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Abstract 

The objective of the study was to determine optimum inlet and outlet air temperatures of 

spray process for producing co-microcapsules containing omega-3 rich tuna oil and 

probiotic bacteria L. casei. These co-microcapsules were produced using whey protein 

isolate and gum Arabic complex coacervates as shell materials. Improved bacterial 

viability and oxidative stability of omega-3 oil were used as two main criteria of this 

study. Three sets of inlet (130
o
 C, 150

o
 C and 170

o 
C) and outlet (55

o
 C, 65

o
 C and 75

o 
C) 

air temperatures were used in nine combinations to produce powdered co-microcapsule. 

The viability of L. casei, oxidative stability of omega-3 oil, surface oil, oil 

microencapsulation efficiency, moisture content, surface elemental composition and 

morphology of the powdered samples were measured. There is no statistical difference in 

oxidative stability at two lower inlet air temperatures (130
o
 C and 150

o
 C). However, 

there was a significant decrease in oxidative stability when higher inlet temperature (170
o
 

C) was used. The viability of L. casei decreased with the increase in the inlet and outlet 
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air temperatures. There was no difference in the surface elemental compositions and 

surface morphology of powdered co-microcapsules produced under these nine inlet/outlet 

temperature combinations. Of the range of conditions tested the co-microcapsules 

produced at inlet-outlet temperature 130-65
o 

C showed the highest bacterial viability and 

oxidative stability of omega-3 and having the moisture content of 4.93 ± 0.05% (w/w). 

This research shows that powdered co-microcapsules of probiotic bacteria and omega-3 

fatty acids with high survival of the former and high stability against oxidation can be 

produced through spray drying. 

 

KEYWORDS: Co-encapsulation, omega-3 fatty acids, probiotic bacteria, spray drying, 

surface composition and morphology 

 

1.0. INTRODUCTION 

The development of functional foods and nutraceuticals by incorporating bioactive 

ingredients, particularly omega-3 fatty acids, probiotic bacteria, and polyphenols is a 

significant focus of functional and nutritional food industries.
[1, 2]

 New nutraceutical and 

functional food products are being designed and manufactured to fulfil the growing 

demand for healthier foods.
[3, 4]

 Two of the most widely utilised bioactive ingredients 

used in functional foods are probiotic bacteria
[5, 6]

 and omega-3 fatty acids.
[7, 8]

 The 

functional foods developed using probiotic bacteria and omega-3 oils have clinically 

proven health benefits.
[5, 9]

 Probiotic bacteria are a group of bacteria which are defined as 

‘live microorganisms which when administered in adequate amounts confer a health 

benefit to the host’.
[10]

 Lactobacillus and Bifidobacterium are the most commonly studied 
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probiotic bacteria because of their proven health benefits.
[11, 12]

 Lactobacillus (L.) casei 

431 is used as a model probiotic (P) bacterium in this study. Omega-3 fatty acids also 

have clinically proven health benefits in humans.
[13]

 Tuna oil (O) is used as the source of 

omega-3 fatty acids in this study. Whey proteins isolate (WPI) possesses very high 

nutritional value and good emulsifying properties.
[14, 15]

 Gum Arabic (GA) is a complex 

polysaccharide and it is commonly used as thickener and emulsifier in food 

formulations.
[16]

 For these reasons, these two are used as encapsulating wall materials. 

 

Several functional foods are manufactured using microencapsulation technology which 

entraps potent and unstable core within relatively inert shell to enhance shelf-life and to 

achieve controlled release and targeted delivery.
[17, 18]

 Specifically, a number of 

microencapsulation techniques such as spray drying, fluidized bed drying, complex 

coacervation, extrusion, and emulsion have been used for the delivery of bioactive 

ingredients into food.
[2]

 Complex coacervation is generally regarded as a useful 

microencapsulation technology because it confers controlled and sustained release 

possibilities.
[19]

 Complex coacervation based encapsulation technologies are utilized to 

protect bioactive ingredients such as omega-3 oil
[20]

, ascorbic acid
[21]

, sweet orange oil
[22]

 

and probiotic bacteria.
[23]

 The benefits of co-encapsulation of omega-3 oil and probiotic 

bacteria in WPI-GA complex coacervate matrix were reported in our previous work in 

terms of survival and oxidative stability.
[24]

 

 

The liquid microcapsules produced through complex coacervation processes have to be 

converted into powder in order to increase shelf life, and to improve packaging, handling 
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and storage properties.
[25]

