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Abstract 

Fermented noni juice (FNJ) is associated with various health benefits for humans, 

however, its off-odour limits the acceptability to the consumers. Spray drying based 

microencapsulation has been utilized to mask unpleasant odours and to protect 

bioactive compounds in liquid-based products. This thesis elucidated a systematic 

investigation of the hydrocolloids-based microencapsulation of FNJ from the 

perspectives of the prediction, mechanism, modelling, pilot-scale examination and 

application.  

 

Firstly, the relationship between structure formation and properties of 

microencapsulated FNJ powder containing maltodextrin (M1, 10–13 DE; M3, 17–20 

DE) and gum acacia (GA) were investigated using a single droplet drying (SDD) 

technique, mimicking the spray drying process. The different drying kinetics 

(temperature, diameter and mass) of droplets containing the three hydrocolloids 

determined by SDD, were used to unveil the drying behaviours of FNJ droplets by 

Reaction Engineering Approach (REA) mathematical modelling. Results of the SDD 

investigations showed that the impact of wall materials and solid content on the 

structure formation and particle physicochemical properties during spray drying 

microencapsulation were predicted. The studies on the drying behaviours showed that 

FNJ containing M1 with 28% solid content (M1, 28%) exhibited an earlier crust 

formation behaviour than droplet of M1 (21%), M3 (28%) or GA (21%). Based on the 

drying kinetics, the relation of activation energy and moisture content of droplets 

containing M1, M3 and GA were found using REA mathematical modelling.   

 



ii 

 

Secondly, a pilot-scale spray drying of FNJ based on the earlier SDD investigations 

was conducted using a micro-fluidic-jet-spray-dryer (MFJSD), to examine the effects 

of these three hydrocolloid wall materials on the physicochemical properties, 

microstructures and bioactive stabilities of microencapsulated FNJ powder. Results 

showed that the M1 (28%) powder exhibited better properties in bulk density (0.692 

g/mL), particle size (107.42 μm), glass transition temperature (Tg) (54.81 °C) and 

hygroscopicity (19.4 g H2O/100 g dry weight) than the other three powders, namely the 

M1 (21%), M3 (28%) and GA (21%). Microscopic analysis showed that all 

microcapsules were observed to have buckled surfaces and their external surface 

morphologies were influenced by the wall materials used for microencapsulation. 

These results were in agreement with our earlier SDD studies using similar wall 

materials. Spray drying was found to have little effect on the retention of iridoids (only 

2-3% lost) in FNJ, and the hydrocolloids type has limited effects on the storage stability 

of the bioactive compounds. Compared to the feed solution, the total phenolic content 

(TPC) and the total antioxidant capacity (TAC) in the FNJ powders were increased by 

6.2-17.9% and 11.3-19.3%, respectively. These three hydrocolloids and their 

concentrations had little impacts on the stability of TPC and TAC during storage at 4 

and 22 °C. 

 

Moreover, the odour characteristic of FNJ and its volatile retention in the 

microencapsulated powders produced by different drying techniques and conditions, 

were also investigated via the HS-SPME/GC-O-MS (headspace-solid-phase micro-

extraction/gas chromatography-olfactometry-mass spectrometry) analysis. Results 

showed that hexanoic acid was a major volatile compound contributing to the odour of 

FNJ and its microencapsulated powders. The retention of volatile compounds in FNJ 
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after microencapsulation was significantly (p < 0.05) affected by the type and 

conditions of drying. Spray drying was observed to have more effect on the FNJ volatile 

losses than freeze drying, both on the unpleasant and pleasant odours. The volatile 

retentions of spray-dried powders were significantly (p < 0.05) reduced with the 

increase of air drying inlet temperature used for spray drying from 160 °C to 180 °C. 

 

Finally, the likelihood of microencapsulation of FNJ with selected probiotics as a 

novel functional food was explored, by evaluating the viability of bacterial cells after 

drying, storage and in-vitro digestion. Lactobacillus plantarum P8 (LP) was verified as 

a suitable probiotic strain for microencapsulation of FNJ due to its good performance 

on retention of bacterial viability during storage and after in-vitro digestion. This trial 

demonstrated that fortification of FNJ with Lactobacillus can be achieved via freeze 

drying.  

 

Overall, the current work filled the gaps in hydrocolloids-based microencapsulation 

of FNJ, and unveiled the mechanisms of microcapsules formed by the selected 

hydrocolloid wall materials during spray drying process. This study has provided 

fundamental knowledge for understanding the microencapsulation of FNJ as well as for 

developing related novel functional foods.  
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Chapter 1  

Introduction 
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1.1. Research background 

Morinda citrifolia L., commercially known as noni, is a traditional herbal plant with 

a long history of being used for treating a variety of diseases in humans. Fermented 

noni juice (FNJ), the most popular noni supplement, contains abundant phytochemicals 

such as phenolic compounds, iridoids, anthraquinones and lignans. These bioactives are 

found to account for the antibacterial, anticancer, antioxidant, anti-inflammatory 

properties and immune protection. However, the FNJ has a strong unpleasant odour that 

is undesirable for consumers. To overcome this defect, spray drying 

microencapsulation of FNJ into powder format is regarded as an effective method to 

mask the unpleasant odour, and to enhance the sensory acceptability and marketability. 

Despite many studies having reported the spray drying microencapsulation of various 

juices using hydrocolloids such as maltodextrin (MD) and gum acacia (GA) as wall 

materials, none has been done on FNJ. To date, furthermore, there are also no 

qualitative or quantitative investigations on the drying mechanism and behaviours of 

any juice material using the above wall materials, especially on FNJ. The above 

research gaps restrict the investigation and application of spray drying 

microencapsulation on fruit materials, and limit the development of more novel 

microencapsulated powder functional foods. This project was set up to fill the above 

gaps by providing some fundamental knowledge on spray drying microencapsulation 

of FNJ, and to offer insights on the drying mechanism and drying behaviours, as well 

as changes in the volatile profiles of the microencapsulated powder. It also provides a 

theoretical basis for developing a novel functional food incorporated with probiotics 

using microencapsulation.  
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By conducting this research, the microencapsulated FNJ powder with desirable 

properties and functionalities could be obtained via pilot-scale spray drying. At the 

same time, the volatile compounds which contribute to the unpleasant odour of FNJ 

could be significantly reduced. Furthermore, the drying mechanism, drying behaviours, 

and droplet-to-particle process of an aqueous system containing FNJ and hydrocolloids 

(MD and GA) could be revealed. In addition, the feasibility of microencapsulation of 

FNJ with selected probiotics could be examined, and a novel functional ingredient 

containing FNJ and probiotics could be developed. 

 

1.2. Research objectives  

The objectives of this PhD research include the following: 

1) To examine the drying mechanism of fermented noni juice (FNJ) by investigating 

the structure formation and properties of FNJ particles containing different 

hydrocolloid wall materials of maltodextrin (MD) and gum acacia (GA), applying 

the single droplet drying (SDD) technique.  

 

2) To study the drying behaviours of FNJ containing MD and GA as wall materials, 

by investigating the drying kinetics using Reaction Engineering Approach (REA) 

mathematical modelling. 

 

3) To examine the pilot-scale spray drying microencapsulation of FNJ, by 

investigating the physicochemical properties, microstructure and particle formation 

processes and bioactive stabilities of the spray-dried powder containing different 

wall materials.  
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4) To investigate the effects of microencapsulation on the odour retention of fermented 

noni juice using HS-SPME-GC-O-MS analysis. 

 

5) To explore the development of a novel functional microencapsulated FNJ powder 

fortified with selected probiotics, and to evaluate the storage stability and in-vitro 

digestion of the powder.  

 

1.3. Thesis structure 

Chapter 1, a brief introduction on the background, objectives and structure of this thesis. 

 

Chapter 2, a literature review on noni (Morinda citrifolia L.), microencapsulation, 

spray drying and single droplet drying techniques, and current research status for 

development of probiotic fruit juice powder.  

 

Chapter 3, a study on the structure formation and properties of fermented noni juice 

microencapsulated with maltodextrin and gum acacia using single droplet drying.  

 

Chapter 4, an investigation on the drying behaviours of microencapsulated fermented 

noni juice using Reaction Engineering Approach (REA) mathematical modelling.  
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Chapter 5, a study on the microencapsulation of fermented noni juice via micro-fluidic-

jet spray drying by evaluating the powder properties and functionalities.  

 

Chapter 6, an investigation on the effects of microencapsulation on odour retention of 

fermented noni juice. 

 

Chapter 7, a study on the storage stability and in-vitro digestion of microencapsulated 

fermented noni juice powder incorporating with probiotics. 

 

Chapter 8, a summary of the general conclusions of this thesis and future perspectives.  
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Chapter 2  

Literature review 
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2.1. Morinda citrifolia L.  

2.1.1. Introduction 

Morinda citrifolia L., known as noni, has been used in traditional medicine for a 

long time and its use as a botanic supplement has increased enormously in recent years. 

It is a collective fruit that is pantropical and mainly available in coastal regions of the 

world (Fig. 2.1) (Razafimandimbison, McDowell, Halford, & Bremer, 2010). Noni is 

mainly distributed in Pacific islands, Australia, Caribbean islands, Central and northern 

South America, Southeast of Asia, India, and Hainan (China). The noni fruit is oval in 

shape, about 5-10 cm long, and covered with several small brownish buds containing 

the seeds. It exhibits different colours and textures at different growth stages, 

undergoing changes of colour from a greenish to a semi-transparent creamy-white 

colour, and changes in texture from hard to soft when reaching maturity (Nelson & 

Elevitch, 2006). The fruit has an unpleasant odour when ripening, and is thus also called 

cheese fruit or even vomit fruit (Soniwala, 2013).  

 

 

Fig. 2.1. Geographical distribution of noni (Razafimandimbison et al., 2010). 

 

With the increase in health consciousness among consumers, noni products have 

gradually become a popular botanical dietary supplement in many countries. As one of 
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the most popular noni products, over 106 million litres of noni juice sourced from Tahiti 

was consumed in more than 80 countries in the first dozen years of its commercial 

marketing (West, Deng, Isami, Uwaya, & Jensen, 2018). Noni juice was initially 

introduced as a wellness drink in 1996, due to numerous studies reporting its distinctive 

and versatile therapeutic effects. In 2003, the Tahitian noni juice was recognized as a 

novel functional drink by the European commission (Abou Assi et al., 2017). The 

Chinese government has also approved that the noni juice is a safe and new functional 

food that can improve human immunity (West et al., 2018).  

 

Fermented noni juice (FNJ) is an important and indispensable product in the fast 

growing worldwide noni market for herbal remedies and dietary supplements. 

Fermentation is the easiest way to produce noni fruit for juice, and it has been a practice 

for over hundreds of years. It is also reported that some of the bioactive compounds in 

noni fruit are influenced by the fermentation process and storage methods (Motshakeri 

& Ghazali, 2015). Despite several bacteria have been examined for their ability to 

ferment the sugars found in noni fruit (Wang, Ng, Su, Tzeng, & Shyu, 2009), the 

microorganisms responsible for the juice fermentation have not been completely 

identified. To avoid the contamination effects caused by undesirable microbes e.g. E. 

coli and Salmonella from the fermentation containers, open air, processing facilities or 

humans, most commercial FNJ products are pasteurized during the production process 

to enhance product safety. The juicing process of FNJ is mainly divided into four steps 

(Nelson & Elevitch, 2006). Firstly, the fully ripe noni fruits are hand-picked at the “hard 

white stage” and delivered to the processing site within 24 h, as the fruit could become 

soft very quickly. The second step involves wash and air-drying of fruits. Noni fruit 

must be washed before fermentation. The air-drying of fruit is done after the washing 
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and before transferring the fruits into the juice collection containers. The third step is 

the fermentation process. The washed clean and dried noni fruit are placed into a 

container for 10-60 days for fermentation. During this period, the juice seeps gradually 

from the fruit. The appearance of the juice is initially golden or amber in colour and it 

darkens while the fermentation continues. After about 60 days of fermentation, the juice 

is a dark brown liquid, with an appearance similar to soy sauce. Finally, the FNJ 

obtained is collected, filtered, quality-tested and bottled.  

 

2.1.2. Chemistry, nutrition and biological activities 

Morinda citrifolia L. is marketed as a nutritional supplement in many countries. FNJ 

is sold in New Zealand, China, Southeast Asia countries and the U.S. as a nutritional 

supplement, and in the EU as a novel food (Singh, 2012). Compared to many other 

nutritional supplements, noni has modest nutritional values. Table 2.1 summarizes the 

physicochemical characteristics of the noni juices from different plantation areas 

worldwide. The data indicate that noni juice contains approximately 10% dry matter 

(Table 2.1), with the major compounds of the noni juice dry matter being soluble solid, 

proteins and dietary fibre according to Chunhieng (2003). The juice is low in protein, 

fat, pH and contains no cholesterol (Nelson & Elevitch, 2006), while the aged FNJ is 

usually very acidic. Notably, FNJ is relatively high in potassium (K), which is linked 

to many health benefits such as muscular contraction, energy production, healthy heart 

rhythm, nerve function and fluid balance. Insufficient potassium could cause muscle 

weakness and spasm, fatigue and insomnia (Nelson & Elevitch, 2006).  
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Noni contains many active and useful phytochemical compounds, which are 

associated with various human health benefits. To date, about 200 phytochemicals have 

been identified in the noni plant (Abou Assi et al., 2017; Pawlus & Kinghorn, 2007), 

and the major compounds of the fruit part are summarized in Table 2.2. These include 

a variety of phenolics, iridoids, fatty acids, lignans, ketones, anthraquinones, sugars and 

other miscellaneous compounds. The list of phytochemicals discovered in noni has 

increased recently due to the increasing attention on the health benefits of the fruit. 

Among these phytochemicals, phenolics and iridoids have been found to be the most 

important and medically promising chemical compounds accounting for health effects. 

The chemical structures of the main iridoids and phenolics in the noni fruit are shown 

in Fig. 2.2.  

 

Due to the presence of abundant phytochemicals in noni, an increasing number of in 

vivo and in vitro studies related to the biological activities of noni and its associated 

products have been published in recent years. These investigations chiefly included 

antimicrobial, anticancer, antioxidant, anti-inflammatory, antidiabetic, antiviral, 

antiobesity, antihypertensive, antiarthritic and antiparasitic activities, and the abilities 

of wound healing, cardiovascular protection, memory enhancing, immunity enhancing, 

cholesterol regulation and hepatoprotection (Abou Assi et al., 2017; Motshakeri & 

Ghazali, 2015; Singh, 2012; West et al., 2018).  
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Table 2.1. Physicochemical compounds of (fermented) noni juice 

Characteristics Sources 

 Extracted 

noni juice 

(India)a1 

Extracted noni juice 

(Costa Rica)a2 

Extracted noni juice 

(Cambodia)a3 

Hawaiian FNJb Cook Islands 

FNJc1 

Cook Islands 

FNJc2 

Tahitian NoniTM 

Juiced 

Dry matter 8.4% 7.37 ± 0.06% 9.8 ± 0.4% 7.6 g/100 mL 4.9 g/100 mL ND 10-11 g/100 g 

Total soluble solids 

(°Brix)  

8.23  5.8 ± 0.0 8 ND 5.7 6.96 ND 

Protein 0.39% ND 2.5% 0.5 g/100 mL 0.6 g/100 mL 0.2 g/L 0.2-0.5 g/100 g 

Lipid 0.14% ND 0.15 < 0.1 g/100 mL < 0.1 g/100 mL 0.14 g/L 0.1-0.2 g/100 g 

pH value 4.16 3.4 ± 0.1 3.72 3.43 3.87 4.0 3.4-3.6 

Glucose  ND 2.07 ± 0.01 g/100 g 11.9 ± 0.2 g/L 1.5 g/100 mL 1.1 ND 3.0-4.0 g/100 g 

Fructose  ND 2.44 ± 0.02 g/100 g 8.2 ± 0.2 g/L 1.5 g/100 mL 1.1 ND 3.0-4.0 g/100 g 

Vitamin C  ND 97.1 ± 2.3 g/100 g ND 53.2 mg/100 mL ND ND 3-25 mg/100 g 

Sodium ND ND 214 mg/L 9 mg/100 mL 35 mg/100 mL 69.0 mg/L 15-40 mg/100 g 

Potassium ND ND 3900 mg/L 150 mg/100 mL 225 mg/100 mL 2550.0 mg/L 30-150 mg/100 g 

Magnesium ND ND 14 mg/L 11 mg/100 mL 18 mg/100 mL 435.0 mg/L 3-12 mg/100 g 

Calcium ND ND 28 mg/L 6 mg/100 mL 9 mg/100 mL 75.0 mg/L 20-25 mg/100 g 

Total carbohydrate 3.84% ND ND 6.0 g/100 mL 3.6 g/100 mL ND 9.0-11.0 g/100 g 

Total dietary fibre 0.72% ND ND 0.6 g/100 mL ND ND 0.5-1.0 g/100 g 
a1 Reference: Satwadhar, Deshpande, SYED, and Syed (2004); a2 Reference: Dussossoy et al. (2011); a3 Reference: Chunhieng (2003). 

b Reference: Nelson and Elevitch (2006). 

c1 100% pure organic fermented Cook Islands noni juice manufactured by Cook Islands Noni Marketing Ltd, Rarotonga, Cook Islands. Laboratory report was made in 2002 

by AgriQuality New Zealand Ltd. c2 The juice with same brand as C1; Laboratory report was made in 2004 by Biotest Laboratories PTY LTD. 

d Tahitian NoniTM Juice (containing 89% noni juice and 11% common grape and blueberry juice concentrates), reference (European Commission (2002)). 

