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Microencapsulation technology of valuable food ingredients has undergone remarkable development in the past 

five decades, and widely entered our daily lives. It is widely used for encapsulation of flavors and functional oils. 

This is a key technology to obtain stable functional oil such as fish oil by encapsulated functional oil in the 

powder. Microencapsulation processes are the process by which solid, droplets of liquid and dispersion can be 

enclosed in microscopic particle by the formation of a coating of wall material around the functional compound 

(core material).  

ω-3 polyunsaturated fatty acids (PUFAs) such as eicosapentaenoic acid (EPA) and docosahexaenoic acid 

(DHA) are beneficial in preventing diseases such as cardiovascular disease (Siscovick et al., 2017), inflammatory 

(Yang et al., 2017), cancer (Correia-da-Silva et al., 2017) and hypertension (Minihane et al., 2016). PUFAs play a 

vital role in maintaining human health and are found abundantly present in marine fish oils. A recent trend in 

food industry shows the increase of food products containing ω-3 PUFAs (Götz et al., 2013). However, PUFAs 

contain two or more unsaturated double bonds carbon structure that is naturally oxidized when PUFAs are 

exposed to oxygen, light, and heat during storage. In addition, the oxidation of functional oil such as fish oil will 

produce an unfavorable smell. This is a major problem in the application of PUFAs as functional oil in foods 

products. In the food industry, spray drying is the most common encapsulation method of functional oil. This is 

due to its efficiency, cost effectiveness and readily available of the technology and equipment (Dobry et al., 
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2009).  

This study focuses on the emulsification and spray drying processes to produce a stable encapsulated oil 

powder. By using two steps of homogenization with a high shear mixer and high-pressure homogenizer, 

spray-dried powders with different oil-droplet diameters were formed and evaluated in the surface-oil content, 

stability of functional oil in spray-dried powder and morphology of spray-dried powder. Numerous studies have 

investigated the effect of oil-droplet diameter in encapsulated functional oil and flavor spray-dried powder on the 

stability of their oil in spray-dried powder (Soottitantawat et al., 2003, Soottitantawat et al., 2005, Nakazawa et al., 

2008, Chen et al., 2016).  

The selection of core material and emulsifier and composition of wall material are also considered important. 

Wall materials can influence the physicochemical properties of the spray-dried powder. Maltodextrin (MD) is a 

hydrolyzed starch commonly used as wall material in microencapsulation of food ingredients (Gharsallaoui et al., 

2007). MD has some advantages as wall material such as its relatively low cost, neutral aroma, and taste, low 

viscosity at high solids concentrations and good protection against oxidation. Increasing dextrose equivalent (DE) 

of MD means the decrease of the molecular weight, which is an important factor of stability in the encapsulation 

of functional oil. MD with higher DE value are less permeable to oxygen and encapsulated the flavor better than 

lower DE value (Reineccius, 1991).  

Sodium caseinate (NC) have high emulsifying, viscosity modifying, water-binding, fat binding and foaming 

properties (Ennis and Mulvihill, 2000). In addition, NC has been used as an emulsifier in the food industry due to 

its flexibility and amphipathic nature which enable them to absorb on the emulsion interface (Chen et al., 2006). 

NC is also altered by physical, chemical and enzymatic treatments to produce preferable functional properties 

(Haard, 2001). Meanwhile, transglutaminase (TrG) enzyme received an attention because of its ability to 

cross-link with protein (Yokoyama et al., 2004). Moreover, several researchers have claimed that by increasing 
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the DE of MD blended with NC, it will also increase the encapsulation efficiency of oil in powders (Hogan et al., 

2001, Danviriyakul et al., 2002). 

In this study, squalene oil (SQ) was used as a model for PUFAs, relatively low cost and could be quantified 

using gas chromatography. Current research into the biochemical and biophysical properties of SQ shows that it has 

beneficial components; it is mainly used in the cosmetics industry and in food supplements and pharmaceuticals 

(Spanova and Daum, 2011). 

The objective of this study was to investigate the effect of the oil-droplet diameter of emulsified SQ at homogenization 

pressures of 20 MPa and 100 MPa. The influence of NC and PNC as an emulsifier on the stability of spray-dried powder 

during storage was also evaluated.  

SQ emulsions were spray dried in a pilot plant spray dryer (Ohkawara L-8; Ohkawara Kakohki Co. Ltd, 

Yokohama, Japan). SQ content in powder was analyzed using a GC-FID (Shimadzu 2010; Shimadzu 

Corporation, Kyoto, Japan). The cross-sectional structures of powders were observed using scanning electron 

microscopy (SEM) (JSM 6060; JEOL Ltd, Tokyo, Japan). 