 Spray drying is one of the most hygienic and economical 

technologies used for microencapsulation and producing powders in food industry.
[26, 27]

 

It is a thermally mild amongst the convective air drying methods because of its very short 

product residence time.
[28]

 The spray drying is 4-7 times less expensive than that of freeze 

drying.
[29]

 However, maintaining high viability of heat sensitive probiotic bacteria 

through spray drying is still a major challenge.
[30, 31]

 Since spray drying is much more 

cost effective and it can process larger volumes and operate at higher energy efficiency 

compared to freeze drying, many studies endeavoured to optimize spray drying process 

parameters and product formulations towards highest probiotic viability and minimal 

activity losses.
[32, 33]

 

 

In our previous study, we investigated the co-microencapsulation of omega-3 oil and L. 

casei  produced  through complex coacervation followed by freeze and spray drying. It 

was found that spray dried co-microcapsule powders had advantages in terms of 

oxidative stability of omega-3 oil; however, the freeze dried co-microcapsules had higher 

viability of L. casei.
[24]

 This work endeavours to optimise the spray drying process 

parameters so that co-microcapsules with higher bacterial viability as well as higher 

oxidative stability are produced. In addition, this study investigates the effect of 

inlet/outlet air tempertures on the physico-chemical and surface characteristics of spray 

dried co-microcapsules for the first time. These findings will benefit both the industry 

and the general public because of the synergistic health benefits of these powdered co-

microcapsules. These co-microcapsules are robust enough to be incorporated in 

commonly used food items such as yoghurt and beverages. 
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This study had the following objectives: (1) To determine the optimum inlet/outlet air 

temperature combination to produce co-microcapsules (WPI-P-O-GA) with improved 

viability of probiotic bacteria and better oxidative stability of omega-3 oil. (2)  To 

evaluate the effect of spray drying inlet/outlet air tempertures on the physico-chemical 

properties (moisture content, surface oil, total oil, oil microencapsulation efficiency) and 

morphological features and surface composition of co-microcapsules.  

 

2.0. MATERIALS AND METHODS 

2.1. Materials 

L. casei 431
®
 was donated by Chr.Hansen (Horsholm, Denmark). Tuna oil (HiDHA), was 

obtained by courtesy of NuMega Ingredients (Melbourne, Australia) and stored at 4
o 
C 

until used. According to data provided by the supplier, the major fatty acids in this tuna 

oil were as follows: DHA (docosahexaenoic acid) 29.4%, palmitic acid 19.2%, oleic acid 

12.8%, EPA (eicosapentaenoic acid) 6.0%, stearic acid 5.3%, myristic acid 2.4%, 

arachidonic acid 2.0%, decosapentaenoic acid (DPA) 1.2%, linoleic acid 1.2%, 

stearidonic acid 0.6%, and linolenic acid 0.4%. Whey protein isolate (WPI 895
TM

) was 

donated by Fonterra Cooperative (Melbourne, Australia). Gum Arabic was purchased 

from Sigma-Aldrich (Sydney, Australia). All other chemicals were purchased from 

Sigma–Aldrich Australia and were of analytical grade and used without further 

purification. 

 

2.2. Preparation Of Probiotic Cell Pellets And Co-Microcapsules 
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The bacterial cell pellets and co-microcapsules were prepared as described in our earlier 

work.
[24]

 Briefly, the L. casei was cultured for 18 h in sterile MRS broth (1%, w/v) at 37
o 

C. This culture was further sub-cultured (37
o
 C, 18 h) twice in the same broth to activate 

bacteria and to allow them to adapt. All the inoculation works were carried out under 

sterile biological hoods with laminar air flow (Auramini, Laftech, Australia). Finally, 

1000 mL of media was used for bulk culturing and cells were harvested at stationary 

growth phase by centrifuging at 2200×g for 15 min at 5
o 
C. The supernatant was 

discarded and the precipitated cell mass was washed twice with sterile peptone water 

(0.2%, w/v) and these cell pellets were used for co-encapsulation process. 