ND: not determined.
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Table 2.2. Major phytochemicals in noni fruit 

Chemical 

classification 

Chemical compound References 

Phenolic 

compounds 

Quercetin Hashim, Zubairi, Mustapha, and Maskat 

(2018); 

Deng, West, and Jensen (2010) 

 Rutin Hashim et al. (2018);  

Deng et al. (2010) 

 Scopoletin Hashim et al. (2018);  

Deng et al. (2010) 

 Narcissoside Su et al. (2005) 

 Kaempferol Deng, West, Palu, Zhou, and Jensen 

(2007) 

 Nicotifloroside Su et al. (2005) 

 Isoscopoletin Deng et al. (2007) 

 Gallic acid Lin, Chang, Yang, Tzang, and Chen 

(2013) 

 Gentisic acid Lin et al. (2013) 

 Chlorogenic acid Lin et al. (2013) 

 p-hydroxybenzoic acid Lin et al. (2013) 

 Caffeic acid Lin et al. (2013) 

 Catechin Mohd Zin, Abdul Hamid, Osman, Saari, 

and Misran (2007) 

 Epicatechin Lin et al. (2013) 

 Ferulic acid Lin et al. (2013) 

 p-anisic acid Lin et al. (2013) 

 Naringin  Lin et al. (2013) 

 Hesperidin  Lin et al. (2013) 

Iridoids Deacetylasperulosidic acid Deng, West, Palu, and Jensen (2011);  

Kohei Kamiya, Tanaka, Endang, Umar, 

and Satake (2005) 

 Asperulosidic acid Deng et al. (2011); 

Kohei Kamiya et al. (2005) 

 Deacetylasperuloside Takashima et al. (2007);  

Su et al. (2005) 

 Asperuloside Su et al. (2005) 

 Deacetylasperulosidic acid 

methyl ester 

Sang et al. (2002) 

 Asperulosidic acid methyl 

ester 

Sang et al. (2002) 

 Borreriagenin (previously 

morindacin) 

Schripsema, Caprini, and Dagnino (2006); 

B.-N. Su et al. (2005) 

 4-epi-Borreriagenin Samoylenko et al. (2006) 
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 Dehydromethoxygaertneros

ide 

Su et al. (2005) 

 6β,7 β -Epoxy-8-epi-

splendoside 

Su et al. (2005) 

 6α-Hydroxyadoxoside Su et al. (2005) 

Anthroquinones Damnacanthal Chan-Blanco et al. (2006) 

 Anthragallol 1,3-di-O-

methyl ether 

Kohei Kamiya et al. (2005) 

 Anthragallol 2-O-methyl 

ether 

Kohei Kamiya et al. (2005) 

 5,15-Dimethylmorindol Deng, West, Jensen, Basar, and 

Westendorf (2009) 

 Lucidin Deng et al. (2009) 

 Alizarin Deng et al. (2009); 

Potterat, Von Felten, Dalsgaard, and 

Hamburger (2007) 

 Rubiadin Deng et al. (2009) 

 6-Hydroxyanthragallol-1,3-

di-O-methyl ether 

Kohei Kamiya et al. (2005) 

 Morindone-5-O-methyl 

ether 

Kohei Kamiya et al. (2005) 

 Austrocortinin Kim, Jo, Jeong, Choi, and Hwang (2005) 

 2-Methoxy-1,3,6-

trihydroxyanthraquinone 

Pawlus, Su, Keller, and Kinghorn (2005) 

Fatty acid Octanoic acid Wall, Miller, and Siderhurst (2018); 

Pino, Márquez, and Castro (2009) 

 Hexanoic acid Wall et al. (2018); 

Sousa, Souza Neto, Garruti, Sousa, and 

Brito (2010); Zhang et al. (2014); 

Jayaraman, Manoharan, and Illanchezian 

(2008) 

Lignans Americanin A Kamiya, Tanaka, Endang, Umar, and 

Satake (2004) 

 Americanoic acid Kamiya et al. (2004) 

 Americanol A Kamiya et al. (2004) 

 3,3’-

bisdemethylpinoresinol 

Kamiya et al. (2004) 

 Balanophonin Pawlus et al. (2005) 

 Isoprincepin Kamiya et al. (2004) 
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 Morindolin Kamiya et al. (2004) 

 (−)-Pinoresinol Deng et al. (2007) 

Ketones 2-Heptanone Wall et al. (2018); 

Sousa et al. (2010) 

3-Hydroxy-2-butanone Farine, Legal, Moreteau, and Le Quere 

(1996) 

Nucleosides Cytidine Su et al. (2005) 

Sugars Nonioside A Dalsgaard et al. (2006) 

Nonioside B Potterat et al. (2007); 

Dalsgaard et al. (2006) 

Nonioside C Potterat et al. (2007) 

Nonioside D Dalsgaard et al. (2006) 

Nonioside E Dalsgaard et al. (2006) 

Nonioside F Dalsgaard et al. (2006) 

Nonioside G Dalsgaard et al. (2006) 

Nonioside H Dalsgaard et al. (2006) 

α- and β-Glucose Samoylenko et al. (2006) 

Methyl α-D-

fructofuranoside 

Su et al. (2005) 

Methyl β-D-

fructofuranoside 

Su et al. (2005) 

Triterpenoids and 

sterols 

19 α -Methylursolic acid Sang et al. (2002) 

3,19-Dihydroxyursolic acid Sang et al. (2002) 

 β-sitosterol Shovic and Whistler (2001) 

Miscellaneous 

compounds 

 

 

Limonene Farine et al. (1996) 

1-Palmitin Pawlus et al. (2005) 

Vanillin Deng et al. (2007) 

Vomifoliol Farine et al. (1996) 

Hexanamide Farine et al. (1996) 

β -Hydroxypropiovanillone Pawlus et al. (2005) 

(Ethylthiomethyl) benzene Farine et al. (1996) 

4-Hydroxy-3-

methoxycinnamaldehyde 

Su et al. (2005) 
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Fig. 2.2. The structures of major iridoids and phenolic compounds 

(https://pubchem.ncbi.nlm.nih.gov/). DAA: deacetylasperulosidic acid, AA: asperulosidic acid. 

 

https://pubchem.ncbi.nlm.nih.gov/
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2.1.3. Volatile compounds and aroma/odour characterization  

Morinda citrifolia L. fruit has a rotten taste and a sour smell when mature, and FNJ 

thus produces a very offensive odour and flavour. About 100 volatile compounds have 

been identified in noni, and some of them with specific unpleasant or fragrant aroma 

have been considered to be responsible for the unique characteristic favour of noni. 

Several investigations on the volatile profile of noni fruit have been done in the past 

few years, however, few were based on the FNJ and its powder counterpart such as 

microencapsulated powder. To our best of knowledge, only two studies related to the 

qualitative and quantitative investigation of volatile compounds of FNJ have been 

published, and the number of the identified compounds was limited (Pino, 2009; Wall 

et al., 2018). For the noni powder products, no relevant literature has been found.  

 

The main volatile compounds in noni fruit and FNJ are summarized in Table 2.3. It 

shows that the volatile profile consists of various compounds mainly classified into 

acids, alcohols, ester, ketones and aldehydes. Despite noni containing many beneficial 

components, the consumption of noni products such as FNJ could be impaired owning 

to the sensory property. The active-aroma/odour compounds that are mainly attributed 

to the odour characteristics of noni are also summarized in Table 2.4. It can be seen that 

the unpleasant odour found in noni mainly originates from some acids, including 

butyric acid, hexanoic acid, octanoic acid and heptanoic acid. By contrast, some esters 

and alcohols compounds in noni are responsible for the pleasant odours. The main 

compounds such as 1-hexanol, methyl butanoate, ethyl butanoate, ethyl hexanoate, 2-

heptanone, methyl hexanoate, hexyl acetate, ethyl decanoate, ethyl 2-methylbutanoate, 

methyl octanoate, ethyl octanoate, ethyl isobutyrate and ethyl acetate.  
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Table 2.3. Headspace volatiles from noni fruit and FNJ 

Classification Compounds Reference 

Fruit FNJ 

Acids    

Formic acid + ND Wei, Ho, and Huang (2011) 

Acetic acid + ND Wei et al. (2011); Pino (2009) 

Propanoic acid + ND Pino, Marquez, and Castro (2009) 

Isobutanoic acid + ND Pino et al. (2009) 

Butyric acid + + Wei et al. (2011); Pino et al. (2009); Pino 

(2009) 

2-Methylbutanoic acid + + Pino et al. (2009); Pino (2009) 

2-Hydroxybutanoic acid + ND Pino et al. (2009) 

3-Methyl-2-butenoic acid + ND Pino et al. (2009) 

3-Hydroxybutanoic acid + ND Pino et al. (2009) 

(E)-2-Methyl-2 butenoic acid + ND Pino et al. (2009) 

2-Methylthioacetic acid + ND Pino et al. (2009) 

Hexanoic acid + + Wall et al. (2018); Wei et al. (2011); Pino 

et al. (2009); Pino (2009) 

(E)-2-Hexenoic acid + ND Pino et al. (2009) 

Heptanoic acid + ND Wei et al. (2011); Pino et al. (2009) 

3-Hydroxyhexanoic acid + ND Pino et al. (2009) 

Benzoic acid + ND Pino et al. (2009) 

Octanoic acid + + Wall et al. (2018); Wei et al. (2011); Pino 

et al. (2009); Pino (2009) 

(E)-2-Octenoic acid + ND Wei et al. (2011); Pino et al. (2009) 

Phenylacetic acid + ND Pino et al. (2009) 

Nonanoic acid + ND Wei et al. (2011); Pino et al. (2009) 

3-Hydroxyoctanoic acid + ND Pino et al. (2009) 

(E)-4-Decenoic acid + ND Pino et al. (2009) 

Decadienoic acid + ND Pino et al. (2009) 

(Z)-4-Decenoic acid + ND Pino et al. (2009) 

Decanoic acid + + Wei et al. (2011); Pino et al. (2009); Pino 

(2009) 

(E)-Cinnamic acid + ND Pino et al. (2009) 

10-Undecenoic acid + ND Pino et al. (2009) 

Undecanoic acid + ND Pino et al. (2009) 
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2-Hydroxydecanoic acid + ND Pino et al. (2009) 

3-Hydroxydecanoic acid + ND Pino et al. (2009) 

9-Hydroxydecanoic acid + ND Pino et al. (2009) 

Tetradecanoic acid + ND Pino et al. (2009) 

Hexadecanoic acid + ND Pino et al. (2009) 

Heptadecanoic acid + ND Pino et al. (2009) 

Octadecanoic acid + ND Pino et al. (2009) 

Alcohols    

Ethanol + ND Wei et al. (2011); Pino (2009) 

2-Methyl-3-buten-1 -ol + ND Wei et al. (2011) 

1-Butanol + ND Wei et al. (2011); Pino (2009) 

3-Methyl-3-buten-1-ol + + Wall et al. (2018); Sousa et al. (2010) 

Dimethyl dissulfide + 3- 

methyl-1-butanol 

+ ND Sousa et al. (2010) 

3-Methyl-2-buten-1-ol + ND Wei et al. (2011); Sousa et al. (2010) 

1-Hexanol + + Sousa et al. (2010); Pino (2009) 

Benzyl alcohol + ND Sousa et al. (2010);  

3-Methyl-2-buten-1-ol acetate + ND Sousa et al. (2010) 

Nonanol + ND Sousa et al. (2010) 

1-Octanol + + Pino (2009) 

Ester    

Ethyl acetate + ND Wei et al. (2011) 

Methyl 2-methylpropanoate + ND Wei et al. (2011); Sousa et al. (2010) 

Methyl butanoate + + Wall et al. (2018); Wei et al. (2011) 

Ethyl butanoate + ND Wei et al. (2011); Sousa et al. (2010) 

Butyl butanoate + ND Wei et al. (2011) 

4-Pentenyl butanoate + ND Wei et al. (2011) 

Methyl 3-methylbutanoate + ND Wei et al. (2011) 

3-Methyl-3-buten-1-yl 3-

methylbutanoate 

+ ND Wei et al. (2011) 

Methyl 2-methylbutanoate + ND Wei et al. (2011) 

3-Methyl-3-butenyl acetate + + Wall et al. (2018) 

Methyl hexanoate + + Wall et al. (2018); Wei et al. (2011) 

Ethyl hexanoate + + Wei et al. (2011); Pino (2009) 

Butyl hexanoate + + Wei et al. (2011); Pino (2009) 

4-Pentenyl hexanoate + ND Wei et al. (2011) 
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3-Methyl-3-buten-1-yl 

hexanoate 

+ + Wei et al. (2011); Pino (2009) 

Hexyl isovalerate + ND Wei et al. (2011) 

Methyl heptanoate + ND Wei et al. (2011) 

3-Methyl-3-butenyl 

3-methylbutanoate 

+ + Wall et al. (2018) 

Methyl octanoate + + Wall et al. (2018); Wei et al. (2011) 

Ethyl octanoate + + Wei et al. (2011); Pino (2009) 

Butyl octanoate + + Wei et al. (2011); Pino (2009) 

3-Methyl-3-buten-l-yl 

octanoate 

+ + Wei et al. (2011); Pino (2009) 

Methyl 2-octenoate + ND Wei et al. (2011) 

Methyl 3-octenoate + ND Wei et al. (2011) 

Methyl 6-octenoate + ND Wei et al. (2011) 

Methyl nonanate + ND Wei et al. (2011) 

Methyl 5-nonenoate + ND Wei et al. (2011) 

Methyl decanoate + + Wall et al. (2018); Wei et al. (2011) 

Ethyl decanoate + + Wei et al. (2011); Pino (2009) 

Methyl 4-dccenoate + ND Wei et al. (2011) 

Ethyl 4-decenoate + ND Wei et al. (2011) 

Methyl salicylate + ND Wei et al. (2011) 

Methyl hexadecanoate + ND Wei et al. (2011) 

Ketones and Aldehydes    

Acetaldehyde + ND Wei et al. (2011) 

2-Methylbutanal + ND Wei et al. (2011) 

3-Methylbutanal + ND Wei et al. (2011) 

2-Pentanone + ND Wei et al. (2011); Sousa et al. (2010) 

3-Methyl-2-butanone + ND Wei et al. (2011) 

2-Hexanone + ND Wei et al. (2011) 

Hexanal + ND Wei et al. (2011) 

2-Heptanone + + Wall et al. (2018); Wei et al. (2011) 

2-Nonanone + + Wall et al. (2018); Sousa et al. (2010) 

2-Hexenal + ND Wei et al. (2011) 

Furfural + ND Wei et al. (2011) 

Benzaldehyde + ND Wei et al. (2011) 

“+”: detected. ND: not determined.  
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Table 2.4. Aroma/odour description of major volatile compounds in noni 

Volatile compounds Aroma/odour description  Reference 

Butyric acid Unpleasant, rancid odour, penetrating and 

obnoxious odour, cheese 

a, b 

Hexanoic acid Characteristic goat-like odour, sweat a, b 

Octanoic acid Faint, fruity-acid odour, unpleasant and 

irritating odour, cheese 

a, b 

Heptanoic acid Disagreeable, rancid odour; faint tallow-like 

odour when spectroscopically pure. 

a 

Acetic acid Pungent, sour, vinegar-like odour a, b 

Hexyl octanoate  Herb, green, oil b 

2-Nonanone Hot milk, soap, green b 

1-Hexanol Characteristic, sweet alcohol, pleasant, resin, 

flower, green 

a, b 

2-Heptanone Penetrating fruity odour, banana-like fruity 

odour 

a 

Ethyl hexanoate Apple peel, fruit b 

Methyl hexanoate Fruit, fresh, sweet b 

Methyl octanoate Orange b 

Ethyl octanoate Fruit, fat b 

Methyl butanoate Apple-like odour, ether, fruit, sweet  a, b 

Ethyl butanoate Pineapple odour, apple a, b 

Hexyl acetate Sweet-fruity, pear-like odour, sweet ester 

odour, fruit, herb 

a, b 

Ethyl decanoate Grape b 

Ethyl 2-methylbutanoate Fruity odour a 

Ethyl isobutyrate Fruity, aromatic odour, sweet, rubber a, b 

Ethyl acetate Characteristic ether-like odour, pineapple, 

fragrant odour, fruity odour, fruity with a 

brandy note 

a, b 

2-Heptanol Mild alcohol odour a 

Database: a https://pubchem.ncbi.nlm.nih.gov/; b http://www.flavornet.org/flavornet.html. 

 

  

https://pubchem.ncbi.nlm.nih.gov/
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2.2. Microencapsulation technology  

Microencapsulation is a process to package droplets or tiny particles into small 

microcapsules, which has been well applied and developed in the food, chemical and 

pharmaceutical industries. A shell can form during the microencapsulation process, 

acting as a physical barrier between core materials and the outside environment. In food, 

microencapsulation is a way to encapsulate solid particles, liquid droplets or gas 

components with a thin crust, which consists of food grade encapsulating material 

(Champagne & Fustier, 2007). The major purposes of the using encapsulation 

technique in the food area are: 1) to mask unpleasant odours of core materials; 2) to 

control the delivery of core ingredients; 3) to promote easier handling; 4) to reduce or 

avoid the effects of environmental factors on core ingredients (Shahidi & Han, 1993).  

 

There are two main typical representations of microcapsules, as shown in Fig. 2.3. 

1) shell type: a particle composed of a continuous core material enclosed by a layer of 

wall material (Fig. 2.3A), or 2) matrix type: core material embedded in a continuous 

wall substance (Fig. 2.3B) (Dordevic et al., 2015). In the microcapsules of shell type, 

the wall material acts as a barrier to protect the core materials and to delay the release 

of microencapsulated bioactive compounds. This release involves the influx of external 

liquid across the wall material, followed by the rehydration of core material by the 

liquid and the efflux of the rehydrated bioactives. In the microcapsules of matrix type, 

the release of the bioactive constituents in the core materials is controlled by the 

rehydration and the penetration by the external liquid through the matrix, or by erosion 

and swelling of the matrix, or both (Kuang, Oliveira, & Crean, 2010). Overall, the 

purpose of microencapsulation used in the food industry is to envelop targeted 

ingredients such as juice, oil and flavours into micro-sized microcapsules, which tends 
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to protect, stabilize and preserve the bioactive compounds or to mask the unpleasant 

odour in the core (Dias, Ferreira, & Barreiro, 2015).  

 

 

Fig. 2.3. Two representations of microcapsules: (A) shell type; (B) matrix type. 

 

A variety of methods are available for use in food microencapsulation on the 

industrial scale. These are categorized into groups based on the particle formation 

process, which mainly include spray drying, freeze drying, coacervation, emulsion-

based process, supercritical fluid based process, extrusion-based process and 

nanoparticles (Dias et al., 2015; Fang & Bhandari, 2010). Among all these methods, 

the freeze drying and spray drying are regarded as the most popular and common 

techniques applied for drying of food substances.  

 

Spray drying is by far the most commonly and economically used technique for 

microencapsulation of food. It is a simple, flexible, very straightforward and cost saving 

technique used by the food industry, which involves the atomization of feed solution 

through a nozzle to a hot drying chamber to get rid of the water from droplets, producing 

microcapsules in the powder form (Huang, Quek, Fu, Wu, & Chen, 2019). It is often 
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used for microencapsulation of fruit juice (Verma & Singh, 2015; Zoric et al., 2017), 

probiotics (Huang et al., 2017), fish oil (Chen, McGillivray, Wen, Zhong, & Quek, 

2013; Chen, Zhong, Wen, McGillivray, & Quek, 2013; Wang, Liu, Chen, & Selomulya, 

2016), milk (Lin, Kelly, O'Mahony, & Guinee, 2018), phenolic compounds (Ostroschi 

et al., 2018), fatty acids (Kaushik, Dowling, Barrow, & Adhikari, 2015), and vitamins 

(Huang et al., 2019). 

 

Freeze drying is an alternative drying technique for spray drying to microencapsulate 

heat-sensitive bioactive compounds, such as heat-sensitive probiotics (Haffner & Pasc, 

2018; Nualkaekul, Deepika, & Charalampopoulos, 2012), phenolic compounds 

(Sanchez, Baeza, Galmarini, Zamora, & Chirife, 2013) and essential oils (Calvo, 

Castaño, Lozano, & González-Gómez, 2012). During freeze drying, the substance to 

be dried is normally frozen, and the water or other solvent fraction of the solid frozen 

material is removed as a vapour through sublimation in a vacuum chamber (Liapis & 

Bruttini, 2014). The freeze drying process can be divided into two stages: 1) the 

freezing step, 2) the drying step including primary and secondary drying within a freeze 

dryer (Abdelwahed, Degobert, Stainmesse, & Fessi, 2006). Freeze drying of food 

material is considered advantageous as it can better preserve flavour and aroma (Liapis 

& Bruttini, 2014). However, this could be a double-edged sword. While desirable 

flavour such as fruity and flowery smells in foodstuffs could be well retained after 

freeze drying, on the other hand, unpleasant odours will not be greatly removed using 

this drying method. Therefore, freeze drying may not be a suitable choice for 

applications for foodstuffs with strong unpleasant odours.  
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2.3. Single droplet drying (SDD) technique 

The single droplet drying (SDD) technology is applied to simulate spray drying, by 

investigating morphological and drying kinetics changes of an individual droplet during 

convective drying. The SDD observation provides fundamental knowledge for 

predicting and modelling the drying behaviours of droplets during pilot-scale spray 

drying (Fu, Woo, & Chen, 2012). During spray drying, moisture is being removed from 

the abundant droplets, forming dried microcapsules. It is difficult to collect samples 

from the spray dryer and track the in-dryer droplet-to-particle history during this short 

period. This limitation restricts the study of droplet drying kinetics and morphological 

changes in a real spray dryer. What is more, the physicochemical properties of spray-

dried powders are impacted by the drying histories of droplets (Fu et al., 2012). SDD 

can be applied as a method to monitor the morphological changes and the drying 

kinetics of a single droplet with controllable and reproducible size under controlled 

drying conditions, mimicking the drying process occurred in a pilot-scale spray drying.  