The particle diameter of the encapsulated SQ powders was 26–37 µm for homogenization at both 20 MPa 

and 100 MPa, indicating that particle diameters of the SQ powders were not influenced by the homogenization 

pressure. The moisture content of the SQ powders ranged from 1.3% to 2.0%. SQ retention in encapsulated 

powder is defined as the ratio of the amount of SQ in the powder to that in the dried solid of the feed emulsion. At 

20 MPa homogenization, SQ retention was over 100% in 3 wt% NC and 97% in 5 wt% NC. Oil retention in 

powders decreased at 100 MPa homogenization to 97% in 3 wt% NC and 87% in 5 wt% NC. These results 

showed that PNC did not affect oil retention in SQ oil powders. In a study of microencapsulated essential oil of 

basil, Garcia et al. (2012) showed that oil retention was affected by homogenization, but was unaffected by the oil 

type used. The surface oil ratio of SQ powder is defined as the surface oil content to the total oil content in the 
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powder. Surface oil ratios were about 1% for homogenization at 100 MPa and independent of NC content. 

Nonetheless, for homogenization at 20 MPa, the surface oil ratio decreased from 5.4% to 1.79% when the 

amount of NC was increased from 3 wt% to 5 wt%. Munoz-Ibanez et al. (2015) showed the importance of 

estimating the capillary number in controlling the oil-droplet breakup under right atomization conditions and/or 

emulsion formation in a microencapsulation application. A higher surface oil content in the powder was observed 

with the large droplet diameter than with the small droplet diameter.  

The cross-sections of the spray-dried powder shown in Figure 1 indicate larger oil-droplet diameters (a′–d′) at 

20 MPa high-pressure homogenization and smaller oil-droplet diameters (e′–h′) at 100 MPa high-pressure 

homogenization; all the cross-sectional images show vacuoles inside the powder. The cross-section shell images 

of spray-dried powder with 5 wt% NC (c′ and g′) and PNC (d′ and h′) may indicate a rigid and harder shell than 

with 3 wt% NC (a′ and e′) and PNC (b′ and f′). This difference is more clearly seen for 100 MPa high-pressure 

homogenization, as shown in images g′ and h′ in Figure 1.  

     3 wt% NC             3 wt% PNC            5 wt% NC             5 wt% PNC    

 
 

Figure 1 SEM images of cross-sectional structures. The spray-dried powders were formed at 20 MPa (a’–d’) and 

100 MPa (e’–h’). (from Abd Ghani et al., 2016) 
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Figures 2 (A) and (B) show the stability of SQ in the spray-dried powders at 105 °C as a plot of SQ retention 

to storage time. SQ retention is defined as the ratio of the remaining amount of SQ oil to the initial amount in the 

powder. SQ retention in the powders decreased gradually during storage. The solid symbols indicate retention 

after 100 MPa homogenization and the open symbols indicate retention after 20 MPa. Both were correlated using 

the Avrami equation (Weibull distribution function), as shown in the following equation: 

R = exp [(-kt)n]                                       (1)  

where R [−] is SQ retention, t [days] is storage time, k [1/days] is the degradation rate constant, and n is a 

parameter for the degradation mechanism and was defined as 0.5.  

The lines calculated using the Avrami equation correlated well to SQ retention in the powder with n = 0.5. As 

reported by Hancock and Sharp, (1972) the Avrami equation can correlate several mechanisms of degradation in 

solid-state reactions by varying the mechanism number from 0.5 to 2. The degradation kinetic might be diffusion 

controlled in the sphere powder for a mechanism number of 0.5. SQ degradation may be affected by oxygen 

diffusion in the wall material of the spray-dried powder. However, the mechanism of SQ degradation is still 

under investigation. SQ retention in the powders was similar for 3 wt% and 5 wt% for NC at the same 

homogenization pressure (Figure 2 A). On the other hand, at the same homogenization pressure, the degradation 

rate of SQ retention in the powder increased in 3 wt% PNC and decreased in 5 wt% PNC (Figure 2B). This 

expected behavior could be related to the low level of casein in PNC in the SQ powders (Mora-Gutierrez et al., 

2014, Sørensen et al., 2007). The stability of SQ retention in powders depended considerably on the oil-droplet 

diameter, and less on PNC. The surface oil in the spray-dried powder was also measured during storage at 105 ºC. 

The good correlation lines for SQ retention during storage with a mechanism number of 0.5 suggested that the 

oxidation of SQ could depend on oxygen diffusion in the powder. The degradation rate constant was obtained 

using these correlations.  
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Figure 2 Stability of SQ in the spray-dried powders at 105 °C: (A) NC powders; (B) PNC powders. Solid 

symbols represent 100 MPa and open symbols represent 20 MPa, with 3 wt% NC: p, r; 3 wt% PNC: �,�; 5 

wt% NC: ¿, ¯; and 5 wt% PNC: ¢, £. (from Abd Ghani et al., 2016) 

In the SQ powder system, an explanation for the effect of the oil-droplet diameter on oxidative stability could 

be proposed using the propagative transfer rate of radical oxidation between oil-droplet particles in the powder. 