 

The co-encapsulation process was carried out as follows: Firstly, WPI solution (7.5 g; 

3%, w/v) was prepared at ambient temperature and 15 g of tuna oil was dispersed in this 

solution. The mixture was stirred using a mechanical stirrer (IKA
®
 RW 20, Staufen, 

Germany) at 800 rpm for 10 min and was further homogenized using a microfluidizer 

(M110L, Microfluidics, Newton, Massachusetts, USA) at 45 MPa for 3 passes to produce 

an O/W emulsion. The pure probiotic cell pellets prepared (wet mass 5g) as described 

above were then added into this O/W emulsion. Then GA solution (2.5 g; 1%, w/v) was 

added drop wise into this dispersion with continuous stirring at 400 rpm. The pH of this 

emulsion was then adjusted to 3.75 by adding 1% citric acid drop wise in order to induce 

complexation between WPI and GA. The co-microencapsulation procedure was carried 

out at 25
o 
C, and the liquid co-microcapsules were kept at 5

o 
C for 48 h to ensure 

complete formation of complex coacervates. Finally, the co-microcapsules were dried to 

produce solid or powder co-microcapsules (WPI-P-O-GA). 
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2.3. Spray Drying Of Co-Microcapsules  

The liquid co-microcapsule samples prepared as described in Section 2.2 were spray 

dried (Mini spray dryer B-290, BÜCHI Labortechnik, Flawil, Switzerland) using three 

different inlet (130
o
 C, 150

o
 C, 170

o 
C) and outlet (55

o
 C, 65

o
 C, 75

o 
C) temperatures in 

nine combinations. The flow rate of the drying air was 35m
3
/h at 100% fan aspiration. 

The pumping rate was adjusted to maintain the outlet air temperature (the feed rate varies 

from 1.2 mL/min to 3.6 mL / min). The powdered co-microcapsules were collected and 

stored at 5
o 
C for further characterization. The entire process for the production of WPI-

P-O-GA co-microcapsules was performed in triplicates for each inlet/outlet temperature 

set and the samples taken from three batches were used to determine their physico-

chemical characteristics. 

 

The thermal efficiency (ƞ thermal) of the spray drying operation was approximated using 

equation (1) 
[34]

.  

inlet outlet
thermal (%)

inlet ambient

(T  - T )
η  100

(T  - T )
              (1) 

 

where Tinlet, Toutlet, and Tambient are inlet, outlet and ambient (25
o
 C) air temperatures, 

respectively. 

 

2.4. Enumeration Of Bacterial Viability In Powdered Co-Microcapsules 

The viability of L. casei in the co-microcapsules was assessed in MRS agar (CM0361, 

Thermo scientific, Melbourne, Australia) using spread plating technique as described in 

our earlier work.
[24]

 Briefly, 1g of powder was diluted in 9 mL of sterile peptone water 
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(0.2%, w/v). The bacterial cells were released from the capsules to the medium using a 

stomacher. The cell suspension was serially diluted and plated on MRS agar plate and 

incubated under anaerobic condition (Oxoid
TM

 Anaerojar
TM

, Thermoscientific, Australia) 

at 37
o
 C for 48h. The plating and enumeration were performed in triplicate and expressed 

viability as log cfu/g.  

 

2.5. Assessment Of Oxidative Stability 

Accelerated oxidation tests were carried out on the powdered WPI-P-O-GA co-

microcapsules using Rancimat
TM

 test (model 743, Metrohm, Herisau, Switzerland).
[35]

 

Two grams of dried powder was heated at 90
o 
C under purified air (flow rate of 20L/h). 

Briefly, when the encapsulated oil is oxidized, the conductivity of Milli-Q water in the 

collection chamber increases due to the increased solubility of volatile products (formic 

acid). The oxidative stability index (OSI) of the samples is graphically determined by 

locating tangential intersection point on experimental data.
[20, 36]

 The induction time (at 

which the conductivity of sample increases sharply due to oxidation) of the test sample 

was recorded and used as the OSI.  

  

2.6. Microencapsulation Efficiency 

Microencapsulation efficiency (ME) was calculated by measuring the solvent extractable 

surface oil (SO) and total oil (TO) of the microcapsules. Surface oil was determined by 

the washing method.
 [20, 32]
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The total oil content in the dried microcapsules was determined by an acid digestion 

method using 4M HCl according to Eratte et al.
[20]

 The SO, TO and ME were calculated 

using equations (2), (3) and (4), respectively. 

s

m

W
SO (%)   100

 W
            (2) 

t

m

W
TO (%)   100

W
             (3) 

t s

t

W W
ME (%)   100

W
               (4) 

where Wt and Ws are the mass (g) values of total and surface oil of the microcapsules and 

Wm is the mass (g) of the microcapsules. 