 

2.3.1. Glass-filament single droplet drying system 

The glass-filament single droplet drying system is an intrusive technique in which a 

single droplet is attached on the bottom surface of the knob of a thin glass-filament 

throughout the entire drying stage, allowing observation of the changes of morphology 

and measurement of the droplet drying kinetics (temperature, diameter and mass) (Fu 

et al., 2012). The knob was hand-made with a diameter of approximately 300 μm, 

coating with Teflon to avert the suspended droplet from climbing up the thin glass-

filament during drying. For each trial, the suspended single droplet is exposed to an air 

flow during the whole drying process, and the dehumidified airflow is produced using 

a dehumidifier with controlled temperature and velocity. To start, the flow rate of the 
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compressed air is controlled by an airflow regulator, and the dehumidified air goes 

through the heating column and is heated by a heating coil. The temperature of the 

airflow is controlled by a temperature regulator that connects to a temperature probe at 

the bottom entrance of the drying chamber. A steel mesh is placed at the bottom 

entrance of the drying chamber to evenly distribute the airflow into the chamber. Before 

the single droplet is transferred to the drying chamber, a special designed bypass plate 

is inserted in the drying chamber to block the airflow and minimize the undesired 

moisture evaporation from the droplet before the measurements start. The droplet 

drying or dissolution processes are recorded by a video camera (Fu et al., 2012). A 

schematic diagram of the glass-filament SDD system is shown in Fig. 4.1 (Chapter 4). 

This SDD system has already been used to investigate drying behaviour in many studies 

(Chew et al., 2014; Chew, Woo, Chen, & Selomulya, 2015; Fu, Woo, & Chen, 2011; 

Fu, Woo, Selomulya, & Chen, 2013; Fu et al., 2017; Haque, Adhikari, & Putranto, 2016; 

Haque, Oliver, Putranto, & Adhikari, 2018; Har, Fu, Chan, Tey, & Chen, 2018; 

Lallbeeharry et al., 2014; Wang, Huang, Fu, Jeantet, & Chen, 2016).   

 

2.3.2. Drying kinetics measurement and mathematic modelling 

To better understand the drying behaviour of droplets during pilot-scale spray drying, 

accurate measurement of droplet drying kinetics is required. The glass-filament SDD 

system provides a promising method in this regard since it determines droplet 

temperature, diameter and mass transfer individually with a high accuracy (Har, Fu, 

Chan, Tey, & Chen, 2017). This technique has been widely applied to study the drying 

behaviour of a number of food materials, such as dairy products, oil, lactose, glucose, 

starch and protein (Che, Li, & Chen, 2012; Chew et al., 2014; Fu et al., 2012; Fu, Woo, 

Moo, & Chen, 2012; Wang, Che, Selomulya, & Chen, 2014).  
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The relevant glass-filament SDD modules have been specially designed and used to 

allow accurate determination of three basic drying parameters of an individual droplet: 

temperature, diameter and mass, during the convective drying. Based on these three 

important drying factors, a theoretical drying models can be used to give a description 

of the droplet drying process (Har et al., 2017), such as the characteristics drying rate 

curve approach (Langrish & Kockel, 2001), the diffusion-based models (Sano & Keey, 

1982), and the Reaction Engineering Approach (REA) mathematical modelling (Chen 

& Xie, 1997). Among these three modelling methods, the semi-empirical REA model 

is comparatively straightforward, with relatively simple mathematical calculations. The 

REA model was developed by Chen and Xie (1997). This mathematical model can 

describe the spray drying to be an activation energy based process, mimicking the 

drying process (Fu, Woo, Lin, Zhou, & Chen, 2011). It has been demonstrated to 

provide versatile and accurate REA models in describing and predicting the drying 

behaviours, by conducting a small quantity of experimental runs (Fu, Woo, Lin, et al., 

2011). The REA models used for a wide range of spray dryer simulation have shown 

success in modelling the drying behaviour of maltodextrin (Patel, Chen, Lin, & 

Adhikari, 2009), milk (Chew et al., 2013; Fu, Woo, Selomulya, et al., 2012), lactose 

(Chew, Fu, Gengenbach, Chen, & Selomulya, 2015; Fu, Woo, Lin, et al., 2011), glucose 

(Che et al., 2012), and whey proteins (Chew, Fu, et al., 2015; Wang, Che, Fu, Chen, & 

Selomulya, 2015).  

   

2.3.3. Particle formation and morphological investigation  

During spray drying, the moisture is removed from droplets simultaneously with 

mass and heat transfer, resulting in morphological changes and particle formation 
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(Handscomb & Kraft, 2010). Many studies applied the SDD technique to investigate 

the droplet morphological changes, mimicking particle formation process during spray 

drying as well as investigating different mechanisms of particle structure formation 

(Chew, Fu, et al., 2015; Fu, Woo, Moo, et al., 2012; Fu et al., 2017; Lum et al., 2019; 

Osman, Shahidzadeh, Stitt, & Shokri, 2018; Schutyser, Both, Siemons, Vaessen, & 

Zhang, 2018; Wang et al., 2015). The pilot-scale or the industrial spray drying could 

produce microcapsules with a variety of microstructure types such as matrix, shell-core 

structure, porous particle, non-porous particle and vesicular, due to the different wall 

materials and drying conditions applied (Sahoo, Abbas, & Li, 2008). These various 

particle morphologies are closely related to the physicochemical properties and 

functionalities of the resulting powder. It is thus useful for understanding the particle 

formation mechanism and predicting some important physicochemical properties of 

microcapsules such as solubility, particle size, hygroscopicity and bulk density. Based 

on the observations from SDD investigations, it may give a good explanation about the 

physiochemical property and microstructure of the corresponding microcapsules 

produced by spray drying. This could reduce the number of pilot-scale spray drying 

trials, which are required to develop an actual way for microencapsulation of FNJ.  

 

Overall, the aforementioned literature mentioned in this section has shown that the 

glass-filament SDD is a useful and accurate technique for measuring the drying kinetics 

and investigating the morphological changes of droplets during convective drying, 

mimicking the drying histories of droplets during spray drying. Based on these 

microcosmic investigations, an understanding and prediction of particle drying 

behaviours, and the relation of properties and microstructure characteristics could be 
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established quantitatively and qualitatively, which could provide useful information for 

scaling up of the drying process.  

 

2.4. Spray drying technique  

Spray drying has been applied for food microencapsulation since the 1950 s (Fang 

& Bhandari, 2010). It has been the most successful, classic and economic method for 

microencapsulation of food ingredient applied in food industry, to produce high quality 

dry microcapsules from liquid by fast dehydration. The mixture containing core and 

wall materials for microencapsulation is homogenized with water or some other liquid, 

and the final dissolved mixture is the feed solution delivered to a spray dryer to produce 

dry powders. The initial liquid feed material can be an aqueous phase, an emulsion or 

a suspension (Gharsallaoui, Roudaut, Chambin, Voilley, & Saurel, 2007). The drying 

microcapsules are obtained after they fall to the bottom of the spray dryer. The 

characteristics and the quality of spray-dried powders are mainly dependent on the 

characteristics of the feed solution (e.g. total solid content, viscosity, core/wall material 

type and particle size) and the drying conditions (e.g. inlet temperature, flow rate and 

type of atomizer). 

 

Compared to the other commonly used method of freeze drying microencapsulation, 

the manufacturing cost of spray drying technique is about 30 to 50 times cheaper 

(Desobry, Netto, & Labuza, 1997). Spray drying has been regarded as a good way for 

solving the issues caused by traditional drying, due to its advantages of high efficiency 

and cost saving. However, it is also considered to be an energy-wasting drying method 

since it is impractical to completely use all heat in the dryer chamber. The other 
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restriction of spray drying is the limitation in the type of wall materials available as they 

should have good water solubility for preparation of the feed solution used for drying.  

  

2.4.1. Wall materials selection 

The wall material used in spray drying microencapsulation acts as a barrier to protect 

the core material from being impacted by factors that may cause its degradation. In 

addition, it is also used for masking or limiting the volatile compounds, and controlling 

or sustaining release of the bioactive compounds under desired conditions (Shahidi & 

Han, 1993). The criterion for the choice of wall materials is mainly dependent on their 

physicochemical properties including molecular weight, solubility, glass transition 

temperature, diffusibility, crystallinity, emulsifying and film forming properties 

(Gharsallaoui et al., 2007). Apart from these, the costs should be also considered. 

Selection of the appropriate wall material, therefore, is crucial for spray drying 

microencapsulation effectiveness and the powder quality. A desirable wall matrix used 

for spray drying microencapsulation should have a high solubility, emulsifying activity 

and glass transition temperature, as well as a reasonable cost (Gharsallaoui et al., 2007).  

 

For different purposes of food microencapsulation, many biopolymers have been 

successfully utilized in a variety of food materials. These biopolymers mainly include 

maltodextrins (MD), natural gums (gum acacia (GA), k-carrageenan, alginate, etc.), and 

proteins (whey protein isolate, soy protein, gelatine, etc.) (Gharsallaoui et al., 2007). In 

recent years, various studies have shown that hydrocolloid materials including MD and 

GA were effectively used in spray drying microencapsulation of fruit juices. The related 

studies are summarised in Table 2.5.  
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MD is a polysaccharide that is widely used in the food industry mainly as a food 

matrix and food additive. It is produced from starch by partial enzymatic or acid 

hydrolysis, followed by purification and spray drying (Hofman, Van Buul, & Brouns, 

2016). The commercial MD product is one of the most used wall material for spray 

drying microencapsulation, because it is easy for digestion and absorption, almost 

flavourless and low cost (Hofman et al., 2016). MD consists of α-D-glucose molecules 

primarily connected with α(1→4) glycosidic bonds. Commercial MD products are 

classified by different dextrose equivalent (DE) values, which symbolize the content of 

reducing sugars present in the molecular structure. The lower the DE value, the longer 

the glucose chains, leading to higher viscosity but lower hygroscopicity and sweetness 

(BeMiller & Whistler, 1996; Hofman et al., 2016). Maltodextrins with DE value 

between 10 and 20 are most suitable to be used as wall materials for microencapsulation, 

due to their good performance on flavour retention and solubility (Gharsallaoui et al., 

2007). A description of the relationship between the DE values and some important 

physicochemical properties of MD is shown in Fig. 2.4.  
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Fig. 2.4. Physicochemical properties related to the DE values of MD (Hofman et al., 2016). 

 

Gum acacia (GA), also called gum Arabic, is a natural biopolymer consisting of a 

complicated mixture of high molecular weight polysaccharides (e.g. galactose, 

rhamnose, arabinose and glucuronic acid) and about 2% protein (Dickinson, 2003). The 

structure of the GA from Acacia senegal has been reported as having a highly branched 

structure formed from a β-1,3-linked ᴅ-galactose core with numerous branching 

attached through 3-linked arabinose and 3- and 6-linked galactose (Williams, Phillips, 

& Stephen, 1990). The commercial GA powder is soluble in water, and has been used 

primarily in the food industry as an emulsifier, stabilizer and wall materials for 

microencapsulation. It is one of the most popular hydrocolloids used as wall matrix for 

spray drying microencapsulation of food, especially for oils and flavours, due to its 

good emulsifying property and good performance for volatiles retention during drying 

process (Jafari, Assadpoor, He, & Bhandari, 2008). However, the high cost of GA 

somewhat limits its application in food industry. The literature shows that MD with 

different DE values ranging from 5 to 21 and GA are the two frequently used wall 

materials for fruit juices encapsulation in recent years, as summarized in Table 2.5.      
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Table 2.5. Spray drying of various fruit/vegetable juices 

Core material Wall material Inlet 

temperature 

Type of spray dryer Reference 

Sample TSS 

(°Brix)/TS

C (%) 

Type Concentration or 

ratio of core: wall 

materials 

Sour cherry juice 15.3 °Brix  MD (13-17 DE) 1:2 150 °C Laboratory scale spray-dryer 

SD-06A (Labplant, Hunmanby, 

UK) 

Zoric et al. (2017) 

Carrot juice 10 °Brix MD (11 DE), GA, 

MD + GA, WPI 

1:1 160 °C Semi-industrial spray drier LAB 

S1 (Anhydro, Copenhagen, 

Denmark) 

Janiszewska-Turak et al. 

(2017) 

Cagaita fruit 

extracts 

18.2 °Brix Inulin, GA 10-30% 120-160 °C Spray dryer (MSD 1.0, Labmaq, 

Brazil) 

Daza et al. (2016) 

Lychee juice 8.75 °Brix MD (10.5 DE), 

GA, MD + inulin, 

GA + inulin 

20%, 15%, 5% 150-170 °C Spray dryer (JCM engineering 

concept, Thailand) 

Kingwatee et al. (2015) 

Watermelon juice - MD (DE: -) 3-10% 125 °C Spray dryer (ADL 31, Yamato 

scientific co. Ltd., Japan) 

Oberoi and Sogi (2015) 

Pineapple juice - MD (5 DE) 15-25% 130-150 °C Labplant spray dryer SD-Basic 

(Lab plant UK Ltd., UK) 

Hashib, Rahman, Suzihaque, 

Ibrahim, and Hanif (2015) 

Black carrot 6 °Brix MD (20 DE), GA, 

TS 

TSS of final 

solution: 20 °Brix 

150-225 °C Spray dryer (LU-222 Advanced 

Labultima pvt. Ltd., India) 

Murali, Kar, Mohapatra, and 

Kalia (2015) 
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Jucara fruit juice - MD (20 DE), GA, 

gelatine 

5-55% 140-190 °C Mini Spray-Dryer-MSD 1.0 

(Labmaq do Brasil, Ribeirao 

Preto, Brazil), 

Bicudo et al. (2015) 

Amla juice - MD (DE: -) 5-9% 125-200 °C Lab plant LU 20 (Labultima, 

India) 

Mishra, Mishra, and 

Mahanta (2014) 

Blackberry juice - MD (20 DE), GA, 

MD + GA  

7% 145 °C Lab-scale spray dryer (model 

B290, Büchi, Flawil, 

Switzerland) 

Ferrari, Marconi Germer, 

Alvim, and de Aguirre 

(2013) 

Noni extract - MD (DE: - -

Carrageenan 

1:1-1:6 (v/v) 90-140 °C Lab plant spray-dryer SD-05 

(pilot scale) 

Krishnaiah, Sarbatly, and 

Nithyanandam (2012) 

Red raspberry 

juice 

- GA 10% 160-162 °C Spray dryer (SI Anhydro, 

Attleboro Falls, MA). 

Syamaladevi, Insan, 

Dhawan, Andrews, and 

Sablani (2012) 

Cantaloupe juice 10.6 °Brix MD (9-13 DE) 9:1 170-190 °C Pilot plant scale spray dryer 

(FT80 tall form spray dryer, 

Armfield Inc., USA) 

Solval, Sundararajan, 

Alfaro, and Sathivel (2012) 

Pomegranate 

juice 

12 °Brix MD (20 DE), GA, 

MC 

8%, 12%, 0-4.5% 140 °C Mini spray dryer (BUCHI, B-

191, Laboratory-Techniques 

LTD, Flawil, Switzerland) 

Yousefi, Emam-Djomeh, 

and Mousavi (2011) 
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Açai fruit juice 3% MD (10, 20 DE), 

GA 

6% 140-200 °C Laboratory scale spray dryer 

LabPlant SD-05 (Huddersfield, 

England) 

Tonon, Freitas, and 

Hubinger (2011) 

Bayberry fruit 

juice 

11.0 °Brix MD (10 DE) 1:1 (final solution 

11 °Brix) 

150 °C Mini spray dryer (Büchi B-290)  Fang and Bhandari (2011) 

Durian fruit juice 

extract 

23 °Brix MD (15 DE), GA, 

MS, MD + GA 

30% 130 °C co-current type spray dryer 

(Niro 2000 model type A; GEA 

Niro A/S, Soeborg Denmark) 

Chin et al. (2010) 

Watermelon juice 12.1 °Brix MD (9 DE) 3 and 5% 145-175 °C Mini spray dryer (Büchi, Model 

B-191, Büchi, Laboratoriums-

Technik, Flawil, Switzerland) 

Quek, Chok, and Swedlund 

(2007) 

Cactus pear juice 15.54 °Brix MD (10, 20 DE) 18 and 23% 205-225 °C laboratory spray-dryer (Pulvis 

GB 22 model, YAMATO) 

Rodríguez-Hernández, 

Gonzalez-Garcia, Grajales-

Lagunes, and Ruiz-Cabrera 

(2005) 

Orange juice 62.0% MD (6, 12 and 21 

DE) 

20-80% 110-140 °C Büchi mini spray dryer (Model 

B-191, Büchi Laboratoriums-

Technik, Switzerland) 

Goula and Adamopoulos 

(2010) 

MD: maltodextrin; GA: gum acacia; WPI: whey protein isolate; WPC: whey protein concentrate; MS: modified starch; CH: chitosan; TS: tapioca starch; MC: 

microcrystalline cellulose. 

DE: dextrose equivalent; TSS: total soluble solids; TSC: total solid content.  
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2.4.2. Novel micro-fluidic-jet-spray-dryer (MFJSD) 

 The micro-fluidic-jet-spray-dryer (MFJSD) is an innovative spray dryer designed 

by Dist. Prof. Xiao Dong Chen’s team, which is capable of producing uniform and non-

agglomerated microcapsules (Wu, Lin, & Chen, 2011). In conventional spray drying, 

polydisperse microcapsules with a wide range of particle size (about 5 to 250 μm) are 

produced as a result of atomisation (Ilić et al., 2009). Thus, the droplets with various 

initial sizes can experience different drying profiles and trajectories, although they are 

under the same drying conditions. As a result of this, microcapsules obtained using a 

conventional spray dryer can exhibit different morphological characteristics and 

functionalities (Wu, Patel, Rogers, & Chen, 2007). By contrast, the MFJSD is equipped 

with a special designed microfluidic aerosol nozzle as the atomizer, and droplets formed 

by this type of nozzle present monodisperse size. Therefore, the monodisperse droplets 

undergo relatively similar drying profiles and trajectories when they are dried under the 

same conditions (Wu, Amelia, et al., 2011). The MFJSD used in this study and the 

schematic diagram are shown in Fig. 2.5A and B, and the microfluidic aerosol nozzle 

is shown in Fig. 2.5C. 

 

In the micro-fluidic-jet spray drying, the feed solution is forced by compressed air 

through the microfluidic aerosol nozzle, breaking into the monodisperse droplets 

(Amelia et al., 2011). After the droplets have been generated, they pass through the 

drying chamber that has hot air streams evenly produced from the hot air dispenser. 

