum Gac oil 

extraction efficiency and retention of β-carotene and lycopene contents in the oil extract 

were achieved as predicted using optimisation by RSM.  

 

Therefore, the results from Paper IV and Paper V confirmed that the Gac oil extraction 

efficiency could be improved by applying microwave-drying as a pre-treatment prior to 

the conventional hydraulic pressing. According to those results, the Gac oil extraction 

efficiency (86%) was much higher, compared to the conventional pressing extraction 

without microwave-drying pre-treatment (70%). Furthermore, it is possible to apply the 

optimised parameters for other materials rich in oil and carotenoids, provided that they 

have similar characteristics.  

 

Comparison of different extraction methods 

In addition to achieving the high extraction efficiencies in terms of Gac oil, β-carotene 

and lycopene, it is also important to compare different extraction methods based on 

those extraction efficiencies and other physicochemical properties. As a result, 

depending on the available extraction facility, processing cost and other considerations, 

a right choice of extraction methods can be considered. 

 

Different drying pre-treatments (air-drying and microwave-drying) and followed by 

different extraction methods (pressing and Soxhlet extraction) were compared in terms 

of Gac oil, β-carotene, lycopene, fatty acid composition, chemical properties (acid 

value, peroxide value, iodine value and saponification value). The microstructural 

changes in the different pre-treatment and extraction methods were also compared. The 

results from Paper VI indicated that microwave-drying pre-treatment followed by 

pressing was an effective extraction method to extract the Gac oil with high oil yield, 
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better retention of β-carotene and lycopene, and the lowest values for acidity and 

peroxides compared to air-drying pre-treatment followed by pressing or Soxhlet 

extraction and microwave-drying followed by Soxhlet extraction. Moreover, the 

desirable oleic acid and linoleic acid were found to be the dominant fatty acids in the 

Gac oil extracts for all methods. 

 

For the Gac oil extraction efficiency, the highest oil extraction efficiency (95%) was 

obtained by SC-CO2 extraction (Paper II), followed by ultrasound-assisted aqueous 

extraction from microwave-dried Gac aril (90%, Paper III) and microwave-drying pre-

treatment prior to pressing (86%, Paper V). A high content of β-carotene and lycopene 

and a low PV value in all the Gac oil extracts from the different extraction methods was 

obtained. Furthermore, Vuong and King (2003) reported that the Gac oil extraction 

efficiency obtained was 68% when air-drying pre-treatment and pressing method were 

used. In this study, microwave-drying pre-treatment prior to pressing significantly 

enhanced the extraction efficiency in comparison with a study by Vuong and King 

(2003). As a result, it can be seen that the extraction of Gac oil employed the different 

three novel and “green” extraction methods (Papers II, III, IV and V), and water as 

extracting solvent (Paper III) significantly enhanced the extraction efficiency. 

 

The results of the surface morphology from Papers III and VI confirmed that 

microwave and ultrasound caused major disruption of the Gac aril cells during the 

treatments. This is consistent with previous studies (Azmir et al., 2013; Knorr et al., 

2011; Soria & Villamiel, 2010; Uquiche et al., 2008). The most important extraction 

principle of oil and bioactive compounds is to break the cell walls of the material so that 

the solutes can be easily released into the extracting medium. The findings in this study 

confirmed that the use of microwave and/or ultrasound is suitable for extracting Gac oil 

with high extraction efficiency and high quality.  