 

2.7. Acquiring Surface Morphology Of Co-Microcapsules 

Scanning electron microscope (SEM) (JEOL JSM6300 SEM, Tokyo, Japan) was used to 

acquire the morphology of liquid, solid and reconstituted solid co-microcapsules. Solid 

samples were lightly gold sputter coated (Sputter coater, Agar Aids, England) for 45 

seconds and imaged at 7kV and low beam current. The liquid co-microcapsules were 

subjected to additional treatment before gold sputter coating. Briefly, 20 mL of liquid co-

microcapsules was fixed with 2% (w/v) glutaraldehyde in phosphate buffer (0.1 M; pH 

7.2) for 12 h. The slurry containing the glutaraldehyde cross-linked co-microcapsules was 

dehydrated in ethanol at different concentrations (30%, 40%, 50%, 60%, 70%, 80%, 

90%, 100%), each for 30 min. The sample was transferred to a solution containing 

hexamethyldisilizane (HMDS) and 100% ethanol in the ratio of 1:2 and left undisturbed 

for 20 min. HMDS is used as an alternative of critical point drying. Then, the sample was 

D
ow

nl
oa

de
d 

by
 [

Fe
de

ra
tio

n 
U

ni
ve

rs
ity

 A
us

tr
al

ia
],

 [
di

vy
a 

er
at

te
] 

at
 1

5:
45

 0
7 

M
ar

ch
 2

01
6 



 

 10 

transferred to a fresh solution with HMDS-to-100% ethanol ratio of 2:1 for another 20 

min. Finally, the sample was transferred into 100% HMDS solution and capped loosely 

in the fume hood overnight. The HMDS evaporated and the resulting solid sample was 

gold sputter coated and imaged under SEM. 

 

2.8. X-Ray Photoelectron Spectroscopic (XPS) Analysis 

The surface chemical analysis was performed using an AXIS Ultra-DLD spectrometer 

(Kratos Analytical Ltd., UK) equipped with a monochromatic Al Kα X-ray source and a 

hemispherical analyser (fixed analyser transmission mode). Elemental compositions were 

determined from low-resolution survey spectra. High resolution C1s spectra were 

acquired to obtain detailed information about chemical map on the surface of the co-

microcapsules. 

 

2.9. Moisture Content  

The moisture content of powdered co-microcapsules was determined by drying the 

sample in a hot air oven at 105
o 
C for 12 h. The dried samples were allowed to cool to 

room temperature in a desiccator containing silica gel before measuring sample mass.  

 

2.10. Statistical Analysis  

All measurements were performed at least in triplicates unless otherwise stated and the 

results are reported as the mean ± standard deviation. The Minitab 17 statistical software 

package (University Park, Pennsylvania, United States) was used for the analysis of 
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variance (ANOVA). The significant difference between any two means values was 

determined using Turkey test. A 95% (p<0.05) confidence level was used in all the cases.  

 

3.0. RESULTS AND DISCUSSION 

3.1. Effect Of Inlet-Outlet Air Temperatures On The Physico-Chemical Properties 

Of Co-Microcapsules 

In order to determine the optimal spray drying parameters of producing powdered 

co-microcapsules, the highest possible survival of encapsulated L. casei, highest 

oxidative stability (highest OSI) of encapsulated tuna oil and residual moisture content of 

5% (w/w) were set as three overarching criteria. 

   

3.1.1. Viability Of Co-Encapsulated Probiotic Bacteria 

The viability of L. casei in these powdered co-microcapsules produced at various 

inlet/outlet air temperature combinations is presented in Fig. 1. For a given inlet 

temperature, it was observed that there was a decrease in the viability of L. casei, when 

the outlet temperature increased from 55
o 
C to 75

o
 C. Various studies have indicated the 

importance of outlet air temperature associated with the bacterial viability.
[30, 38]

 As the 

droplet and particles are exposed to the outlet temperature in most of their residence time; 

hence, low outlet air temperatures better protect cells from being over-heated and thus 

improve the viability.
[39]

 Fig. 1 shows that the survival of L. casei in the co-microcapsules 

is lower at higher inlet temperatures. Similar findings on the effect of inlet temperatures 

on bacterial viability have been reported by others.
[30, 40]

 Therefore, it can be concluded 

here that the viability of L. casei in these co-microcapsules decreased with increase in 
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inlet as well as outlet air temperatures. The highest bacterial survival in these co-

microcapsules was observed at inlet/outlet temperature combination of 130/55
o
 C (7.3 log 

cfu/g) followed by at 130/65
o
 C and 150/55

o 
C (7.1 log cfu/g). The survival of bacteria at 

these temperature combinations was not significantly different (p>0.05) (Fig. 1). The 

lowest viability of L. casei was obtained at inlet/outlet temperature combination of 

170/75
o 

C (5.5 log cfu/g). These observations indicate that both inlet and outlet 

temperatures of spray dryer affect the survival of L. casei in WPI-P-O-GA co-

microcapsules and that higher inlet and outlet air temperatures are detrimental to the 

viability of L. casei in these co-microcapsules. 