Finally, the spray-dried powders are collected at the bottom of the drying chamber (Wu, 

Amelia, et al., 2011).  
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Fig. 2.5. A: pilot-scale MFJSD used for current study, B: schematic diagram of the front view 

of the MFJSD, C: schematic diagram of the microfluidic aerosol nozzle (Wu, Amelia, et al., 

2011). 
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2.5. Current research status for development of probiotic fruit juice 

powder 

Currently, noni has been developed as a food in a variety of formats, such as juices 

(fermented and non-fermented noni juice), capsules, tablets and teas (Nelson & Elevitch, 

2006). Among all these products, fermented noni juice (FNJ) is the most widely 

consumed product due to its ease in production and commercialisation. However, the 

disadvantages of FNJ include the unpleasant odour which limits consumer’s interest 

and acceptability to consume the product. The microencapsulated FNJ is a promising 

alternative for noni consumers, due to its enormous potential in transportation and 

handling, giving longer shelf-life and higher bioactive retention. Furthermore, to meet 

the demand of consumers for product diversity in the marketplace, a product which 

offers added health benefits such as probiotic FNJ powder could be a promising option 

considering the different requirements of the customers, who are also interested in non-

dairy based probiotic products.  

 

Looking at the literature, some studies have been done to develop fruit powder 

incorporated with probiotics, however, none has been done on FNJ. Previous 

investigations on the above area are summarized in Table 2.6. These studies show that 

many kinds of fruits including apple, orange, strawberry, lychee and raspberry etc., 

were incorporated with numerous Lactobacillus species probiotics using MD as wall 

material for microencapsulation, to explore and produce fortified probiotic fruit juice 

powders. Most of the studies used spray drying and freeze drying as the 

microencapsulation methods. However, freeze drying was demonstrated to be a better 

technique in retaining the bacterial viability and tolerance of probiotics to acid and bile 
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than spray drying (Carvalho et al., 2004; Dolly, Anishaparvin, Joseph, & 

Anandharamakrishnan, 2011; Wang, Yu, & Chou, 2004).  

 

2.6. Concluding remarks 

Currently, fermented noni juice (FNJ) has gained increasing attraction due to its 

enormous potential for health benefits. A number of functional components responsible 

for the beneficial effects have been found in noni such as phenolic compounds (e.g. 

quercetin, rutin, scopoletin, gallic acid and catechin), iridoids (e.g. 

deacetylasperulosidic acid and asperulosidic acid), anthraquinones (e.g. damnacanthal, 

lucidin and rubiadin), lignans (e.g. americanin A, americanol A, americanoic acid) and 

ketones (e.g. 2-heptanone and 3-hydroxy-2-butanone). Several acids including 

hexanoic acid, octanoic acid, butanoic acid and heptanoic acid, could be the major 

contributors for the unpleasant odour of FNJ.  

 

Spray drying microencapsulation has been considered to be an effective and 

economical technique in masking unpleasant odours in food, thus improving the 

acceptability of product. Hydrocolloid wall material such as maltodextrin was usually 

used for microencapsulation of juices due to its high solubility in water, high glass 

transition temperature, and reasonable costs. The micro-fluidic-jet-spray-dryer 

(MFJSD) is a novel spray dryer, which could produce monodisperse fine microcapsules 

with similar sizes. Based on these advantages, the MFJSD could be an ideal choice to 

study the droplet-to-particle process of FNJ encapsulation related to physicochemical 

property, microstructure and functionality of spray-dried powders. The glass-filament 

single droplet drying (SDD) technique has been reported as an accurate microcosmic 
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investigation method used for unveiling the drying kinetics and morphological changes 

of a single droplet during convective drying, mimicking spray drying 

microencapsulation. As a result of this, the drying mechanisms and drying behaviours 

of FNJ droplets with different hydrocolloids could be unveiled by the SDD technique.  

 

The FNJ microencapsulated powder incorporated with probiotics could be a novel 

functional food for the consumers, who are interested both in FNJ and non-dairy based 

probiotic products. However, it is challenging due to the presence of abundant 

antibacterial compounds such as phenolic compounds and iridoids. Freeze drying could 

be used as a mild drying technique, to obtain a desirable numbers of viable bacterial 

cells in powder for further evaluation of the storage and digestion effects.  

 

Despite various bioactivities of FNJ having been reported in the previous literature, 

its strong unpleasant odour restricts the acceptability and marketability. To my best 

understanding, an appropriate powder counterpart with desirable properties, 

functionalities and a better sensory acceptability has not been studied. On the other 

hand, although the MD and GA were widely used as desirable wall materials for spray 

drying of fruit juices, their drying mechanism and drying behaviours have not been 

investigated on any juice systems.  
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Table 2.6. Microencapsulated probiotic fruit juice powder 

Fruit (juice) Probiotic Wall materials Drying method References 

Apple juice L. rhamnosus GG LMG 18243 Alginate-silica Freeze drying Haffner and Pasc (2018) 

Orange juice L. casei NRRL B-442 MD (10, 20, 30 and 39 DE) Spouted bed drying Alves et al. (2017) 

Apple, strawberry 

and banana piece 

L. plantarum 299v Skim milk Tray drying (fruits) and spray 

drying (probiotics) 

Borges et al. (2016) 

Orange juice L. plantarum 299v, Pediococcus 

acidilactici HA-6111-2 

MD (10 DE) Freeze drying, spray drying and 

convective hot air drying 

J. Barbosa et al. (2015) 

Lychee juice L. casei 01 MD (10.5 DE), GA and inulin  Spray drying Kingwatee et al. (2015) 

Cashew apple juice L. casei NRRL B-442 MD (20 DE), GA Spray drying Pereira, Almeida, Lima, da 

Costa, and Rodrigues 

(2014) 

Raspberry juice L. rhamnosus NRRL B-4495, L. 

acidophilus NRRL B-442  

MD (5-8 DE) Spray drying Anekella and Orsat (2013) 

Strawberry, 

blackcurrant, 

cranberry, 

pomegranate juice 

L. plantarum NCIMB 8826 GA, inulin Freeze drying Nualkaekul et al. (2012) 

L.: Lactobacillus; MD: maltodextrins; GA: gum Arabic;
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Chapter 3  

A study on the structure formation and 

properties of fermented noni juice 

microencapsulated with maltodextrin and gum 

acacia using single droplet drying   
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3.1. Introduction 

Noni (Morinda Citrifolia L.), a herbal plant, has been used as a traditional 

medication in humans for over 2000 years. Fermented noni juice (FNJ) is a popular 

noni product and has attracted much attention in research due to the presence of 

phytochemicals including iridoids, xeronine, phenolics and flavonoids (Bramorski et 

al., 2010; Deng et al., 2007; Heinicke, 1985; Potterat et al., 2007). Consumption of FNJ 

has been linked to a variety of health benefits due to its antioxidant, antimicrobial, 

anticancer and anti-inflammatory properties (Dussossoy et al., 2011; Huang et al., 2016; 

Ulloa, Tapia, Ulloa, Ramírez, & Rangel, 2015). However, FNJ has a strong acidic odour 

which is undesirable for consumers. Therefore, microencapsulation can be useful to 

mask the odour of FNJ to improve sensory acceptability, and thus marketability. 

Furthermore, microencapsulated powders will have other advantages, including savings 

in transportation costs, ease in handling, and better shelf life compared to their liquid 

counterparts (Shrestha, Ua-Arak, Adhikari, Howes, & Bhandari, 2007). Attempts have 

previously been made to encapsulate noni extract using k-carrageenan and maltodextrin 

as wall materials through spray drying (Krishnaiah, Bono, Sarbatly, Nithyanandam, & 

Anisuzzaman, 2015; Krishnaiah, Sarbatly, Mohan Rao, & Nithyanand, 2009; 

Krishnaiah et al., 2012). 

 

Spray drying is commonly utilized in food industries to rapidly transform liquid feed 

into dried microcapsules (Bamidele, Duodu, & Emmambux, 2019; Barbosa & Teixeira, 

2017; Calderón-Oliver, Pedroza-Islas, Escalona-Buendía, Pedraza-Chaverri, & Ponce-

Alquicira, 2017; Khanji et al., 2018; Quek et al., 2007). Spray drying has been useful 

to produce fruit powders with desirable properties, such as low moisture content and 

water activity, good solubility, low hygroscopicity and high bioactives retention 
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(Barbosa & Teixeira, 2017; Bicudo et al., 2015; Ferrari, Germer, & de Aguirre, 2012). 

However, these important properties related to powder quality are difficult to track and 

predict precisely during the spray drying process. To understand the behaviours of the 

droplets throughout the drying process, the single droplet drying (SDD) technique has 

been used to mimic the spray drying process by monitoring the drying behaviour of a 

single droplet under controlled air conditions (Fu et al., 2012; Haque et al., 2016; 

Walton, 2004; Zheng, Fu, Huang, Jeantet, & Chen, 2016). Previous research elucidated 

the particle formation process and surface phenomena during SDD of whole milk 

droplets, DHA-containing emulsion droplets, drug carrier droplets and other droplet 

systems (Fu et al., 2016; Lallbeeharry et al., 2014; Perdana et al., 2013; Schutyser, 

Perdana, & Boom, 2012; Wang et al., 2015). The observations during the droplet-to-

particle transition process well-explained the properties of corresponding spray dried 

powders, such as wettability and core-shell structure. Such a method is useful for 

reducing the number of spray drying trials required to develop an effective spray drying 

scheme for microencapsulation of FNJ.  

 

The changes of the droplets during drying and the final morphology of the dried 

particles are dependent on the properties of both core materials and wall materials 

(Aghbashlo, Mobli, Madadlou, & Rafiee, 2013). Spray dried fruit juice products may 

exhibit problems such as stickiness and high hygroscopicity because of the presence of 

acids and low molecular weight sugars with low glass transition temperatures (Tg) 

(Bhandari, Senoussi, Dumoulin, & Lebert, 1993). To address the issues, suitable wall 

materials must be applied for encapsulating fruit juices. However, use of different wall 

materials may influence the physicochemical properties of the powders produced, 

including solubility, hygroscopicity, particle size and bulk density, which are directly 
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related to the quality of the final spray-dried powders (Tontul & Topuz, 2017). 

Hygroscopicity of powder is highly related to product stability and shelf-life while 

solubility is a critical factor influencing the reconstitution properties of powder. On the 

other hand, particle size and bulk density of powders are key factors in determining the 

flowability and bioactives retention in powders as well as the choice of packaging 

(Bicudo et al., 2015).  

 

Previous studies have shown that gum acacia (GA) and maltodextrin (MD) are 

suitable wall materials for spray drying of fruit juice (Fazaeli, Emam-Djomeh, Ashtari, 

& Omid, 2012; Tonon, Brabet, & Hubinger, 2008). Maltodextrin is a partially 

hydrolysed polysaccharide from starch, comprised of α-D-glucose molecules linked by 

(1→4) glycosidic bonds. It can be classified by DE (dextrose equivalent) values, which 

represent the amount of reducing sugars (BeMiller & Whistler, 1996). Maltodextrin is 

widely used as a wall material in spray drying encapsulation, since it can be easily 

digested and absorbed. It is stable to oxidation, almost flavourless, has a low viscosity 

at high solid content and is relatively low cost (Chronakis, 1998; Fernandes, Borges, & 

Botrel, 2014; Kenyon, 1995; Raja, Sankarikutty, Sreekumar, Jayalekshmy, & 

Narayanan, 1989). However, the biggest limitation of applying MD as wall materials is 

caused by its lack of emulsifying property (Buffo & Reineccius, 2000; Krishnan, 

Kshirsagar, & Singhal, 2005). GA is a natural biopolymer consisting of mainly D-

galactose, L-rhamnose, L-arabinose and D-glucuronic acid, as well as about 2% protein 

(Dickinson, 2003). This material is suitable for spray drying microencapsulation 

because of its film forming and emulsion stabilization properties (Gharsallaoui et al., 

2007). GA has been shown to produce free-flowing powder in encapsulation of 

cardamom oleoresin, better than maltodextrin and modified starch (Krishnan et al., 
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2005). Understanding the properties of wall material is essential to improve the drying 

process and product functionality and to reduce cost, especially when powders are 

produced for application in food industry.  

 

The objective of this study was to examine the drying mechanism of FNJ by 

investigating the structure formation and properties of FNJ particles containing 

different wall materials, applying the SDD technique. As mentioned above, GA and 

MD have been reported as suitable wall materials for drying of fruit juices in literature, 

so their application in the microencapsulation of FNJ were studied by comparing these 

two material types and the wall to core materials ratio during SDD. By performing 

specific single droplet experiments, the drying history of a single droplet and its 

structure formation during the drying process were examined. Particle properties such 

as solubility, hygroscopicity, particle size and bulk density were predicted in relation 

to the drying behaviour, structure formation and microstructure of droplets.  

 

3.2. Materials and methods 

3.2.1. Materials 

Fermented noni juice (FNJ) (refer to information in appendix 4) was provided by 

Rich Garden Limited (Auckland, New Zealand). M1 (MD, DE 10-13) and M3 (MD, 

DE 17-20) were obtained from Ingredion Singapore Pte Ltd (Singapore, Singapore), 

while GA was provided by Hawkins Watts Limited (Auckland, New Zealand). The 

specifications of M1, M3 and GA are shown in appendices 1-3. Milli-Q grade water 

was used in the experiments.  
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3.2.2. Sample preparation for SDD 

Samples containing FNJ were prepared by mixing FNJ (with 7.0 ± 0.2% solid 

content) with either M1, M3 or GA to achieve core material to wall material ratios (w/w) 

of 1:2 and 1:3, respectively, which is equivalent to a total solid content of 21% and 28% 

for M1, 28% for M3 and 21% (w/v) for GA in the final mixture. Control samples 

without FNJ were prepared by mixing Milli-Q water with each wall material to achieve 

the same total solid content as mentioned above. Each mixture was stirred at 1,000 rpm 

at room temperature until the wall material was completely dissolved, then filtered 

using a qualitative filter paper (Size 70 mm, Grade MS 2) prior to SDD. The total 

soluble solid content of FNJ was determined using the Atago Hand-Held refractometer 

(model ATC-IE, Brix 0-32%, USA).  

 

3.2.3. SDD technique 

The resulting mixture was then dried and dissolved using the glass-filament single 

droplet drying apparatus (SDPA MARK II, Dong-Concept New Material Technology 

Co. Ltd.), as described in detail by Fu, Woo, and Chen (2011). Briefly, the glass-

filament single droplet drying system included a bulk air supply unit, which could 

continuously deliver compressed air with controllable humidity, temperature and 

velocity during the drying process. Over the air stream, a custom-made glass filament 

with an end knob between 0.20 to 0.30 mm in diameter was used to suspend an isolated 

droplet (2 μL, 1.56 mm in diameter) generated by a 5.0 μL Gas Chromatograph micro-

syringe (5FX, Part number 001100, SGE Analytical Science Pty Ltd, Australia). The 

drying process was captured by a high-resolution camera (lens: PENTAX C3516-M, 

adaptor: Mshot MD20, CCD: The Imagingsource DFK 61BUC02, and lens barrel: 

Navitar 1-60135, Ming Mei Science and Technology Ltd. Co., China), to monitor and 
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record the changes in droplet morphology. Image analysis software (ImageJ) was used 

to analyse the images extracted from the drying video. The SDD experiments were 

conducted at 90 °C with air flow rate of 0.75 m/s. Triplicate experiments were 

performed for each experimental condition. 

 

3.2.4. Rehydration tests of semi-dried and dried particles 

The rehydration tests were conducted according to Fu, Woo, and Chen (2011) with 

modification. The drying process was terminated at different stages from 30 to 300 s 

by inserting a bypass plate with a moisture pad on top. The pad was soaked with water 

to increase the ambient humidity of the drying chamber during the rehydration test so 

that any undesirable evaporation from the droplet was minimized. Water evaporation 

from the moisture pad also reduced the drying chamber’s temperature to around 

ambient temperature. A Milli-Q water droplet of 2 μL at 25 °C was then attached to the 

droplet/particle to initiate the rehydration test, and the resultant morphological change 

was continuously captured by the camera. Each rehydration test corresponded to a 

separate droplet/particle at a particular drying stage, and the results of all drying stages 

at the same drying condition reflected the changes of the surface properties for that 

particular particle as drying progressed. Triplicate experiments were performed for 

each experimental condition.  

 

3.2.5. Recovery of droplets morphology after termination of drying at different 

stages 

The droplet drying process was terminated at different drying stages by inserting the 

bypass with the moisture pad at 30, 60, 90, 120 and 150 s. After that, the droplet/particle 

was kept in the drying chamber without air flow for 15 s (Wang et al., 2015). The 
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morphological changes during this stage were captured by camera and analysed by the 

ImageJ software, as mentioned above.  

 

3.2.6. Microstructures of the dried particles  

Dried particles were collected after drying at 90 °C for 20 min. To examine the inner 

morphology of a given particle, a cross section was obtained by cutting the particle 

using a surgical knife blade. The samples were then fixed on an aluminium stub by a 

conducting carbon tape and sputter coated with gold. The surface and inner structure of 

the particles were observed by scanning electron microscopy (SEM) (4700, Hitachi Ltd, 

Japan). From the SEM micrographs, the average diameters of major axis, minor axis 

and another two perpendicular axes across the intersection of major and minor axis, 

were calculated by taking the mean value of at least three particles.  

 

3.3. Results and discussion 

3.3.1. Drying behaviours of FNJ droplets containing MD and GA  

Fig. 3.1A shows the drying behaviours (0 to 300 s at 90 °C) of FNJ containing 

different wall materials (M1, M3, GA) with initial solid content of 21 and 28%. The air 

flow remained constant at 0.75 m/s. All four types of droplets showed consistent and 

uniform shrinkage at the initial drying stage (0 to 30 s, refer Fig. 3.1Aa1, a2, b1, b2, c1, 

c2 and d1, d2). At the drying time of 60 s, a thin film could be observed, and this film 

became increasingly thicker with the progress of drying, as evidenced by notable 

changes in the droplets’ surface morphology and shape (Fig. 3.1A, a3-a6, b3-b6, c3-c6 

and d3-d6). After drying for 90 s, the semi-dried GA particle (Fig. 3.1Ad4) gave a 

different shape compared to those of MD (Fig. 3.1Aa4, b4 and c4). The MD particles 
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were pear-like (Fig. 3.1A, rows a, b and c) while the GA particle showed a bowl-like 

shape (Fig. 3.1A, row d). This results may be due to the differences in the particle 

forming properties of the wall materials (Krishnan et al., 2005). In this regard, the 

presence of high molecular mass protein in GA, which is absence in MD, may be a 

possible contributor to the differences in particle forming properties of GA and MD 

(Islam, Phillips, Sljivo, Snowden, & Williams, 1997). As the drying progressed, the 

particles entered a slow shrinkage period (90 to 120 s) (Fig. 3.1A, a4-a5, b4-b5, c4-c5 

and d4-d5). This was caused by transportation of the continuous liquid fraction towards 

the droplet outer surface, while the discontinuous solid fraction was driven 

simultaneously in the opposite direction due to the changes of concentration gradient 

within the droplet (Wang et al., 2015). After the dramatic decrease of droplet size, a 

gradual shrinkage stage followed, the morphology of the droplets then remained stable 

until the end of drying (300 s).  