Effect of dextrose equivalents of MD on the fish oil in spray-dried powder stability was investigated by 

measuring the peroxide value (PV) of surface fish oil, encapsulated fish oil, and total fish oil in spray-dried 

powder stored at 60 ºC. The physical properties of the spray-dried powder were also investigated. 

(B) 

(A) 
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The feed solutions were homogenized using a high-pressure homogenizer at 25 MPa for 4 min before 

spray-dried. The oil content in spray-dried powder was quantified using an Iatroscan MK-5 TLC-FID (Iatron 

Laboratories Inc., Tokyo, Japan). Peroxide value (PV) was measured using a potentiometric titration system 

(Easy Ox Titrator; Mettler-Toledo International Inc. Switzerland).  

The cross-section structures of the spray-dried powder were observed using SEM and confocal laser 

scanning microscope (CLSM). Fig. 3 shows SEM images of the cross-section structures for the spray-dried 

powder for three different DEs (11, 19, and 25) of MD. Vacuoles could be found in the cross-section images of 

those powders and the vacuole size for DE = 11 was larger than other MD of DE = 19 and 25. 

Spray-dried powder particles with a vacuole could be observed by the green fluorescence ring, and the 

diameter of each particle and vacuole was measured. Fig. 4 shows CLSM images representing the internal 

structure of the spray-dried powder with MD and DE = 11, 19, and 25. In counting 400 particles, the vacuole 

percentages of the spray-dried powder were 73 ± 0.01% for MD with DE = 11, 40 ± 0.04% for DE = 19, and 38 

± 0.05% for DE = 25. 

 

Figure 3 SEM images of cross-section structures (a, b, c) of spray-dried powder. MD (DE = 11): a; MD (DE = 

19): b; and MD (DE = 25): c. (from Abd Ghani et al., 2017) 

The vacuole diameter was also measured for 30 particles of the cutting images: 24 ± 12 µm for MD with DE 

= 11, 8.6 ± 5.6 µm for DE = 19, and 5.8 ± 3.6 µm for DE = 25. These vacuole percentages showed that powder 
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prepared with MD and DE = 11 had not only a higher number of vacuoles but also larger vacuole diameters. MD 

with low DE produces high viscosity emulsions (Hogan et al., 2001, Di Mittia et al., 2015). In our studies, the 

viscosities of feed emulsion for MD with DE = 11 was 231 mPa·s, when the DE decreased, the viscosities 

decreased to 48 mPa·s for DE = 19 and 44 mPa·s for DE = 25. Paramita et al. (2010) reported on the effect of 

additives on the morphology of spray-dried powder, finding the vacuole percentage in spray-dried powder is not 

affected by viscosity but is influenced by outlet air temperature during spray drying and the wall material 

composition. 

 

Figure 4 CLSM images of spray-dried powder with MD (DE = 11, 19, and 25). The wall materials were stained 

using sodium fluorescein. (from Abd Ghani et al., 2017) 

Fig. 5 shows the PV changes in the spray-dried powders based on the weight of the powder for surface oil (a), 

encapsulated oil (b), and total oil (c) stored at 60 °C. DE of MD affected the PVs of the encapsulated oils. 

Encapsulated oil for MD of DE = 11 had higher oxidation than those for MD of DE = 19 and 25. This PV 

behavior could be seen in the plot of PV changes based on powder weight as shown in Fig. 5 b and c. Wang and 

Zhou (2012) in their study of encapsulated soy sauce demonstrated that higher DE values of MD had higher 

stability in terms of caking strength. These data indicated that the surface oil ratio and selection of wall material is 

important in forming stable fish-oil powder by spray drying, as well as for other encapsulated oil powders.  
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Figure 5 Peroxide values of spray dried powders stored at 60 °C for based on the weight of powder. a for surface 

oil, b for encapsulated oil, and C and c for total oil. MD (DE = 11): �; MD (DE = 19): n; and MD (DE = 25): p. 

(from Abd Ghani et al., 2017) 

Several researchers investigated the stability of functional lipids and flavors in spray-dried powder (Drusch et 

al., 2007, Shen et al., 2010, Domian et al., 2014, Cano-Higuita et al., 2015). However, the focused of these 

studies were not on the effects of wall material such as in different DE value of MD and oil-droplet size in 

powders on the oxidation stability. The stability of pure functional compounds obviously the factor affecting 

stability of matrix powder. Encapsulation of stable oil might consider the mass transfer of oxygen in the matrix of 

spray-dried powder (Abd Ghani et al., 2016). In our experiment, powder prepared with almost same diameter of 

oil-droplet and particle of powders. These parameter is crucial to control since the surface oil content will affected 

the initial oxidation stability. 
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