 

3.1.2. Oxidative Stability Of Co-Encapsulated Omega-3 Oil 

The OSI values of powders produced at different inlet/outlet temperature combinations 

are presented in Fig. 2. The OSI values of pure tuna oil (control) was measured as 3.1 

h.
[14]

 The oxidative stability of co-microcapsules produced at different inlet/outlet 

temperature combinations was significantly higher than that of untreated tuna oil. As can 

be observed, there is no statistical difference in OSI values at two lower inlet air 

temperatures (130
o
 C and 150

o
 C). However, there was a significant decrease in OSI 

value when higher inlet temperature (170
o
 C) was used. A large temperature gradient 

between the droplet/particle and the drying air can occur at high inlet temperature, 

resulting into faster heat, and moisture transfer rates.  Faster outward diffusion of vapour 

when resisted by microcapsule shell of low moisture diffusivity can create higher number 

of cracks for unit surface area which can increase the inward diffusion or permeation of 

the oxygen. It was previously reported that high inlet air temperatures cause excessive 
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bubble growth and surface imperfections.
[41]

 This perhaps is the reason for lower OSI 

values in co-microcapsules dried at higher inlet temperature. Thus, so far it is technically 

and economically feasible, lower inlet air temperatures should be selected to produce 

oxidatively stable co-microcapsule powders. The highest and lowest OSI values of 21.2 h 

and 15.12 h were obtained at inlet/outlet combinations of 130/65
o
 C and 170/55

o
 C, 

respectively. The OSI values of the co-microcapsules increased with increase in the outlet 

air temperatures, for each inlet temperature tested except for 130
o 
C (Fig. 2). 

 

3.1.3. Physico-Chemical Characteristics Of Co-Microcapsules  

The residual moisture content, surface oil, total oil, and oil microencapsulation efficiency 

of spray dried co-microcapsules produced at different inlet/outlet air temperatures are 

shown in Table 1. As expected, the residual moisture content of powder decreased with 

increase in the inlet as well as outlet air temperatures in all the cases. This is due to the 

fact that the relative humidity decreases substantially at higher temperature, and it creates 

higher vapour gradient between the bulk air and the droplet/particle surface. The effect of 

higher dryer inlet and outlet temperatures showed similar trend in residual moisture 

content and bacterial survival. For example, the lowest residual moisture content and the 

lowest bacterial survival were observed at inlet/outlet temperature combination of 

170/75
o
 C. Similarly the highest residual moisture content and the highest bacterial 

survival was observed at inlet/outlet temperature combination of 130/55° C. Given the 

residual moisture content of powders obtained from all these temperature combinations 

was close to 5% (w/w), due to highest bacterial survival and highest oxidative stability 

the inlet/outlet temperature combination of 130/65
o
 C appeared to be optimal to produce 

D
ow

nl
oa

de
d 

by
 [

Fe
de

ra
tio

n 
U

ni
ve

rs
ity

 A
us

tr
al

ia
],

 [
di

vy
a 

er
at

te
] 

at
 1

5:
45

 0
7 

M
ar

ch
 2

01
6 



 

 14 

WPI-P-O-GA co-microcapsule powder. The thermal efficiency calculated at the 

inlet/outlet temperature combination of 130/65
o
 C was found to be 61.90% (Table 1). 

 

There was no significant difference in surface oil (SO), total oil (TO) and oil 

microencapsulation efficiency (ME) in the spray dried WPI-P-O-GA co-microcapsules 

produced at different inlet/outlet temperature combinations (Table 1). This suggests that 

the complex coacervate matrix rather than the spray drying process determines the 

amount of surface oil on the WPI-P-O-GA co-microcapsules. This observation agrees 

with earlier findings that the surface oil in spray dried powders is not affected by outlet
 

[42]
 and inlet

 [43]
 air temperatures. The ME depends on the amount of surface oil of the 

microcapsules in addition to the degree to which the wall matrix can hold or store the oil 

within.
 [44]

 Therefore, we can conclude here that surface oil and, hence, the 

microencapsulation efficiency of these co-microcapsules were mainly affected by the 

complex coacervate wall matrix rather than the inlet and outlet air temperatures used.  