 

As shown in Fig. 3.1B, the outer crust formation of all droplets occurred at a drying 

time between 35 and 55 s, depending on the wall materials and solid content. 

Specifically, the initial crust formation of the M1 (28%) droplet occurred at the drying 

time between 35 and 45 s (Fig. 3.1B, row b), while the formation period for the other 

three droplets (M1 21%, M3 28% and GA 21%) were observed from 45 to 55 s (Fig. 

3.1B, row a, b and c). This difference indicates that the crust formation of M1 (28%) 

droplet was earlier than M3 (28%), even though they had the same initial solid content. 

This can be explained by the fact that M1 with a lower DE (10-13) was less hydrophilic 

than M3 with a higher DE (17-20), leading to faster outer crust formation than M3 at 

the same drying conditions. Fig. 3.1B also shows that the M1 (28%) droplet formed an 

outer crust faster than the M1 (21%) droplet, indicating the initial crust formation time 
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was affected by the initial solid content of droplet. A possible explanation is that during 

the initial drying stage, the solids in the droplet with higher solid content would adhere 

together faster allowing the water to evaporate more readily from the droplet surface. 

However, to confirm this, accurate crust formation time is required for each droplet 

with different composition. This is currently being investigated in Chapter 4 involving 

drying kinetics of FNJ droplets and quantification of the data using Reaction 

Engineering Approach (REA) modelling.  
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Fig. 3.1. Drying behaviours of FNJ containing different wall materials (a, b: M1, c: M3, d: GA) 

with initial solid content 21% and 28% (A), and the initial outer crust formation process of each 

droplet (B). Drying temperature: 90 °C, air flow rate: 0.75 m/s. Image recorded at the same 

magnification with grey background.  

*The scale bar displayed in photo applies to all correlated photos in the same row.  

 

3.3.2. Rehydration behaviours of FNJ containing MD and GA 

The rehydration tests were conducted through single droplet method to investigate 

the dissolution behaviours of different semi-dried/dried particles by providing a visual 

way to predict the solubility of spray died powder.  
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Powder solubility refers to the ability of spray dried powder to form a solution or 

suspension in water, which has been identified as an important property to evaluate 

powder behaviour (Tontul & Topuz, 2017). There is a need to produce spray dried 

powder with high solubility, because this means faster reconstitution of the powder in 

a liquid. The solubility of spray dried powder is affected by many issues, including the 

core and wall materials, and physicochemical properties of the powders, such as water 

activity, particle size and the physical state of the powder (the amorphous state has 

better solubility than the crystalline state) (Caparino et al., 2012; Du et al., 2014; Fazaeli 

et al., 2012). The results of the rehydration tests are shown in Fig. 3.2. The changes in 

the rehydration behaviours during the drying process could be generally divided into 

three stages: 1) no apparent formation of a water-resistant outer crust; 2) formation of 

a soft and thin water-resistant outer layer, and 3) the solidification of the outer crust. 

This has been previously observed by Fu, Woo, and Chen (2011), who studied the 

colloidal transport phenomena of milk droplets during convective drying.  

 

3.3.2.1. Effect of initial solid content on particle solubility  

To compare the effects of different initial solid content on the solubility of the 

particles, the FNJ solution containing M1 with total solid content of 21% and 28% were 

chosen based on the literature, to represent core/wall material ratios of 1:2 and 1:3, 

respectively. These ratios have been suggested as being suitable for the spray drying of 

Rubus fruticosus juice (Díaz, Beristain, Azuara, Luna, & Jimenez, 2015), and noni fruit 

extract (Krishnaiah et al., 2009, 2012). 

 

The rehydration behaviours of the particles containing M1 with 21% and 28% solid 

content were compared (Fig. 3.2A, B). At 30 s after the commencement of drying, there 
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was no apparent formation of an outer crust that could resist the incorporation of the 

water droplet. The semi-dried droplets spread and sank quickly to the bottom of the 

water droplets due to the density difference between the M1 solid and the water (Fig. 

3.2Aa1, b1 and Fig. 3.2Ba1, b1). After drying for 60 s, although the outer crust had 

formed for both M1 (21%) and M1 (28%) droplets (Fig. 3.1B), this crust was still not 

strong enough to resist the permeation of water molecules (Fig. 3.2, Ab1 and Bb1). 

After drying for 90 and 120 s, it was observed that the droplet solid were not 

immediately rehydrated by the attached single water droplet (Fig. 3.2, Ac1, d1 and Bc1, 

d1), but collapsed and spread in the attached water droplet within 5 s and 10 s, 

respectively (Fig. 3.2Ac1, c2, d1-d3 and Fig. 3.2Bc1, c2, d1-d3). As the drying 

progressed, the particle gradually became solidified, and the apparent thickness of the 

outer crust continuously increased. After 150 to 180 s of drying, the semi-dried particles 

dissolved much slower as the thickness of the particle crust increased. A complete 

disassociation of the semi-dried particles in the attached water droplet was observed in 

about 20 s (Fig. 3.2Ae1-e4, f1-f4 and Fig. 3.2Be1-e4, f1-f4). During 30 to 180 s of 

drying period, the rehydration behaviours of the two different particles were not 

significantly different. However, after 240 s of drying, the semi-dried M1 (21%) 

particle was observed to be completely dissolved in the single water droplet within 30 

s, while the semi-dried M1 (28%) particle required an extra 10 s or so to complete the 

dissolution (Fig. 3.2Ag5 and Fig. 3.2Bg5, g6). The phenomenon was even more 

pronounced for the particles dried for 300 s (Fig. 3.2Ah5 and Fig. 3.2Bh5, h6). In 

addition, after 240 s of drying, the outer crusts of both particles became sufficiently 

resistant to the penetration of the water droplet. Therefore, the droplet was unable to 

rehydrate the semi-dried particles in the first 10 s (Fig. 3.2Ag1-g3 and Fig. 3.2Bg1-g3). 

The particle was penetrated by the attached water droplet from 10 to 20 s for the M1 
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(21%) particle, and 10 to 30 s for the M1 (28%) particle. After drying for 300 s, both 

the M1 (21%) and M1 (28%) particles were almost stable during the initial 20 s of 

rehydration process (Fig. 3.2Ah4 and Fig. 3.2Bh4), and dissolution only happened after 

about 20 s of rehydration (Fig. 3.2Ah4-h7 and Fig. 3.2Bh4-h7).  

 

The results indicate that the weak and thin outer crust of M1 droplets formed at the 

initial drying stage gradually thickened with an increase in drying time, and a complete 

outer crust was formed by around 240 s. The results also show that an increased 

concentration of M1 wall material reduced the particle’s solubility to some extent. 

  

3.3.2.2. Effect of wall materials type on particle solubility  

For single droplets of similar initial solid content but different wall materials (Fig. 

3.2B, C and Fig. 3.2A, D), the semi-dried/dried particles showed different rehydration 

behaviours. As shown in Fig. 3.1B (rows b and c), the water-resistant outer crust was 

apparently not generated at the initial stage of drying (0 to 30 s), leading to the similar 

rehydration behaviours for the two wall materials at this stage (Fig. 3.2B, C, row a). 

With the progress of drying, the formed outer crust of M1 (28%) and M3 (28%) droplets 

became thicker and stronger, resulting in longer rehydration time by the water droplets 

(Fig. 3.2B, C). As drying continued to the final stage (300 s of drying), the dried M3 

particle was fully dissolved within 30 s (Fig. 3.2Ch5), while the M1 (28%) particle 

required an extra 10 s to be totally rehydrated by the water droplet. This phenomenon 

may be due to the difference in the DE values of the MD used in this study (Phisut, 

2012). M3, having DE of 17-20, is more hydrophilic and could bind water molecules 

easier than M1 (DE 10-13). As a result, FNJ encapsulated with M3 as wall material has 

better wettability, and solubilised more quickly in the single water droplet. However, 



56 

 

the results indicated that both dried FNJ particles containing M1 and M3 could be 

dissolved in a short time (30 and 40 s), implying their reasonable good solubility. 

Comparing M1 (21%) and GA (21%) droplets (Fig. 3.2A, D), after drying for 300 s, 

the dried particle containing GA (21%) took more time to complete the dissolution 

process (around 80 s) than M1 (21%).  

 

Based on these results, it can be concluded that FNJ particles containing M3 and M1 

had better solubility than those with GA, which means that MD may be a better wall 

material for spray drying microencapsulation of FNJ when considering powder 

solubility. Such a finding supports the popularity of MD as a wall material in industrial 

spray drying. However, apart from solubility, there are other powder properties which 

should be comprehensively evaluated, such as hygroscopicity, which is a critically 

important criterion to evaluate the quality of spray dried fruit powder products. 
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Fig. 3.2. Rehydration behaviours of semi-dried/dried particles containing different wall 

materials with initial solid content (A) M1, 21% (B) M1, 28% (C) M3, 28% and (D) GA, 21%. 

Video recorded at the same magnification with grey background and top illumination by cold 

light. The first column on the left indicates the appearance of single noni juice droplet at 

different drying time. At each drying time, the rehydration process is showed as a sequence of 

snapshots corresponding to the dissolution time. The black sticks in column 1 were the 

transferring filaments used for delivering the water droplet. 

* The scale bar displayed in photo a0 applies to all photos in each individual figure (A-D). 
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3.3.3. Recovery of droplets morphology after termination of drying at different 

stages 

These experiments were designed to predict the water absorption behaviours of 

particles, which are related to particle hygroscopicity (Fig. 3.3A-D). Hygroscopicity is 

the ability of dried powder to absorb moisture from the ambient environment 

(Rodríguez-Hernández et al., 2005). It is normally determined by calculating the mass 

gain after storing the dried powder in a high humidity environment for several hours 

(Janiszewska, Witrowa-Rajchert, Kidoń, & Czapski, 2013). Low hygroscopicity is 

desired for powder product because higher hygroscopicity means greater tendency to 

absorb moisture which results in stickiness of the powder. Powder products with lower 

hygroscopicity were found to have better stability, longer shelf-life and higher 

bioactives retention (Janiszewska-Turak et al., 2017; Tonon et al., 2008).  

 

The moisture binding of particles is shown in Fig. 3.3 (A-D), by means of shape 

recovery rate as a function of time. The semi-dried particles were generally able to 

recover their shape after a certain time when moisture pads were inserted. When drying 

was stopped at 60 and 90s, the semi-dried M3 (28%) particles quickly recovered their 

spherical shape after 1 and 7 s (Fig. 3C, b2 and c7), while the semi-dried M1 particles, 

with similar initial solid content, took 5 s and 11 s to complete a similar recovery 

process (Fig. 3.3B, b6 and c9), indicating that M3 had a faster shape recovery rate than 

M1. This is because the weak outer crust that was formed during drying could be 

quickly dissolved by the water molecules in the moist environment created by the 

inserted moisture pad in the drying chamber after losing the driving force of convective 

drying. This implies that particles rapidly sorb water molecules present in the ambient 

vapour, leading to quicker shape recovery. The semi-dried M1 (21%) and GA (21%) 
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particles had a similar recovery rate of about 2 and 11s, respectively, when the drying 

was stopped after 60 and 90 s (Fig. 3.3A, D). When the drying reached the crust 

thickening stage (after 120 and 150 s, Fig. 3.3A-D, row d, e), the solid layer finally 

turned into a thick crust and the solid content of the particle increased. At this stage, it 

would take a much longer time to absorb moisture and to recover the original spherical 

shape. From the results, it can be concluded that the M3 particles is able to absorb 

moisture vapour from ambient environment at a higher rate compared to those of M1 

and GA, indicating that M3 would produce powder with higher hygroscopicity when 

used in spray drying. Tonon et al. (2011), in their study of acai juice spray drying, 

verified that particles with MD (20 DE) showed higher water absorption rate than MD 

(10 DE) and gum Arabic, when drying was conducted at an inlet temperature of 140 °C, 

which is in agreement with our prediction.  

 

The moisture absorption behaviours of the particles produced by the different 

carbohydrate-based wall materials as observed in this study was thought to be 

influenced by the hydrogen bonds that were formed between hydrogen atoms in the 

water molecules and the hydroxyl groups available in the amorphous and crystalline 

regions of the substrate. M3 has a high number of ramifications with hydrophilic groups, 

thus exhibiting high moisture absorption behaviour from the surrounding air (Phisut, 

2012). Furthermore, the hygroscopic property of powder can also be related to particle 

size, as discussed in section 3.3.4. 
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Fig. 3.3. The changes of droplets morphology when drying process was designed to stop at 

different stages without air flow and droplets left in drying chamber for 15 s. (A) M1, 21%; (B) 

M1, 28%; (C) M3, 28%; (D) GA, 21%; consistent with Fig. 3.1 and 3.2. Video recorded at the 

same magnification with grey background and top illumination by cold light. The first column 

on the left indicates the appearance of single FNJ droplet at different drying time. At each 

drying time, the post-drying time is showed as a sequence of snapshots corresponding to the 

stopped time as coordinates to locate each picture. 

* The scale bar displayed in photo a0 applies to all photos in each individual figure (A and B). 
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3.3.4. Microstructure of FNJ particles  

It is important to study the microstructure of dried powder because of its effect on 

the physicochemical properties of powders, including particle size and bulk density 

(Tontul & Topuz, 2017). Bulk density is related to the shape, surface morphology and 

size of particles, which can affect powder properties including solubility and flowability 

(Bicudo et al., 2015), while particle size can influence the storage properties, handling, 

transportation and bioactives retention in the powders (Janiszewska-Turak et al., 2017; 

Shi, Fang, & Bhandari, 2013). In this study, the SEM images showing the outer particle 
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surface and cross section were obtained to investigate the particle size and bulk density 

of the dried FNJ powders containing different wall materials (Fig. 3.4A, B). 

 

The approximate particle diameters of the M1 (21%), M1 (28%), M3 (28%) and GA 

(21%) particles were calculated as 906 ± 9, 1023 ± 13, 966 ± 1 and 1079 ± 22 μm, 

respectively. This results indicate that M1 (28%) gave significant bigger particle size 

compared with M1 (21%) and M3 (28%) particles (p < 0.05). Literature showed that 

increasing the concentration of wall material could result in larger particle sizes which 

is in agreement with the current study (Ferrari et al., 2012; Rajabi, Ghorbani, Jafari, 

Mahoonak, & Rajabzadeh, 2015; Tonon et al., 2008). While the GA (21%) particle 

showed bigger diameter than M1 (21%), it cannot be concluded that the different is 

statistically significant as the GA (21%) particle also has different particle shape as 

compared to the MD particles. However, literature have shown that at a similar solid 

concentration, the particle size produced by GA was larger than those of M1 and M3 

(Fernandes et al., 2014; Takeiti, Kieckbusch, & Collares-Queiroz, 2010). Future 

investigation on drying kinetics using REA could be useful to predict the diameter of 

FNJ particle containing GA.  

 

Generally, a smaller particle size may reduce the retention of bioactives in powder 

due to a larger surface area to volume ratio exposed to the environment, which is also 

contributed to higher hygroscopicity and affecting the reconstitution properties of 

powder (Ferrari et al., 2013; Gong, Zhang, Mujumdar, & Sun, 2007). In addition, 

previous research showed that better encapsulation efficiency was obtained by larger 

particles (Jafari et al., 2008). Therefore, concerning the property of powder particle size, 

M1 and GA may be more suitable than M3 as wall materials for encapsulation of FNJ. 
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However, the overall effect on the physicochemical properties of powders will need to 

be considered. 

 

Powders with lower bulk density occupy a greater packaging volume for the same 

amount of material (Syamaladevi et al., 2012). Therefore, high bulk density is desirable 

since it can lower shipping and packaging costs. Particles with a smooth and uniform 

surface may have a higher bulk density (Syamaladevi et al., 2012). Observing the 

morphologies of the dried particles, it was found that the features of the particles were 

affected by the wall material used (Fig. 3.4A, B). Dried M1 particle containing FNJ 

with a higher solid concentration (Fig. 3.4A, b1 and b2) was associated with more 

remarkable network-like bulges on the surface than those with a lower solid content 

(Fig. 3.4A, a1 and a2). The GA particles displayed irregular wrinkles (Fig. 3.4A, d1 

and d2), while the M3 particles exhibited a relatively smooth surface with no dents or 

bulges (Fig. 3.4A, c1 and c2). This morphological difference implies that M3 and M1 

with lower solid content could give relatively smooth and uniform particle surfaces, 

and are thus predicted to have a higher bulk density. This is in accordance with the 

results obtained by Fazaeli et al. (2012) who studied the drying of black mulberry. Their 

results showed that particles containing MD with a higher DE value (DE 20) had a 

higher bulk density than those obtained with a lower DE (DE 9), and that particles 

containing GA had the lowest bulk density among the three wall materials studied.  

 

Two possible reasons could be offered to explain the differences in the surface 

morphology of particles formed by the hydrocolloids applied in this study. As discussed 

in section 3.3.1, M1 (28%) could form an outer film or crust earlier than M3 (28%) 
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during drying, and thus hindered further water evaporation from the particle once the 

outer crust was formed. As drying progressed beyond crust formation, continuous 

evaporation of moisture would still occur in the M1 (28%) droplet although at a much 

lower rate, causing further shrinkage of the droplet. However, the thin crust formed 

earlier might not shrink uniformly due to uneven water distribution, and this explains 

the formation of shrivelled particle surfaces (Fig. 3.4A, a1, b1 and d1). By contrast, the 

crust formation by M3 was slower, facilitating easier water evaporation before the crust 

was formed. This may explain the smoother particle surface and the lack of indentations  

on the M3 particles. The surface morphology of the dried particle might also be 

explained from the chemistry perspective. In this case, the formation of an outer crust 

with the higher molecular weight materials (namely GA and M1) could be influenced 

by self-association of hydrocolloid polymers, for instance, by hydrogen bonding with 

the water removed from the droplets. As water was evaporated from the droplets 

continuously with the progress of drying, the crust formed might collapse inwards as 

the pressure outside the droplets were higher than inside, leading to the formation of 

indentations on the particle surface.  

 

The interior microstructure of all four types of particles is shown in Fig. 3.4A (row 

3 and 4). An inner structure with small vacuoles was observed in the MD particles 

regardless of its DE value, and this structure was even more prominent in the GA 

particles (Fig. 3.4A, d3 and d4). This structural differences between GA and MD 

particles may be attributed to the presence of approximately 2% protein in GA 

(Dickinson, 2003), which is not present in MD. It is believed that the presence of protein 

may contribute to foaming, which is responsible for the generation of the vacuoles or 

hole-like structures inside GA particles.  
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Fig. 3.4B shows that the surface and inner structures of particles without FNJ are 

clearly different compared to those with FNJ (Fig. 3.4A). The dried M1 particle without 

FNJ displayed irregular winkles on the surfaces (Fig. 3.4B, rows a and b), and the 

degree of concavity was more conspicuous than the particles with FNJ (Fig. 3.4A, rows 

a and b). Compared to the GA particles in Fig. 3.4A, the particle without FNJ displayed 

a square bowl structure with several clear concavities (row d in Fig. 3.4B). Therefore, 

the SEM images verified the different morphologies of M1 and GA particles after 

drying, implying that the surface structures were affected by the presence of FNJ. 