 

In summary, it can be concluded that Gac oil could be effectively extracted using 

different so called “green” technologies including SC-CO2 extraction, microwave-dried 

followed by ultrasound-assisted aqueous extraction and microwave-drying followed by 

pressing, and “green” solvent. As a result, Gac oil enriched in β-carotene and lycopene 

can be considered to be chemical free and suitable for use as a natural food colourant, a 

nutraceutical or an additive in the food industry. 
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3.1.2 Encapsulation by spray drying 

As mentioned above, the Gac oils extracted using microwave-drying followed by 

hydraulic pressing in the pilot scale conditions were used for encapsulation process. The 

crude Gac oil extracts are susceptible to isomerisation and oxidation during processing 

and storage due to the high number of double bonds in the structure of polyunsaturated 

fatty acids and carotenoids. The health benefits of fatty acids and carotenoids have been 

highlighted in Paper I and section 1.1.2. Hence, it is desirable to effectively preserve 

those bioactive compounds. Insolubility of Gac oil in water is also one of the main 

drawbacks when the Gac oil is to be incorporated into a range of foods. It is desirable to 

investigate the most suitable methods to overcome these issues. Encapsulation by spray 

drying can be an effective method to protect, stabilise and also to enable the solubility 

in an aqueous medium (Rocha et al., 2012). 

 

Importantly, although health benefits associated with carotenoids such as β-carotene 

and lycopene have been reported (Agarwal & Rao, 2000; Strobel, Tinz & Biesalski, 

2007), their maximum absorption from natural plant sources is often low due to 

resistance of carotenoid-protein complexes and the plant cell walls (Rein et al., 2013; 

Yeum & Russell, 2002). Therefore, it is strongly recommended to encapsulate the 

extracted Gac oil (refer to section 3.1.1) for delivering as nutrient supplements and/or in 

fortified foods to enhance bioavailability and to obtain maximum health benefits.  

 

In this section, the encapsulation process is divided into three parts including 

encapsulation by spray drying, storage study of encapsulated Gac oil powder and its 

fortification into a range of foods. 

 

Encapsulation 

Generally, in the encapsulation process, optimisation of the wall material concentration 

and the oil load is a prerequisite for a proper encapsulation and is a first step of 

encapsulation using spray-drying. In this study, the results (Paper VII) showed that the 

concentration of wall material (whey protein and gum Arabic) and the ratio of Gac oil to 

wall material (oil load) significantly influenced the response variables including the 

encapsulation efficiencies in terms of oil, β-carotene and lycopene, PV, MC and ΔE. 
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The optimisation of the wall material concentration and the ratio of Gac oil to wall 

material were successfully achieved based on the response variables using RSM.  

 

It is well known that the concentration of wall material and the oil load play a crucial 

role in effective encapsulation of oils and bioactive compounds. In addition, an 

appropriate selection of wall materials is very important. Generally, to effectively 

protect and control the bioactive compounds, combinations of various encapsulating 

agents are required (Sun-Waterhouse et al., 2011). Whey protein (WP), which has 

nutritional, physicochemical and functional properties, has been used in foods due to its 

ability to form thick and flexible film, preventing coalescence, whereas Gum Arabic 

(GA) is a complex blend of natural polysacharides composed of arabinogalactan, 

arabinogalactan-protein and glycoprotein. Therefore, a blend of whey protein (WP) and 

GA as the continuous phase may enhance stability of emulsion against significant 

droplet size increase (Klein et al., 2010). The matrix with the hydrophilic carbohydrates 

dissolved in the water phase and the hydrophobic polypeptide chain adsorbed onto the 

oil-water phase can be obtained. As a result, high stability of emulsion obtained before 

spray drying is desirable to achieve successful encapsulation processs. Our results 

(Research Paper presented at the FaBE conference proceedings, refer to Appendices) 

confirmed that the emulsions containing Gac oil and the mixture of WP and GA with 

the ratios of 1:3, 1:4 and 1:5 and the concentration of 30% remained highly stable for at 

least 24 h at the storage temperatures. Emulsions with excellent stability, low viscosity, 

and small and uniform particle sizes can be formulated for microencapsulation. 

 

In general, there are many techniques for encapsulation of oil and bioactive compounds. 

Among them, encapsulation by spray-drying is the most widely used in the food 

industry due to its advantages as mentioned previously (refer to section 1.1.5). It is 

important to minimise the loss of Gac oil and bioactive compounds, to maximise the 

encapsulation efficiency, during the spray-drying process. Therefore, after optimising 

the concentration of wall material and the oil load (Paper VII), there is a need to 

optimise the spray-drying conditions including the air inlet and outlet temperatures 

(Paper VIII). 