 

Considering the bacterial viability, OSI and moisture content, it appears that the inlet 

temperatures >130
o 
C and <170

o 
C and outlet temperatures >55

o 
C and < 75

o
 C will 

produce high quality WPI-P-O-GA co-microcapsules in terms of viability of probiotic 

bacteria and oxidative stability of omega-3 fatty acids. The co-microcapsules produced at 

the inlet/outlet air temperatures of 130/65° C satisfied the three criteria of the highest 

possible survival of the L. casei cells, improved oxidative stability of microencapsulated 

tuna oil and residual moisture content of <5% (w/w). 
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3.2. Morphology And Surface Characteristics Of WPI-P-O-GA Co-Microcapsules 

3.2.1. Morphology Of Co-Microcapsules 

Many important properties of microcapsules, such as protection of core materials, powder 

stability depend on their surface characteristics and surface morphology.
[43] 

The 

morphology of liquid co-microcapsules observed under phase contrast and SEM 

microscope (scale bar = 5 µm) is shown in Fig. 3A and Fig. 3B, respectively. The 

reconstituted spray dried co-microcapsules with additional biological treatment (Section 

2.7) was observed under SEM to investigate the morphological change of rod shaped 

bacteria after drying, which is shown in Fig. 3C. The rod shaped bacteria (represented by 

white circles) and spherical oil droplets (represented by white arrows) are clearly 

distinguishable in the matrix (Fig. 3B and 3C). We observed that the morphology of the 

liquid co-microcapsules changed when observed under SEM (Fig 3B) compared to the 

one observed under phase contrast (Fig. 3A), probably due the pre-treatment required 

before SEM imaging (Section 2.7). The sample pretreatment was carried out in order to 

observe the structural change of bacterial cell before and after spray drying. There was no 

noticeable alteration in the bacterial cell structure (rod shape) in liquid co-microcapsules 

(Fig. 3B) and in reconstituted spray dried co-microcapsules (Fig. 3C). This can be 

attributed to the mild drying condition (inlet/outlet combination of 130/65
o
 C), strong 

evaporative cooling effect, short residence time and resultant lower extent of bacterial 

denaturation.
[45, 46]

 Preservation of structural integrity of bacteria during drying is 

important for preservation of their viability and vitality. 
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The SEM micrographs of spray dried WPI-P-O-GA solid co-microcapsules produced at 

different inlet/outlet temperature combinations are shown in Fig. 4 (scale bar = 20 µm). 

The solid microcapsules obtained are more or less spherical in shape and no bacterial cell 

was observed on the surface, indicating that L. casei cells were fully encapsulated within 

the shell matrix. This absence of bacterial cells on the surface of these co-microcapsules 

is also supported by the surface elemental composition data which will be presented 

shortly. In addition, there was no observable sign of fissures or cracks on the surface of 

these WPI-P-O-GA co-microcapsules. This observation further confirms good structural 

integrity of the co-microcapsule surface which corroborates to the low permeability of 

oxygen and better microencapsulation efficiency as observed in Table 1. The SEM 

micrograph of reconstituted WPI-P-O-GA co-microcapsules (Fig. 3C) substantiates the 

presence of L. casei cells and oil droplets inside the co-microcapsules after drying. There 

was no noticeable difference on the surface morphology in WPI-P-O-GA co-

microcapsules produced at different inlet/outlet temperature combinations (Fig. 4). 