However, the dried M3 particle without FNJ (Fig. 3.4B, c1) displayed a smooth surface, 

which was very similar to the M3 particle with FNJ (Fig. 3.4A, c1). The influence of 

FNJ on the surface morphology of M1 and GA particles suggested that the presence of 

sugar and acid-rich noni juice seems to lessen the surface tension of the particle during 

drying, therefore giving less rugged and shallower surface troughs than the M1 and GA 

particles without FNJ. A similar phenomenon were discussed by Adhikari, Howes, 

Bhandari, and Troung (2004), reporting that the stickiness of sugar and acid-rich 

particles showed different surface morphologies compared to those contained only 

maltodextrin. The smooth surface morphology of the M3 particle may be attributed to 

a faster water evaporation rate due to its superior hydrophilic properties, as discussed 

above.   
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Fig. 3.4. SEM micrographs showing microstructures of particles with FNJ (A) and without FNJ 

(B). All the particles with the same row letter have the same wall material and initial solid 

content (a: M1, 21%; b: M1, 28%; c: M3, 28%; d: GA, 21%). The micrographs for the first and 

second columns in Fig. 3.4A and B show the surfaces morphology of intact dried particles at 

80/90× and 300× magnification, while the third and fourth columns indicate the cross sections 

at the magnification of 80/100/110× and 300×.  
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3.4. Conclusions 

This study has explored the relation of particle structure formation and the properties 

of the encapsulated powder, looking at the selection of suitable wall materials for 

microencapsulation of fermented noni juice (FNJ). At the same time, the research has 

uncovered fundamental knowledge about the spray drying mechanism of FNJ. Overall, 

the results showed that maltodextrin M1 could be used as a suitable wall material for 

spray drying of FNJ, as it produced particles with better solubility, lower hygroscopicity 

and larger particle size. Lower hygroscopity was observed when using GA as a wall 

material, but the slower solubility may reduce the quality impression of consumers. 

Despite M3 was found to give the best solubility among the three materials, the lower 

moisture resistance may influence the quality of the FNJ powder during storage. The 

microstructure of the particles was influenced by both the wall materials and FNJ. For 

future work, we will explored the drying behaviours of FNJ containing the same 

hydrocolloids by applying the Reaction Engineering Approach (REA) mathematical 

modelling (Chapter 4). Spray drying experiments will also be undertaken to examine 

changes in the physicochemical properties of powders compared to the results obtained 

from SDD (Chapter 5).  

  



74 

 

 

 

 

 

 

Chapter 4  

Exploring the drying behaviours of 

microencapsulated fermented noni juice using 

Reaction Engineering Approach (REA) 

mathematical modelling 
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4.1. Introduction 

In Chapter 3, the microencapsulation of FNJ with a few hydrocolloid materials was 

investigated, applying single droplet drying (SDD) specifically to unveil the 

relationship of the structure formation and the FNJ powder properties including 

solubility, hygroscopicity, bulk density and particle size. The results provide an insight 

into the mechanism of spray drying process (Zhang et al., 2019b).  

 

Spray drying is a useful food processing technique favoured by food industries due 

to the relatively short drying period and faster water removal rate from the materials 

(Gharsallaoui et al., 2007; Quek et al., 2007; Silva, Azevedo, Cunha, Hubinger, & 

Meireles, 2016; Zhang et al., 2018). For spray drying of juice, wall material plays a 

major role in the binding of the core material as the liquid feed is high in water content. 

The feed solution is then transformed into powder product through atomizing into a hot 

and dry medium. One of the major issue facing fruit juice during spray drying is the 

stickiness of powder produced. To overcome the stickiness issue related to the presence 

of low molecular weight sugars and organic acid in juice with low glass transition 

temperature (Tg) (Bhandari et al., 1993), suitable wall materials, usually hydrocolloid 

materials which function as water control agents, were selected for spray drying of fruit 

juices. Maltodextrin (MD) and gum acacia (GA) have been reported as the desirable 

wall materials for spray drying of fruit juice (Tontul & Topuz, 2017). These two wall 

materials could effectively increase the Tg and thus result in desirable physiochemical 

properties of spray-dried powder products (Tontul & Topuz, 2017).  

 

Despite the influence of wall materials type and solid content on the structure 

formation and particle properties having been predicted (Zhang et al., 2019b), a 
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quantitative understanding on the drying process is required and this can be achieved 

by mathematical modelling of the experimental data. If there is a way to describe and 

predict the drying behaviours of FNJ systematically, simulation of different spray 

drying conditions can be done to optimize the drying process and minimize energy 

waste as well as to scale up the drying process which are of critical importance for 

product commercialization. Furthermore, the knowledge obtained will also provide a 

basis not only for the operation of the drying process but also for the selection of 

suitable types and concentrations of wall materials applied for microencapsulation. In 

addition, the understanding of the process will enable us to relate processing parameters 

with powder quality and properties. 

 

To accurately predict the drying behaviours of FNJ, the investigation of droplet 

drying kinetics parameters are required. As a microcosmic study on the spray drying 

process, the glass-filament single droplet drying technique was conducted to study an 

individual droplet drying behaviours during convective drying (Fu et al., 2012). The 

evaporation of water from a droplet is driven by the difference in vapour density 

between the droplet surface and the drying medium (Chen & Xie, 1997; Chew et al., 

2014). Many different types of theoretical drying models can be used to describe the 

water evaporation process from droplets, i.e., the diffusion-based models (Sano & Keey, 

1982), the characteristics drying rate curve approach (Langrish & Kockel, 2001), and 

the Reaction Engineering Approach (REA) modelling (Chen & Xie, 1997). Among 

these modelling approaches, the REA is relatively straightforward, with comparatively 

simpler calculations, yet it has been proven to provide accurate descriptions of drying 

processes based on a small number of experimental tests (Chen, 2008; Chen & Lin, 

2005; Putranto, Xiao, Chen, & Webley, 2010). The REA drying model developed by 
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Chen and Xie (1997), which visualizes spray drying as an activation-energy-based 

process, has been used for spray dryer wide simulations (Chew, Fu, et al., 2015; Fu, 

Woo, Selomulya, et al., 2012; Har et al., 2017; Wang et al., 2014). The REA modelling 

provides a semi-empirical model, generated based on a material-specific normalized 

activation energy master curve, which can be applied to describe thermal-moisture 

relationships of a droplet during convective drying at various drying conditions (Chen 

& Xie, 1997; Fu, Woo, Selomulya, et al., 2012; Har et al., 2017; Wang et al., 2014). 

 

This study aimed to study the drying behaviours of FNJ containing maltodextrin (M1 

and M3) and gum acacia (GA) as wall materials, by investigating the drying kinetics 

using the REA approach. This is performed to explore the relationship between the 

activation energy and the moisture evaporation, to unfold the shrinkage behaviours and 

the drying rates of droplets containing MD and GA.  

 

4.2. Materials and methods 

4.2.1. Materials 

Commercial fermented noni juice (FNJ) was obtained from a local health store 

(Auckland, New Zealand). M1 (MD, 10-13 DE) and M3 (MD, 17-20 DE) were 

provided by Ingredion Singapore Pte (Singapore, Singapore), while GA was obtained 

from Hawkins Watts Limited (Auckland, New Zealand). Milli-Q grade water was used 

in the experiments. 
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4.2.2. Sample preparation for SDD  

The solutions were prepared by mixing FNJ (with 7.0 ± 0.2% solid content) with 

M1, M3 or GA to achieve a total solid content of 21% and 28% for M1, 28% for M3 

and 21% (w/v) for GA in the final mixture, which was equivalent to wall material to 

core material ratio (w/w) of 1:2 and 1:3, respectively. The dissolution process was 

carried out at room temperature by a magnetic stirrer at 1000 rpm until the solids were 

completely dissolved, then each mixture was filtered using a qualitative filter paper 

(Size 70 mm, Grade MS 2) prior to SDD. The total soluble solid content of FNJ was 

measured by the Atago Hand-Held refractometer (model ATC-IE, Brix 0-32%, USA). 

 

4.2.3. SDD methods 

The glass-filament single droplet drying technique originally developed by Lin and 

Chen (2002) was employed to examine the temperature, diameter and mass transfer 

during the drying process. The schematic diagram of a glass filament dryer set-up 

(SDPA MARK II, Dong-Concept New Material Technology Co. Ltd., Nantong, China) 

is shown in Fig. 4.1, and the working principle has been previously reported in detail 

(Fu, Woo, Lin, et al., 2011; Fu, Woo, Selomulya, et al., 2012) and the method in section 

3.2.3. The measurements of the diameter, mass and temperature changes were obtained 

during drying by three independent experiments, and all the measurements were carried 

out in triplicate. In this study, droplets were dried using dehumidified air with a 

moisture content of 0.0001 kg/kg at a velocity of 0.75 m/s, under different temperatures 

of 80, 90 and 100 ºC.  
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Fig. 4.1. Schematic diagram of the glass filament single droplet drying system. 1. Air 

compressor; 2. Dehumidifier; 3. Compressed air storage tank; 4. Air flow regulator; 5. Heating 

coil; 6. Temperature regulator; 7. Air distribution section; 8. Steel meshes; 9. Temperature 

probe; 10. Drying chamber; 11. Camera; 12. Suspended single droplet; 13. Mass-measuring 

glass filament; 14. Diameter-measuring glass filament; 15. Temperature-measuring glass 

filament; 16. Thermocouple; 17. Cold light illuminator.  

 

4.2.4. Measurement of basic data for drying kinetics 

The droplet diameter changes during drying were monitored at per second interval 

using a camera (lens: PENTAX C3516-M, adaptor: Mshot MD20, CCD: The 

Imagingsource DFK 61BUC02, and lens barrel: Navitar 1-60135, Ming Mei Science 

and Technology Ltd. Co., China). A series of droplet images converted from the video 

recording were analysed by an image analysis software ImageJ (National Institutes of 

Health, USA). The projected droplet area was assumed to be a perfect circle to obtain 

the equivalent droplet diameter. The actual droplet size could be estimated by 

comparing to the scale of the glass filament knob, which was measured under 

microscope via a standard calibration slide.                                                                                            
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The droplet mass data was obtained through measuring the displacement of a 

specially made flexible glass filament (about 30 cm in length) during drying. Five 

Vaseline-including clay particles with known weights (ranged from 0.2 to 2.5 mg) were 

suspended on the knob of a glass-filament one by one under the same drying conditions, 

and the corresponding displacements were measured to establish a standard curve. The 

standard particles were weighted using a five-decimal analytical balance (Sartorius 

CPA225D, Sartorius AG, Germany). During drying of the FNJ droplets, the 

displacement reduced linearly with the moisture removal from the droplet, which could 

be transformed to the actual droplet mass value by calculating with the established 

standard curve. For this purpose, the droplet drying process was captured by the video, 

and static photos were extracted from the video with the frame rate of 5 frames per 

second. The results were then averaged to give the mass value at 1 s interval. 

 

The determination of droplet temperature changes was carried out using a fine 

thermocouple (K type, Part number CHAL001, Omega Engineering) inserted in the 

centre of the suspended single droplet during drying, and the data at every second 

interval was recorded via a data logger (Picolog TC-08, Pico Technology, 

Cambridgeshire, UK).  

 

4.2.5. Modelling of drying kinetics using the REA approach 

The drying kinetics were correlated using the REA modelling established based on 

the concept of “energy barrier” occurred between the material and gas phase, which 

need to be overcome during the convective drying process (Chen & Xie, 1997; Chen, 

2008). The increase in activation energy implies the increasing difficulty in removing 
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the moisture from the moist materials during drying. The drying rate of a moist single 

droplet can be expressed as follows: 

dm

dt
= − hmA (ρ

v,s
− ρ

v,b
)                                  (1)  

where dm/dt refers to the rate of moisture removal (kg/s), hm refers to the mass 

transfer coefficient (m/s), A refers to the surface area of the droplet (m2), and ρv,s and 

ρv,b refer to the vapour density (kg/m3) at the droplet surface and at the bulk air, 

respectively. As the surface vapour density ρv,s will constantly change during drying, it 

can be expressed in the following equation:  

ρ
v,s

= exp (−
∆Ev

RTd

) ρ
v,sat

(Ts)                                (2) 

where ∆Ev represents the apparent activation energy of evaporation related to the 

moisture content of the droplet (J/mol), R represents the gas constant (8.314 J/(mol K)), 

Td represents the average droplet temperature (K), ρv,sat represents the saturated vapour 

density at the material surface, and Ts represents the surface temperature (K) which can 

be assumed equal to the Td, when the drying-based Biot number is sufficiently small 

(Bi < 0.1). Eq. (1), therefore, can be re-written as below:  

dm

dt
= − ℎ𝑚A [ρ

v,sat
 exp (−

∆𝐸𝑣

RTd

) − ρ
v,b

]  (3) 

To determine the apparent activation energy ∆Ev under known conditions, three 

parameters (dm/dt, Td and A) need to be measured from the SDD experiments. The ∆Ev 

can be calculated by transforming Eq. (3).  

∆𝐸𝑣= − RTd ln [
−(dm/dt)(1/hmA)+ρ

v,b

ρ
v,sat

]             (4) 

The apparent activation energy ∆Ev of water evaporation during drying can be 

normalized with the equilibrium or maximum activation energy ∆Ev,b, as the form of 
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∆Ev/∆Ev,b (value ranges from 0 to 1). The normalized activation energy can be correlated 

to the free material moisture content (X - Xb) as expressed by the following equation: 

∆Ev

∆Ev,b

= f (X − Xb)                                                 (5) 

where the ∆Ev,b refers to the equilibrium activation energy, and X and Xb refer to the 

particle moisture content during the evaporation and the equilibrium moisture content 

on a dry basis (kg/kg), respectively. Previous studies demonstrated that this equation 

can serve as a master curve to describe the drying kinetics of a given material under 

various drying conditions, which have been successfully applied to a wide range of 

materials including colloidal and emulsion systems (Chen & Lin, 2005; Fu, Woo, 

Selomulya, et al., 2012; Lin & Chen, 2007). In other words, it can be treated as the 

“fingerprint” of a specific material to describe its drying behaviour at a specific solid 

content (Chen & Xie, 1997).  

 

The mass transfer coefficient hm (m/s) used in the calculation process (Eq. 1) can be 

obtained from the modified Ranz and Marshall correlations (Lin & Chen, 2002):  

hm= Sh 
𝐷𝑣

𝐷
                                                                    (6) 

Sh= 1.63+0.54Re1/2Sc
1/3

                                       (7) 

where Dv is the air-vapour mass diffusion coefficient (m2/s), D is the droplet/particle 

diameter (m), and Re and Sc are the Reynolds and Schmidt numbers, respectively.  
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4.3. Results and discussion 

4.3.1. Drying kinetics of FNJ droplets  

4.3.1.1. Droplet diameter profiles 

Fig. 4.2a1-a3 show the changes in the diameter of the FNJ droplets during drying at 

80, 90 and 100 °C, respectively. The diameter reductions of all droplets during drying 

were about 30% to 40% of their initial size. Results showed that the final particle size 

obtained was impacted by wall materials and the drying temperature. In other words, 

droplets with identical wall material dried at different temperatures, and droplets dried 

at the same temperature with different wall materials varied in final particle size after 

they were completely dried. Droplets dried at 100 °C showed a faster reduction in 

diameter followed by those at 90 and 80 ºC, indicating a more rapid droplet shrinkage 

due to the rapid water removal at a higher temperature. This phenomenon is also shown 

in the droplet mass reduction curves (Fig. 4.2b1-b3), in which a higher drying 

temperature led to a faster decrease in droplet mass. Furthermore, the transition point 

of the droplet diameter that indicated the initial surface crust formation time during 

drying was also relatively different. As observed in the diameter reduction curves, 

droplets dried at a higher temperature showed an earlier transition point than those dried 

at a lower temperature. At 90 °C, the transition point of M1 (28%) droplet was first 

observed at around 40 s. This was followed by M1 (21%), M3 (28%) and GA (21%) 

which had similar transition points at around 50 s. From our earlier study in Chapter 3 

observing the FNJ droplet morphological changes during SDD, it was observed that the 

initial crust formation of M1 (28%) droplet occurred between 35 and 45 s, while those 

for M1 (21%), M3 (28%) and GA (21%) droplets formed between 45 and 55 s. This 

observation is consistent with the quantitative results obtained from the kinetics data in 

the present study.  
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The difference in the reduction kinetics of droplet diameter and the transition points 

were probably due to the surface crust formation behaviour of different hydrocolloid 

wall materials (MD and GA). The different phenomena are most likely due to the 

differences in water binding capacity. The M3 with higher DE (17-20) was more 

hydrophilic than the M1 with lower DE (10-13), resulting in a slower outer crust 

formation during air drying compared to M1 under the same drying conditions. On the 

other hand, the solid content may affect the initial crust formation behaviours of 

droplets. At the initial drying stage, the droplets with lower solid content (21%) 

contained more water for evaporation than those with higher solid content (28%), 

leading to a slower crust formation.  

 

4.3.1.2. Mass profiles 

Fig. 4.2b1-b3 show the mass reduction of droplets when drying was conducted at 80, 

90 and 100 ºC, respectively. As expected, the highest overall moisture removal rate was 

achieved at 100 ºC, followed by 90 and 80 ºC. However, the drying trends as observed 

from the mass curves of different types of droplets were similar. Generally, the drying 

comprised of three stages. Firstly, the droplets underwent a dramatic reduction in mass, 

followed by a slow evaporation stage (approximately 80 to 200 s). After 200 s of drying, 

the temperature of the semi-particles nearly approached the drying bulk air temperature 

(Fig. 4.2c1-c3), and the small amount water remained in the semi-dried particles was 

almost completely removed at this final stage before the end of drying (360 s). Such 

drying behaviours have also been observed in the literature on the drying kinetics of 

sugar and acid-rich foods containing maltodextrin (Adhikari et al., 2004).  

 



85 

 

4.3.1.3. Temperature profiles 

The temperature curves (Fig. 4.2c1-c3) of each material at different drying 

temperatures (80, 90 and 100 ºC) were relatively different. As shown in Fig. 4.2c1-c3, 

the droplet temperature history could be classified into four stages: pre-heating stage, 

transient wet-bulb temperature stage, crust formation stage, and final sensible heating 

stage. This observation is supported by previous study on the drying kinetics of 10% 

(w/w) lactose droplet at 70, 90, and 110 ºC (Fu, Woo, Lin, et al., 2011). Compared to 

the results obtained by Fu, Woo, Lin, et al. (2011), the most noticeable difference of 

their study to the current study was in the duration of wet-bulb time, where the former 

displayed longer wet-bulb time than the latter. In contrast, Fu, Woo, Selomulya, et al. 

(2012) also reported that wet-bulb stage was not observed during drying of skim milk 

droplets containing 50% solid. These findings lead to the conclusion that the occurrence 

of the wet-bulb time may be related to the solid concentration of the droplet being dried. 

This trend was reflected by the results shown in Fig. 4.2c1-c3 (from 0 to 30 s), where 

the FNJ droplets containing M1 (28%) exhibited a shorter wet-bulb period than the M1 

(21%) droplets at the same drying temperature. At a higher solid content, the moisture 

removal rate of the droplet is slower and the heat loss due to evaporation is insufficient 

to balance the heat convection from the hot drying air, causing the fast increase of the 

droplet temperature (Adhikari et al., 2004). Fig. 4.2c1-c3 also show that temperatures 

of all droplets increased rapidly from the commencement of drying and reached the 

wet-bulb temperature after 5 s. Notably, droplets dried at 80 ºC presented lower wet-

bulb temperature than those dried at 90 and 100 ºC, while the former also took a longer 

time to complete the wet-bulb stage than the later. This phenomenon indicated that the 

time of the wet-bulb stage during convective droplet drying is also affected by the 

drying temperature. The slower evaporation rate is due to the lower drying temperature 
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and the smaller amount of moisture at the interface of the droplet. As the drying 

continued, droplet temperature rapidly increased to around the drying air temperature 

of 100, 90 and 80 °C when drying processed to around 140, 160 and 180 s, respectively.  