 

The results from Paper VIII confirmed that the maximum values for encapsulation 

efficiencies in terms of Gac oil, β-carotene, lycopene, EY and WSI, and the minimum 
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values for MC and PV were obtained when the air inlet and outlet temperatures were 

optimised using RSM. It is reported that many spray-drying conditions affecting the 

spray-drying process include the feed flow rate, inlet and outlet temperatures, atomiser 

speed and inlet air flow rate (Gharsallaoui et al., 2007; Jafari et al., 2008; Jena & Das, 

2007). However, the air inlet and outlet temperatures are confirmed as the most 

important variables affecting the oil and bioactive compounds during spray-drying 

process (Gharsallaoui et al., 2007; Liu et al., 2004).  

 

Finally, the optimised parameters including the concentration of wall material and the 

oil load (Paper VII) and the air inlet and outlet temperatures (Paper VIII) can be used 

for other materials rich in oil and carotenoids. 

 

Storage study 

In addition to optimisation of the wall material concentration and the oil load, and the 

spray-drying conditions, in order to successfully achieve the encapsulation process, the 

high stability of the encapsulated Gac oil powder at ambient temperature for a long time 

is required. Therefore, it is of interest to investigate the Gac oil powder stability under a 

variety of different storage conditions. 

 

It is well known that lipid oxidation, and isomerisation and oxidation of carotenoids are 

major problem in storage of fat and carotenoid containing foods (Dzondo-Gadet et al., 

2005; Pénicaud et al., 2011). Many studies reported that encapsulation is the best way to 

protect the oil and bioactive compounds from the environment for long preservation 

(Dzondo-Gadet et al., 2005; Márquez-Ruiz, Velasco & Dobarganes, 2000; Quispe-

Condori, Saldaña & Temelli, 2011). The results from Paper IX confirmed that the 

encapsulated Gac oil powder was highly stable at ambient temperature for at least 12 

months if it was vacuum-packed and stored at dark condition. This finding supports the 

hypothesis and the aim of the study presented in section 1.5.  

 

According to the results from Paper VIII, the encapsulation efficiencies in terms of β-

carotene and lycopene were predicted and confirmed as 83 and 84%, respectively. The 

content of β-carotene and lycopene in the encapsulated Gac oil used for a storage study 

at time 0 was 0.34 and 1.12 mg/g (d.w.). Depending on the storage conditions (at 
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temperatures of -20, 10 oC and room temperature in the absence of air (vacuum) and 

light, a loss of β-carotene and lycopene in the powder after a 12-month storage was 

from 11 to 33%. Although, there is no standard recommendation for the dietary intake 

of carotenoids, many published studies reported that the dietary intake of β-carotene and 

lycopene in the United States should be 2 - 5.4 mg/day (Donhowe & Kong, 2014; 

Grune et al., 2010; Krinsky & Johnson, 2005) and 5 - 10.5 mg/day (Porrini & Riso, 

2005; Story et al., 2010). Furthermore, the dietary intake of carotenoids varies greatly 

depending upon the population studied. For example, the average dietary intake of 

lycopene in several countries including the United Kingdom, Spain, Australia, France, 

Netherlands and Italia was reported as 1.1, 1.6, 3.8, 4.8, 4.9 and 7.4 mg/day, 

respectively (Lucarini et al., 2006; Porrini & Riso, 2005). Therefore, it can be 

concluded that the encapsulated Gac oil containing high levels of β-carotene and 

lycopene is satisfactory to use as a natural food colourant, a nutrient supplement or 

fortification into foods, which is currently receiving considerable attention from food 

industry and consumer. 