 

3.2.2. Surface Characteristics Of Co-Microcapsules 

XPS analysis was used to quantify the surface (20-100 Å) elemental composition of 

WPI-P-O-GA co-microcapsules. The C1s spectra of these co-microcapsules at various 

inlet/outlet temperature combinations are shown in Fig. 5. The corresponding surface 

elemental composition in terms of carbon (C), oxygen (O), nitrogen (N) of these 

co-microcapsules are presented in Table 2. The concentration of carbon atoms bonded 

differently or bonded with different elements was determined by curve-fitting the high 

resolution C1s spectra. The curve fitting protocol was based on five components with the 
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following notations: C1+C2 (C-C, C-H), C3 (C-O, C-N), C4 (C=O, O-C-O, N-C=O), C5 

(O-C=O).  As can be seen from Fig. 5, the C1s spectra of all the co-microcapsules are 

overlapping with each other. This means that the spray dried WPI-P-O-GA co-

microcapsules produced at different inlet/outlet temperature combinations had identical 

surface elemental composition and that the drying parameters made no difference on the 

surface composition. This observation also corroborates with the surface oil data (Table 

1) which showed that there was no significant difference (p>0.05) in the surface oil 

content in WPI-P-O-GA co-microcapsules produced at different inlet/outlet temperature 

combinations. Furthermore, there was no significant difference in oxygen and nitrogen 

content on the surface of co-microcapsules produced at different inlet/outlet air 

temperature combinations (Table 2). However, the least oxygen content (0.196) was 

found on the surface of co-microcapsules produced at inlet/outlet temperature 

combination of 130/65
o 
C. This observation also corroborates with the oxidative stability 

index data (Fig. 2) which showed that co-microcapsules produced at inlet/outlet 

temperature combination of 130/65
o 
C exhibited highest oxidative stability (21.2 h) than 

those produced at other inlet/outlet temperature combinations.  

 

4.0. CONCLUSIONS 

The probiotic bacteria L. casei and omega-3 rich tuna oil were co-encapsulated using 

WPI-GA complex coacervate as shell material and subsequently converted into powder 

using spray drying. Nine sets of spray dryer inlet/outlet temperature combinations were 

used to determine the effects of these temperature combinations on properties such as 

bacterial survival, stability of oil against oxidation, moisture content, surface oil, total oil, 
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oil microencapsulation efficiency as well as surface morphology and surface elemental 

composition of these co-microcapsules. High inlet and outlet air temperatures decreased 

the survival of L. casei. High inlet air temperature also decreased oxidative stability of 

microencapsulated tuna oil. Surface oil content and hence the oil microencapsulation 

efficiency of WPI-P-O-GA co-microcapsules was not affected by the inlet and outlet 

temperatures. The shape and the morphology of L. casei cells were not affected by the 

chosen spray drying temperatures. The surface morphology of co-microcapsules 

produced at different inlet/outlet temperature combinations was not significantly 

different.  The inlet air temperatures from 130
o 
C to170

o 
C and outlet temperatures 

between 55
o 
C and 75

o 
C different did not alter the surface elemental composition of these 

spray dried co-microcapsules. This study identified that the inlet/outlet temperature 

combination of 130/65
o
 C produced WPI-P-O-GA co microcapsules with highest 

bacterial survival and highest oxidative stability under moisture content less than 5%. 

These findings of this study will benefit many potential applications in functional food, 

nutraceutical and pharmaceutical industries. 
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Fig. 1: Survival of L. casei in spray dried WPI-P-O-GA co-microcapsules at different 

inlet/outlet air temperature combinations. The labelled data corresponds to the viability in 

log (cfu/g). The bars with different letter in supercript indicate significant difference (p < 

0.05). 
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Fig. 2: Oxidative stability index (OSI) of encapsulated tuna oil in spray dried WPI-P-O-

GA co-microcapsules at different inlet/outlet air temperature combinations. The labelled 

data indicates the oxidative stability index (OSI). Different lower case letters in 

superscript indicate significant difference (p <0.05). 
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Fig. 3: Morphology of WPI-P-O-GA co-microcapsules: (A) Liquid co-microcapsules 

observed under phase contrast microscope; (B) Liquid co-microcapsules observed under 

SEM; (C) Reconstituted spray dried co-microcapsules obtained under SEM, scale bar =5 

µm. 
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Fig. 4: SEM micrographs of WPI-P-O-GA co-microcapsules produced at different 

inlet/outlet temperature combinations (
o 
C): (A) 130/55; (B) 130/65; (C) 130/75; (D) 

150/55; (E) 150/65; (F) 150/75; (G) 170/55; (H) 170/65; (I) 170/75; scale bar = 20 µm. 
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Fig. 5: C1s spectra of spray dried WPI-P-O-GA co-microcapsules produced at different 

inlet/outlet air temperature combinations (
o 
C): (A) 130/55; (B) 130/65; (C) 130/75; (D) 

150/55; (E) 150/65; (F) 150/75; (G) 170/55; (H) 170/65; (I) 170/75.  
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