 

It is noteworthy that the M1 (28%) curves show slight upward deviation from the 

other curves at the crust formation stage from 10 to 80 s (Fig. 4.2c1-c3), which means 

that the temperature of the M1 (28%) droplet is higher than the other droplets during 

this period. According to the diameter reduction data from Fig. 4.2a1-a3, this may be 

caused by the faster formation of outer crust by M1 (28%) than other droplets, namely 

the M1 (21%), M3 (28%) and GA (21%) droplets. The hindered heat loss was possibly 

caused by the retarding of further water evaporation from the droplets, resulting in a 

more rapid increase in the droplet temperature.  
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Fig. 4.2. Diameter (a1-a3), mass (b1-b3) and temperature (c1-c3) profiles of FNJ droplets with 

different solid content and wall materials obtained during drying at 80, 90 and 100 °C. Arrows 

in a1-a3 mark initial observed crust formation, while those in c1-c3 mark wet-bulb stage.  
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4.3.2. Activation energies of FNJ droplets containing MD and GA  

Based on the drying kinetics data obtained (diameter, mass and temperature), the 

calculated activation energy ∆Ev was normalized with ∆Ev,b (the equilibrium or the 

maximum activation energy), and the fraction ∆Ev/∆Ev,b was then plotted against the 

droplet moisture content (X - Xb) as described by Eq. 5. Fig. 4.3A clearly shows that the 

activation energy curves for each type of droplet were almost overlapping, despite the 

different drying temperatures used. Therefore, the activation energy curves of droplets 

containing similar wall materials can be collapsed to a general trend and fitted with a 

polynomial equation (Fig. 4.3B). Using this approach, four empirical equations were 

established for the four types of droplets, respectively, which can be considered as the 

master curves describing the drying properties for the specific materials.    

 

The droplet moisture content X was obtained by calculating the fitted mass reduction 

data. Due to the high temperature and the low air humidity used in this study, the 

equilibrium Xb was practically taken as zero in the subsequent analysis when collapsing 

individual activation energy curves to generate the master curve. This is supported by 

the previous literatures related to the study of equilibrium moisture contents of MD and 

GA (Gabas, Telis, Sobral, & Telis-Romero, 2007; Mosquera, Moraga, & Martínez-

Navarrete, 2012; Patel et al., 2009). As shown in Fig. 4.3B, although the FNJ droplets 

had varied initial moisture content which led to the different starting points of the 

activation energy curves, the trend of the four master curves was generally similar, 

which can be divided into three stages. During the initial stage of drying, the activation 

energy of all the droplets rose slowly against the water evaporation for a short time. 

The normalized activation energy of M1 (21%) and GA (21%) droplets stayed low from 

the beginning to the droplet moisture content around 4 kg/kg (dry basis), while that for 
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M1 (28%) and M3 (28%) droplets were not notably observed. This observation 

indicated that the “energy barrier” at the first drying stage was low and moisture 

removal of droplets (21%) can freely occur. This flat period did not last long, as the 

∆Ev/∆Ev,b  showed a continuous increase as the drying continued, representing the 

increased difficulty for water evaporation from the droplets. Past studies reported that 

the initial solid concentration of the droplets played a key role in influencing the 

activation energy during SDD (Chen, 2008; Fu, Woo, Lin, et al., 2011). In this study, 

there was less free moisture to be removed in the M1 (28%) and M3 (28%) droplets 

than those in the M1 (21%) and GA (21%), and this trend was reflected by the different 

duration of the first drying stage on the master activation energy curves.  As drying 

progressed, in the second stage, solid structure gradually formed, which meant that 

more energy was required to remove the moisture from the semi-dried particle 

compared to the initial drying stage. The ∆Ev/∆Ev,b  of the M1 (28%) and M3 (28%) 

droplets continuously increased after losing 10% to 15% moisture (around 3.2 kg/kg), 

while this increasing trend occurred after losing about 20-25% water (around 4 kg/kg) 

for the M1 (21%) and GA (21%) droplets. As the solid structure of particle gradually 

formed at the final drying stage, the activation energy drastically rose up till the 

particle’s moisture content reached the equilibrium. This phenomenon was due to the 

greater difficulty in removing residual water from the particle compared to that in the 

previous drying stage. The activation energy curves obtained in this study were similar 

to those reported previously including the studies with skim milk at initial 

concentrations of 20 wt% and 30 wt% (Chen & Lin, 2005), glucose at initial (X - Xb) of 

2.29 kg/kg (Che et al., 2012), and milk protein concentrate at 21.5 wt% (Chew et al., 

2014).  
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Fig. 4.3B also shows that the M3 (28%) curve is below the M1 (28%) curve at a 

given moisture content, indicating that the M3 droplets generally required lesser energy 

for moisture evaporation than the M1 droplets. It is worthwhile noticing that the 

formation of a surface crust by the M1 (28%) droplets occurred earlier than that of the 

M3 (28%) droplets (Fig. 4.2a1-a3).  As the surface crust contained little moisture with 

a high viscosity close to solid, it might increase the energy barrier for moisture 

evaporation; thus, droplets that showed initial surface crust formation at a later drying 

stage would require lower activation energy. This difference in the activation energy 

required for water evaporation might reflect that applying M3 as the wall material for 

spray drying will result in a faster moisture removal rate and thus save energy cost 

during drying, when compared to using M1 and GA as wall materials.  

 

Based on these results, the activation energy measured during drying of FNJ droplets 

containing MD or GA can be correlated to the instantaneous droplet moisture content 

at any given time. The relationship between ∆Ev/∆Ev,b and (X - Xb) was not influenced 

by the external drying conditions, so a general equation can be established to describe 

the drying behaviour for each type of FNJ droplets. The established relationship could 

be used to calculate the real-time drying rate (dm/dt) of FNJ droplets at any location in 

the spray dryer using Eq. (3) (Woo et al., 2008). In other words, this “fingerprint” for 

the drying behaviour of FNJ-encapsulating droplets relating ∆Ev/∆Ev,b to (X - Xb) can 

be applied for the simulation of spray drying in industrial scale, which could help 

control the properties of powder, optimize the drying parameters, and provide the basis 

to scale up the spray drying process. In addition, the similar characteristic of the four 

curves observed in Fig. 4.3B also indicates that the REA could be capable of predicting 
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the drying kinetics of different juice-encapsulating system using carbohydrate-based 

wall materials such as MD and GA.  
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Fig. 4.3. Normalized activation energy curves plotted against the moisture content (on dry basis) 

of droplets dried at different air temperatures (80, 90 and 100 °C). A: normalized activation 

curves; B: master activation energy curve obtained by fitting the experimental data to a 

polynomial model according to (Eq. 8-11). 
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M1, 21%: 

∆Ev

∆Ev,b
= (0.71647045+1.493771252X-0.020917148X2+0.192601955X3)-1                                                                (8) 

M1, 28%: 

∆Ev

∆Ev,b
= (0.824328522+0.105549387X+3.814658591X2-3.086109942X3+0.866056585X4)-1                   (9) 

M3, 28%: 

∆Ev

∆Ev,b
 = (0.96039002-0.343742522X+5.299534495X2-4.189225703X3+1.224650467X4)-1                       (10) 

GA, 21%: 

∆Ev

∆Ev,b
= (0.988305782+0.122504964X+2.444820062X2-1.336575166X3+0.294545285X4)-1                   (11) 

 

4.3.3. Shrinkage behaviour and models for FNJ droplets containing MD and GA  

To predict the drying kinetics for each type of droplets using the master activity 

energy curves established above, a shrinkage model that describes the reduction of 

droplet diameter during drying is necessary. The diameter reduction data (D/D0) was 

plotted against the decreasing moisture content (X - Xb) for each drying condition (Fig. 

4.4A), and a master diameter reduction curve representing the trend observed for all 

drying temperatures was established for each type of FNJ-encapsulating materials (Fig. 

4.4B). It was found that the resulting four master trends with varied wall materials and 

solid contents can be reasonably described with the following linear equations:  

M1, 21%:  

D/D0 = 0.0846X + 0.5943, R2 = 0.9809                                                                             (12) 

M1, 28%:  

D/D0 = 0.0955X + 0.6477, R2 = 0.9902                                                                             (13) 

M3, 28%: 

D/D0 = 0.1050X + 0.6260, R2 = 0.9926                                                                             (14) 

GA, 21%: 

D/D0 = 0.0815X + 0.5969, R2 = 0.9967, 0.26 < X - Xb < 5.3                                            (15a) 

D/D0 = -0.4587X + 0.7350, R2 = 0.8358, 0 < X - Xb < 0.26                                              (15b) 
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The four droplet shrinkage models in Fig. 4.4B showed that droplets with different 

solid contents demonstrated different trends of diameter reduction per unit water 

evaporation. The diameter reductions of M1 (21%), M1 (28%) and M3 (28%) were 

linearly correlated to the moisture removal at all three drying temperatures (80, 90 and 

100 °C). In addition, the M1 (28%) particles showed less shrinkage compared to the 

M3 particles with similar solid content and initial droplet volume, as evidenced by the 

bigger particle diameter of M1 (28%) particle (Fig. 4.4.2a1-a3). All MD particles 

showed relatively regular shrinkage behaviour, while the GA particles showed a 

transition point in the diameter reduction curves at the moisture content of 

approximately 0.26 (kg/kg, on dry basis). A reasonable description for the shrinkage 

behaviour of the GA particles could not be accomplished with a single linear equation; 

thus, two individual equations were used to represent the different shrinkage stages 

divided by the transition point. The occurrence of the transition indicated that the 

droplet being dried kept a relatively stable shrinkage rate at the initial drying stage, but 

the size of the semi-dried particle slightly bounced back when the droplet moisture 

content reached about 0.26 kg/kg. This phenomenon was most likely related to the 

expansion of internal bubbles in the semi-dried particle, which led to the formation of 

vacuoles and caused the slight increase in the size of FNJ particles containing GA. The 

slight inflation can be visually observed by the different shapes of GA droplets captured 

during the SDD process. Fig. 4.5a and 5b showed an example taken during drying of a 

GA droplet at 90 °C. The projected area of the particle obtained at the final drying stage 

was perceptibly larger than that captured at the transition time. This trend were further 

confirmed by scanning electron microscopy (SEM), which showed the presence of 

several vacuoles in the interior of the dried GA particles (Fig. 4.5A and B).  



96 

 

0 1 2 3 4 5
0.5

0.6

0.7

0.8

0.9

1.0

1.1

21%

80 C - M1, 21% 90 C - M1, 21% 100 C - M1, 21%

80 C - M1, 28% 90 C - M1, 28% 100 C - M1, 28%

80 C - M3, 28% 90 C - M3, 28% 100 C - M3, 28%

80 C - GA, 21% 90 C - GA, 21% 100 C - GA, 21%

D
/D

0

X - X
b
 (kg/kg)

28%

 

 

0 1 2 3 4 5
0.5

0.6

0.7

0.8

0.9

1.0

1.1

Y=-0.4587X+0.7350

R2=0.8358

Y=0.0846X+0.5943

R2=0.9809

Y=0.0815X+0.5969

R2=0.9967

Y=0.1050X+0.6260

R2=0.9926

 M1, 28%

 M3, 28%

 M1, 21%

 GA, 21%

 Linear model

D
/D

0

X - X
b
 (kg/kg)

Y=0.0955X+0.6477

R2=0.9902

 

 

Fig. 4.4. Normalized diameter reduction data plotted against the fitted droplet moisture content 

(kg/kg, on dry basis). 
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Fig. 4.5. The images of GA droplet showing changes in shape and microstructures of dried GA 

particles. Two static images were obtained at 190 s of drying (a: at transition point) and 360 s 

(b: at end of drying), respectively. The microstructures of dried GA particles were observed 

using scanning electron microscopy (SEM) (4700, Hitachi Ltd, Japan). The micrographs show 

the morphology of intact particle (A) at 80× magnification, and the morphology of the cross 

section of the particle (B) at the magnification of 100×.  
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4.3.4. Drying rate characteristics of FNJ droplet  

Droplet drying rate as affected by the drying temperature and the type of wall 

material were investigated (Fig. 4.6A and B). Droplets (M1, 28%) were dried at 

different temperatures (80, 90 and 100 °C) but at similar initial moisture content (Fig. 

4.6A). As drying progressed, the droplets dried at a higher temperature showed a higher 

drying rate as expected, and this is reflected by the sharper slope of the curves. The 

drying rate profiles of droplets containing MD and GA at 90 °C of drying are shown in 

Fig. 4.6B. The following trend was observed when comparing the drying rates of the 

four types of droplets: M3 (28%) > M1 (28%), GA (21%) > M1 (21%). During drying, 

evaporation took place at the droplet surface, which could produce a thin surface crust 

with higher solid concentration than the interior of the semi-dried particle; this thin 

surface crust might serve as a barrier that hindered moisture evaporation from the inner 

part of the droplet. The rate of surface crust formation was influenced by the 

composition of the droplet, i.e. the wall material and the core material. If a surface crust 

with poor water permeability was formed at a comparatively early drying stage, it could 

possibly impair the further water removal from the droplet. The different formation 

time of the droplet initial surface crust was reported to be responsible for the differences 

in the drying rate of droplets in other studies (Arai & Doi, 2012; Fernandes et al., 2014; 

Sadek et al., 2013; Wang et al., 2014). Based on the time required for surface crust 

formation of droplets consisted of different wall materials at similar concentration (Fig. 

4.4.2a1-a3), it is suggested that an earlier surface crust formation of the droplet will 

result in a slower drying rate (Fig. 4.6B). This observation was supported by the result 

obtained by Wang et al. (2014), who compared the drying rate of emulsion droplets 

containing whey protein concentrate and emulsified-starch at similar solid content 

(23.8%, w/w). 
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Fig. 4.6. Drying rate of FNJ droplet during convective air drying: (A) comparison among the 

three drying temperatures (80, 90 and 100 °C); (B) comparison among the different wall 

materials with different solid content.  
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4.4. Conclusion 

This study investigated the drying kinetics of fermented noni juice (FNJ) containing 

three wall materials, namely maltodextrin (M1 and M3) and gum acacia (GA) with two 

different solid contents (21% and 28%). The current attempt on investigating and 

modelling the drying process has significantly contributed to the fundamental 

knowledge of spray drying for development of spray-dried FNJ powder product. 

Results obtained from REA modelling indicated that these three wall materials could 

be successfully utilized in spray drying encapsulation of FNJ. The drying kinetics data 

obtained in the study can readily cooperate with computational fluid dynamics (CFD) 

for simulation of industrial spray drying operations of FNJ. These drying behaviours 

and REA modelling produced results that could be important for industrial scale-up. 

For further work (Chapter 5), the spray drying microencapsulation of FNJ will be 

implemented in pilot-scale, to examine the properties of spray dried powders formed 

by these three wall materials related to the different drying behaviours that have been 

revealed in this study and to validate the adequacy of the REA approach to mimic the 

spray drying in practice.  
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Symbols 

  hm mass transfer coefficient (m/s) 

A droplet surface area (m2) 

∆Ev apparent activation energy of evaporation (J/mol) 

m mass (kg) 

R gas constant, 8.314 (J/(mol K)) 

T temperature (K) 

t time (s) 

X average  moisture content on dry basis (kg/kg) 

D droplet diameter (m) 

Dv air-vapour mass diffusion coefficient 

Sh Sherwood number 

Re Reynolds number 

Sc Schmidt number 

Bi Biot number, dimensionless 

    

Greek letters 

ρv vapour density (kg/m3) 

    

Subscripts 

0 initial value 

b bulk air/equilibrium 

d droplet/particle 

s droplet/particle surface 

sat saturation 

v vaporization 
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Chapter 5  

Microencapsulation of fermented noni juice via 

micro-fluidic-jet spray drying: evaluation of 

powder properties and functionalities  
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5.1. Introduction 

Spray drying is a commonly used technique for microencapsulation of food 

ingredients because of its simple, fast and cost effective process of droplet-to-particle 

transition. Spray-dried juice powder has desirable properties for ease of transportation, 

storage and application in foods. This includes low moisture content, water activity (aw) 

and hygroscopicity, short dissolution time as well as high bulk density (ρb), glass 

transition temperature (Tg) and bioactive retention (Tontul & Topuz, 2017). Powder 

properties such as bulk density and bioactive retention are closely related to the 

microstructure characteristics of the microcapsules produced during drying. Factors 

including the type of core materials such as bioactive compounds/oils, the wall 

materials selected and the drying conditions e.g. inlet and outlet temperatures, flow rate, 

type of atomiser, can all affect the microstructure of microcapsules produced.  

 

FNJ contains sugars and organic acids which can cause stickiness and wall 

deposition issues, making spray drying of FNJ a challenge. These sugars are low-

molecular-weight components having low glass transition temperatures (Tg). 

Hydrocolloids based materials such as MD and GA have been applied successfully in 

the spray drying microencapsulation of fruit/vegetable juices to reduce powder 

stickiness and hygroscopicity (Tontul & Topuz, 2017). The high-molecular-weight 

materials of MD and GA each have their own advantages when used in spray drying of 

juices (Gharsallaoui et al., 2007). MD is one of the popular wall materials used in spray 

drying microencapsulation, due to its relatively low cost and fast reconstitution property. 

GA on the other hand, has a better film forming ability than MD, which is another 

desirable wall material capable of producing powders with good flowability and 

protection for sensitive compounds (Jafari et al., 2008). Difference in the properties of 
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these two hydrocolloids can lead to a specific droplet-to-particle process, which was 

previously discovered in the microcosmic studies using single droplet drying (SDD) 

technique, to explore the mechanism of FNJ spray drying microencapsulation (Chapter 

3), and to unveil the drying kinetics using the Reaction Engineering Approach (REA) 

mathematical modelling (Chapter 4). As such, the above studies had provided the 

qualitative and quantitative insight on the relation of drying histories experienced by a 

single droplet and the properties of final microcapsules produced. Following those 

observations, a pilot-scale spray drying of FNJ using the same hydrocolloids (MD and 

GA) as wall materials is necessary to investigate the adequacy of SDD in describing 

the particle drying behaviour and powder properties to those occur in the actual spray 

drying operation. 

 

Micro-fluidic-jet-spray-dryer (MFJSD) is a novel spray dryer that is used to produce 

monodisperse microcapsules with uniform particle size, shape and morphology (Wu, 

Amelia, et al., 2011). Unlike conventional spray dryers which produce microcapsules 

in a wide range of sizes, the MFJSD produces droplets with monodispersity in size and 

unveils more defined droplet-to-particle processes (Wu, Amelia, et al., 2011). Due to 

these advantages, the MFJSD is an ideal choice to investigate the particle formation 

and its relation to physicochemical properties, structure and functionalities of 

microcapsules as reported in this study. MFJSD has previously been used in the pilot-

scale spray drying microencapsulation of DHA containing fish oil (Wang et al., 2016), 

probiotics with calcium-containing protectant (Su et al., 2018), and co-encapsulation of 

coenzyme Q10 and Vitamin E (Huang, Quek, Fu, Wu, & Chen, 2019). However, 

MFJSD has not yet been applied to a juice system.  
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This study aimed to examine the pilot-scale spray drying microencapsulation of FNJ, 

by investigating the properties and functionalities of the spray-dried powder containing 

different wall materials, applying the MFJSD. The effects of wall materials on the 

characteristics of the microencapsulated FNJ microcapsules were investigated by 

comparing the wall material types and the core to wall materials ratio during spray 

drying. By conducting the pilot-scale micro-fluidic-jet spray drying, the 

physicochemical properties, microstructures, droplet-to-particle process and bioactive 

stability of microcapsules were studied.  