 

Fortification 

The final purpose of encapsulation process is to fortify by incorporation of the 

encapsulated product into a range of foods. As discussed above, in this study, the 

encapsulation process addressed the issue of degradation of Gac oil containing 

carotenoids during the processing and storage due to environmental conditions such as 

light, heat and oxygen. In general, these deteriorations can affect colour flavour, aroma, 

and shelf life which limit the use of the encapsulated Gac oil powder for food 

fortification (Kolanowski et al., 2001; Ye et al., 2009).  

 

As a result, it is of interest to test whether the encapsulated Gac oil powder can be 

incorporated into foods such as yoghurt, pasteurised milk and cake mix products. The 

results from Paper IX showed that the fortification of the encapsulated enriched in β-

carotene and lycopene powder with high water solubility into those foods was achieved. 

The stability of these fortified products was found to be satisfactory, in terms of 

retention of colour, β-carotene and lycopene and low PV during their shelf lives. 

Therefore, it can be concluded that the three fortified products with the encapsulated 
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Gac oil are excellent representative foods for the delivery of unsaturated fatty acids, β-

carotene and lycopene. 

 

3.2 Conclusions 

Gac oil enriched in β-carotene and lycopene was effectively extracted using the three 

extraction methods including air-drying followed by supercritical carbon dioxide (Paper 

II), microwave-drying followed by ultrasound-assisted aqueous extraction (Paper III) 

and microwave-drying followed by pressing (Papers IV and V). The extraction method 

of microwave-drying followed by pressing was then optimised using response surface 

methodology to maximise the extraction efficiencies in terms of Gac oil, β-carotene and 

lycopene (Paper V). To minimise isomerisation and oxidation of the bioactive 

compounds, the resultant Gac oil was subjected to an encapsulation study. The 

independent variables including wall materials and the oil load, and spray-drying 

conditions for the encapsulation of Gac oil was optimised based on the encapsulation 

efficiencies and other physicochemical properties, using response surface methodology. 

A storage study was also carried out to predict the shelf life of the encapsulated Gac oil 

product. Finally, an experiment was carried out to examine whether the encapsulated 

Gac oil powder can be incorporated into a range of foods. 

 

For the extraction, the aim was to compare the extraction of Gac oil from the arils with 

conventional pressing by using the three different extraction methods. The highest Gac 

oil extraction efficiency (95%) was obtained using the supercritical carbon dioxide 

extraction (Paper II). The conditions of this extraction was the air-drying temperature of 

50 oC and particle size of 0.45 mm as pre-treatments before the supercritical carbon 

dioxide extraction at pressure of 200 bar, extraction temperature of 50 oC and extraction 

time of 120 min. Using these extraction conditions, high content of β-carotene (83 

mg/100 mL) and lycopene (508 mg/100 mL) was also achieved. 

 

High extraction efficiencies in terms of Gac oil (90%), β-carotene (84%) and lycopene 

(83%), and a low peroxide value (2.2 meq/kg) were also obtained using microwave-

drying followed by ultrasound-assisted aqueous extraction (Paper III). The fresh Gac 

arils (900 g) microwave-dried at 630 W for 62 min were used for the ultrasound-

assisted aqueous extraction. The optimal aqueous extraction conditions were ultrasound 
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power of 320 W, extraction time of 20 min, powder particle sizes of 0.3-0.5 mm, a ratio 

of water to powder of 9 (g/g), and a centrifugal force of 6750 × g.  

 

In addition to the two extraction methods under laboratory conditions above, the 

microwave-drying and pressing for the Gac oil extraction was also studied under pilot 

plant pressing conditions. First, effects of the different independent variables including 

microwave power, microwave-drying time, steaming time and hydraulic pressure on the 

Gac oil extraction efficiency, and β-carotene and lycopene contents were investigated 

(Paper IV). The most suitable range of independent variables including microwave-

drying time (60 - 65 min), steaming time (15 - 30 min) and hydraulic pressure (160 - 

180 kg/cm2) was determined. The optimisation for Gac oil extraction (Paper V) was 

then also investigated based on the results from Paper IV. The results showed that under 

optimal extraction conditions (microwave-drying time of 62 min, steaming time of 22 

min, and hydraulic pressure of 175 kg/cm2), the maximum Gac oil extraction efficiency 

(86%), and content of β-carotene (186 mg/100 mL) and lycopene (518 mg/100 mL) 

were achieved as predicted for the current available equipment. 

 

Furthermore, the high efficiency for Gac oil extraction was confirmed by examining the 

microstructural changes in the dried Gac arils before and after extraction processes 

(Papers III and VI). 

 

For encapsulation, the results (Paper VII) showed that the quadratic polynomial model 

as sufficient to describe and predict the encapsulation efficiencies (Gac oil, β-carotene 

and lycopene), peroxide value, moisture content and total colour difference with R2 

values of 0.96, 0.95, 0.86, 0.89, 0.88 and 0.87, respectively. The encapsulation 

efficiencies in terms of Gac oil (92%), β-carotene (80%) and lycopene (74%), peroxide 

value 3.9 meq/kg), moisture content (4.1%) and total colour difference (12.4) were 

achieved as predicted under optimal conditions (wall material concentration of 29.5% 

by weight and oil load of 0.2, g/g). 

 

To optimise the spray-drying conditions for Gac oil encapsulation, the results (Paper 

VIII) showed that the corresponding response surface model adequately describe and 

predict encapsulation efficiencies in terms of Gac oil, β-carotene and lycopene, 

encapsulation yield, moisture content, water solubility index and peroxide value with R2 
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values of 0.92, 0.91, 0.89, 0.85, 0.89, 0.98 and 0.97, respectively. Under optimal 

conditions (inlet and outlet temperatures of 154 and 80oC, respectively), the 

encapsulation efficiencies in terms of Gac oil, β-carotene, lycopene, encapsulation 

yield, moisture content, water solubility index and peroxide value were predicted and 

validated as 87.2%, 82.8%, 84.3%, 52.8%, 4.9%, 90.3% and 4.1 meq/kg. Moreover, the 

colour characteristics of the optimally encapsulated Gac oil powder and its 

reconstitution, and physicochemical properties of the powder (including Aw, pH, bulk 

density, fatty acid composition and particle morphology) were also determined. The 

results showed that slight difference in colour between the infeed and reconstituted 

emulsions was found, indicating effective preservation of the colour. It is expected that 

the encapsulated Gac oil powder could be stored for a long time due to low Aw, and 

good protective structure of particle against light, oxidation and the unwanted release of 

the oil droplet and carotenoids. 

 

In the study of the encapsulated Gac oil powder under different storage conditions, a 

progressive degradation of colour, β-carotene, lycopene and an increase in peroxide 

value were found as storage temperature increased and over a longer period. The results 

from Paper IX suggested that preservation of colour, β-carotene and lycopene in the 

encapsulated oil powder with lower peroxide value was more effective when vacuum-

packed into laminated aluminum bag and stored at ambient temperature or lower.  

 

Finally, the encapsulated Gac oil powder was found to be easily incorporated into 

yoghurt, pasteurised milk and cake mix products. The results (Paper IX) also indicated 

that during their shelf-lives, the fortified Gac oil products were found to be satisfactory 

in terms of maintaining an attractive colour and providing a sufficient daily intake of β-

carotene and lycopene, while having a low peroxide value. 

 

In conclusion, the hypothesis was supported and the aims and objectives were achieved 

in this thesis. The extraction of Gac oil and carotenoids was improved using different 

extraction methods. The Gac oil enriched in β-carotene and lycopene was effectively 

encapsulated by spray-drying with whey protein and gum Arabic as wall material. In 

addition, the encapsulated Gac oil powder was found to be easily incorporated into a 

range of food products. Finally, this encapsulated Gac oil powder, being produced by 
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“green” technology is considered suitable for use as natural food colourant, a 

nutraceutical or an additive in the food industry. 
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