 

5.2. Materials and methods 

5.2.1. Materials 

Commercial FNJ was obtained from a local health store (Auckland, New Zealand). 

Maltodextrins (M1, 10-13 DE; M3, 17-20 DE) were kindly provided by Ingredion 

Singapore Pte Ltd. (Singapore, Singapore), while gum acacia (GA) was obtained from 

Hawkins Watts Ltd. (Auckland, New Zealand). Chemical standards of 

deacetylasperulosidic acid (DAA) and asperulosidic acid (AA) used for High 

Performance Liquid Chromatography (HPLC) analysis were purchased from Chengdu 

Biopurify Phytochemicals Ltd (Chengdu, China). ABTS diammonium salt used for 

total antioxidant capacity (TAC) analysis was purchased from Abcam (Cambridge, 

UK), while the standard, (±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic 

acid (Trolox), was obtained from Sigma-Aldrich (St. Louis, USA). Gallic acid used for 

total phenolic content (TPC) determination was purchased from Sigma-Aldrich (St. 

Louis, USA). Milli-Q grade water was used in the experiments. 
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5.2.2. Preparation of feed solutions for spray drying 

Each wall material (M1, M3 and GA) was individually mixed with FNJ (with 7.0 ± 

0.2% solid content) to achieve the total solid content of 21% and 28% for M1, 28% for 

M3 and 21% (w/v) for GA in the final feed solution, which were equivalent to wall 

material to core material ratio (w/w) of 2:1 and 3:1, respectively. The samples were 

assigned the following codes: M1 (21%), M1 (28%), M3 (28%) and GA (21%). The 

mixtures were stirred at 1000 rpm at room temperature till the wall material was fully 

dissolved, then filtered using a qualitative filter paper (Size 70 mm, Grade MS 2) prior 

to spray drying. 

 

5.2.3. Spray drying process 

The powder samples were produced using a MFJSD (Dong-Concept New Material 

Technology Co. Ltd., Nantong, China), which has been described in detail by Wu, 

Amelia, et al. (2011). Mono-disperse droplets from the feed solution was generated by 

a specially designed micro-fluidic aerosol nozzle with an orifice diameter of 75 μm. 

The flow rate for droplet dispersion was adjusted to achieve the best mono-disperse 

droplets formation (Wu, Lin, et al., 2011). The nozzle driving frequency was 10 kHz 

and the pressure of compressed air applied for driving the feed solution to the nozzle 

was 0.35 ± 0.05 kg/cm2. In this experiment, an inlet temperature of 170 ± 2 °C (with 

outlet temperature of 90 ± 2 °C) was used for spray drying.  
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5.2.4. Physiochemical properties of samples  

5.2.4.1. Moisture content 

The moisture content of the powder was determined gravimetrically by drying in an 

oven at 105 °C until constant weight was achieved.  

 

5.2.4.2. Water activity 

The water activity (aw) of the powder was measured using a water activity meter 

(model AQUALAB 4TE, USA) at 25 °C. 

 

5.2.4.3. Tapped bulk density  

Tapped bulk density (ρb) was determined according to the method described by 

Finney, Buffo, and Reineccius (2002) with modifications. Briefly, powder (about 2 g) 

was weighed and gently transferred to a 10 mL dry graduated cylinder. The cylinder 

was then manually tapped 200 times by lifting it to a height of 1-2 cm and dropping 

under its own weight. The tapped bulk density was calculated as the mass of the powder 

(m) divided by the final volume (v) of the powder occupied in the cylinder, m/v (g/mL).   

 

5.2.4.4. Particle size  

The particle size of the dry powder was measured using a laser light diffraction 

particle size analyser (Mastersizer 2000, Malvern Instruments, Malvern, UK). A small 

amount (about 0.5-1.0 g) of dry powder sample was suspended in propan-2-ol (AR, 

99.5%) under magnetic agitation. The particle size distribution was determined during 
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each measurement until consistent for consecutive readings. The particle size was 

expressed as the volume weighted mean diameter (D [4, 3]).  

 

5.2.4.5. Dissolution time  

The dissolution time of each powder sample was determined according to Takeiti et 

al. (2010), with modifications. Briefly, the powder sample (1.0 g) was poured into 

distilled water (25 mL) in a 50 mL beaker at room temperature (22 °C) and stirred at 

500 rpm using a stir bar (6 × 25 mm). Time required to completely dissolve each powder 

sample was recorded by a stopwatch and recorded as the dissolution time.  

 

5.2.4.6. Glass transition temperature (Tg) 

The Tg of the powder was analysed using a differential scanning calorimeter (DSC) 

(Q1000 Series, TA Instruments, New Castle, USA). Powder sample (7 – 9 mg) was 

accurately weighed in an aluminium pan, and an empty aluminium pan was served as 

the control. The DSC scanning programme was as follows: 1) cooling from room 

temperature to – 10 °C; 2) isothermal at – 10 °C for 2 min; 3) heating from – 10 °C to 

120 °C at constant heating rate of 10 °C/min. Nitrogen was applied as a protective gas. 

The Tg value was expressed as the average of the onset and end-point values.  

 

5.2.4.7. Hygroscopicity 

Hygroscopicity analysis was carried out according to Janiszewska-Turak et al. 

(2017), with modifications. In brief, sample (1.0 g) was weighed in a Petri dish with 55 

mm in diameter, and slightly shaken so that it formed a thin bed. The Petri dish was 

then placed in a desiccator filled with distilled water (aw=1) at room temperature 
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(22 °C). The desiccator was equilibrated for 24 h before use. Each sample was then 

accurately weighed at 0, 2, 4, 6, 8, 10, 12, 15 and 24 h. Hygroscopicity was expressed 

as g of adsorbed water per 100 g of dry matter (g/100 g).  

 

5.2.4.8. Attenuated total reflection - Fourier transform infrared spectroscopy 

(ATR-FTIR) spectra analysis 

The change in molecular structure of the wall materials after spray drying were 

characterized by ATR-FTIR analysis. The spectra was collected in the infrared range 

between 4000 – 400 cm-1 using a VERTEX 70 FTIR spectrometer (Bruker Optics, 

Billerica, USA).  

 

5.2.4.9. X-ray diffraction (XRD) analysis 

The XRD characteristics of spray-dried FNJ powders was studied using a 

PANalytical EMPYREAN X-ray Diffractometer (Almelo, The Netherlands). The 

instrument was operated at 45 kV with a target current of 40 mA. The powder samples 

were scanned at angles from 5° to 60° in 2θ with the step size of 0.0131° and the scan 

step time of 50 s.  

 

5.2.5. Morphological observation  

The morphology of the powder was observed using scanning electron microscopy 

(SEM) (TM3030Plus, Hitachi Ltd, Japan). The powders obtained after spray drying 

were attached on a conducting carbon tape fixed on an aluminium stub and sputter 

coated with gold. Cross section samples were obtained by cutting the particles using a 

surgical knife blade. The SEM was operated at 15 kV with magnification of 500 - 2000×.  
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5.2.6. Bioactive stability 

5.2.6.1. Deacetylasperulosidic acid (DAA), asperulosidic acid (AA), total phenolic 

content (TPC) and total antioxidant capacity (TAC) retention of powder after 

spray drying 

DAA and AA were determined by HPLC. Briefly, chromatographic separation was 

performed on a HP 1100 HPLC (Agilent Technologies, Wilmington, USA) equipped 

with a ZORBAX Bonus-RP reverse phase column (4.6 × 250 mm, 5 μm, Agilent 

Technologies, Wilmington, USA). Two mobile phases: A, 0.1% formic acid in water 

(v/v), and B, 100% acetonitrile, were used with the elution flow rate of 1.0 mL/min. 

The mobile phase was programmed consecutively in linear gradients as follows: 0 min, 

98% A (2% B); 8 min, 98% A (2% B); 25 min, 85% A (15% B); 26 min, 10% A (90% 

B); 40 min, 10% A (90% B); 41 min, 98% A (2% B); 50 min, 98% A (2% B); The UV 

λmax of 237 nm was used for detection of DAA and AA. The injection volume for each 

sample solution was 10 μL. The solution containing DAA (0.200 mg/mL) and AA 

(0.204 mg/mL) standards with different concentrations (0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 

mg/mL) were prepared in methanol and used to construct a standard curve for the assay 

(R2 = 0.999). The individual DAA and AA content were calculated using the standard 

curve established previously. The iridoids content was calculated as the total content of 

DAA and AA. 

 

The ABTS assay was used to evaluate the TAC of samples according to the method 

of Ozgen, Reese, Tulio, Scheerens, and Miller (2006) with modifications. Briefly, the 

ABTS was prepared by mixing 7 mM ABTS solution (in 20 mM acetate buffer, pH 
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4.5) with 2.45 mM potassium persulfate with the proportion of 1:1. The mixture was 

then left at room temperature for 12 – 16 h in a dark place. The ABTS solution was 

diluted using the acetate buffer to adjust the absorbance to 0.70 ± 0.01 at 734 nm. A 

190 μL aliquot of diluted ABTS solution was added to 10 μL of each appropriately 

diluted sample in triplicate, and left in a 96-well microplate to react for 60 min. After 

60 min, the absorbance was measured using a EnSpire® Multimode Plate Reader 

(PerkinElmer Inc, Waltham, USA) at 734 nm. Trolox solutions with different 

concentrations (0, 0.05, 0.1, 0.2, 0.3, 0.4 mM) were prepared in ethanol and used to 

construct a standard curve for the assay (R2 = 0.999).The control consisted of 10 μL of 

ethanol and 190 μL of diluted ABTS solution. The antioxidant capacity was expressed 

as μmol trolox equivalents (TE)/mL using the standard curve established previously.  

 

The TPC of samples were determined using the Folin-Ciocalteu assay (Tang et al., 

2015). In brief, 125 μL of 10-fold fresh Folin-Ciocalteu phenol reagent was added to 

25 μL of each appropriately diluted sample in a 96-well plate in triplicates to react for 

10 mins. Thereafter, 125 μL of 7.5% (w/v) sodium carbonate was added to each of the 

previous mixture to react for 60 min, and the absorbance was measured using a 

EnSpire® Multimode Plate Reader at 765 nm. Gallic acid solutions with different 

concentrations (0, 0.05, 0.1, 0.2, 0.4, 0.6 mM) were prepared in water and were used to 

construct a standard curve for the assay (R2 = 0.999). The TPC was expressed as μmol 

gallic acid equivalents (GE)/mL using the standard curve established previously. 

Because of the large number of components that interfere with the Folin-Ciocalteu 

assay, this is only an approximate method for determining total phenols.  
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The spray-dried powders were rehydrated to achieve the similar solid concentration 

of the corresponding feed solution. The retention of iridoids, TPC and TAC after spray 

drying were calculated according to the following formulas:  

 

Iridoids retention (%)=
DAA/AA in rehydrated solution (mg 100⁄ mL)

DAA AA⁄ in feed solution (mg 100⁄ mL)
×100 

TPC retention (%)=
TPC in rehydrated solution (μmol GE mL)⁄

TPC in feed solution (μmol GE mL)⁄
×100 

TAC retention (%)=
TAC in rehydrated solution (μmol TE mL)⁄

TAC in feed solution (μmol TE mL)⁄
×100 

 

5.2.6.2. Stability of bioactives during storage 

Each powder sample (2 g) obtained after spray drying was transferred to a 10 mL 

centrifuge tube. The samples were stored in two desiccators with silica gel for 84 days 

at refrigerator (4 °C) and room temperature (22 °C), respectively. The DAA, AA, TPC 

and TAC were determined every two weeks according to the section 5.2.6.1.  

 

5.2.7. Statistical analysis  

All experiments and analyses were conducted in triplicate. Furthermore, a one-way 

ANOVA was conducted using SPSS 23 to investigate the statistical differences of mean 

values. Data is considered to be significantly different when p < 0.05.  

 

(2) 

(3) 

(1) 
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5.3. Results and discussion  

5.3.1. Physicochemical properties of FNJ powders  

5.3.1.1. Moisture content and water activity  

The moisture content of the powders ranged from 5.00% to 6.22% (Table 5.1), with 

no significant difference between samples. Similar moisture content level of spray-

dried juice powder was reported in the study of Ostroschi et al. (2018). Water activity 

(aw) is a crucial index related to the shelf-life of dry powders, because it measures the 

available free water in food systems which is responsible for the microbial growth 

(Fennema, 1996). A food system with aw < 0.3 is normally considered to have a high 

bacterial stability (Janiszewska-Turak et al., 2017; Shi et al., 2013; Tonon, Brabet, 

Pallet, Brat, & Hubinger, 2009). As shown in Table 5.1, the aw of all the powders ranged 

from 0.20 to 0.24, and the differences between samples were not significant. Similar aw 

values were obtained by Ferrari et al. (2013), in their study with blackberry containing 

MD and GA. 

 

5.3.1.2. Particle size  

Particle size is an important physical factor for the spray-dried powder due to its big 

impact on the powders flowability, portability and bioactives retention (Jafari et al., 

2008). It can be seen (Table 5.1) that the particle sizes of the four samples were 

significantly different (p < 0.05). The FNJ powders produced with M1 (28%) had the 

biggest particle size of 107.42 μm, followed by M3 (28%), GA (21%) and M1 (21%). 

The size of particle encapsulated with M1 (10-12 DE) was significantly larger (p < 0.05) 

than that produced with M3 (17-20 DE) at the same solid content of 28%, indicating 

the effect of DE value of MD on particle size. The maltodextrin M3 (17-20 DE) has a 
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higher hydrolysis degree, and thus having shorter molecular chains than the M1 (10-13 

DE). This could explain why the M3 produced particles with smaller size compared 

with the M1. As expected, the M1 particles, with a higher solid content (28%), showed 

a larger particle size than those with lower solid content (21%). Similar observations 

were reported in previous studies on spray drying of fruit juices (Ferrari et al., 2012; 

Tonon et al., 2009; Tonon et al., 2011). Current results confirm our earlier prediction 

about particle size of samples obtained from these hydrocolloids using SDD technique 

(Zhang et al., 2019b).  

 

5.3.1.3. Tapped bulk density  

Tapped bulk density is an important parameter which is correlated to the packaging, 

transportation and marketing of dry powders (Fernandes et al., 2014). Powders with a 

higher tapped bulk density are desirable as they occupy a relatively smaller packaging 

volume than those with lower tapped bulk density, thus reducing packing and shipping 

costs. The M3 (28%) powder was found to have the highest tapped bulk density (0.820 

g/mL) among the four samples (p < 0.05), followed by those produced with M1 (21% 

and 28%) and GA (21%) (Table 5.1). These results indicated that a lower solid content 

(21%) could result in a higher tapped bulk density in powders produced despite having 

similar wall material in the case of M1. This can be explained by droplets with a lower 

solid content (21%) forming smaller particles than those with a higher solid content 

(28%). This phenomenon was supported by previous studies on spray drying of fruit 

juices with similar hydrocolloid wall materials (Fazaeli et al., 2012; Goula & 

Adamopoulos, 2008; Yousefi et al., 2011).  

 



115 

 

Comparing the M1 and M3 powders, the M3 powder gave a higher tapped bulk 

density than the M1 powder at the same solid content (28%). This is most likely due to 

the M3 powder produced smaller particle size and smoother surface morphology (Fig. 

5.4) than the M1 powder. Thus, the interspaces between particles were minimised 

during the shaking test, resulting in a higher bulk density. On the other hand, the GA 

powder had a lower tapped bulk density compared to the M1 and M3 powders. This 

could be due to the differences in the surface morphology of these powders. GA powder 

had a wrinkled surface with thicker indentations than the M1 and M3 particles (Fig. 

5.4). The more severely wrinkled surface, the greater the interspace between particles, 

leading to a lower bulk density. The observations on tapped bulk density in this study 

were in agreement with Tonon et al. (2011)’s work on spray-dried acai powder using 

MD (10 and 20 DE) and GA. Current results confirm our earlier prediction in SDD, in 

which the GA particle was predicted to have a lower bulk density than the MD particles 

(Zhang et al., 2019b).  

 

5.3.1.4. Dissolution time 

The dissolution time represents the reconstitution capacity of spray-dried powder in 

a liquid, which is a key factor to evaluate the quality of spray-dried powder. A higher 

dissolution rate is more desirable, as this means a shorter reconstitution time for the 

powder. The FNJ powder produced with GA (21%) presented a significant longer 

reconstitution time (257 s) than those encapsulated with MD (p < 0.05) (Table 5.1). 

Comparing the powders encapsulated with MD, the M3 powder showed a significantly 

faster dissolution time (38 s) than those of M1 (21%) (65 s) and M1 (28%) (54 s) (p < 

0.05), indicating the more rapid dissolution of M3 powders. Our earlier study (Zhang 

et al., 2019b) revealed that the FNJ particle containing M3 showed a faster rehydration 
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rate in a single water droplet than those encapsulated with M1 and GA. This finding is 

supported by current observation as the M3 is clearly having the shortest dissolution 

time (Table 5.1). Comparing the M1 powders, the results showed that the dissolution 

time decreased with the DE value of MD, due to higher hydrophilicity (Phisut, 2012). 

Overall, the GA powder had a much lower dissolution rate than the MD samples, 

indicating the suitability of the latter as wall material for FNJ microencapsulation.  

 

5.3.1.5. Glass transition temperature (Tg) 

Tg is an essential indicator for assessing the stickiness of the spray-dried powder. It 

has been reported that the Tg of a shelf-stable product should be 20 °C higher than the 

ambient storage temperature (Franks, 1994). High Tg value is desired as it indicates 

reduced stickiness in juice used for microencapsulation. The Tg values of spray-dried 

FNJ powder varied between 47.33 °C and 54.81 °C (Table 5.1), and were significantly 

affected by the type and concentration of wall materials (p < 0.05). Comparing the Tg 

values between powders with similar solid content, the GA (21%) powder showed a 

higher Tg value than the M1 (21%) powder, and the Tg of M1 (28%) powder was higher 

than M3 (28%) powder. Based on this, the following trend was obtained when 

comparing the Tg values of FNJ powder produced with different hydrocolloids: GA > 

M1 > M3. It has been established that the Tg of dry powder could be positively 

influenced by the molecular weight, especially for carbohydrate-based wall materials 

(Roos & Karel, 1991). GA had the greatest molecular weight among these three 

hydrocolloids, followed by M1 and M3. Thus, it is not surprising to see GA, which has 

the greatest molecular weight among the three hydrocolloids of showing the highest Tg 

value, followed by M1 and M3 according to their molecular weight.  



117 

 

 

The results also showed that powders with a higher concentration of wall material 

(M1, 28%) had a significant higher Tg value than that produced at lower concentration 

(M1, 21%) (p < 0.05). This could be attributed to the decreased concentration of the 

low molecular weight sugars and organic acids in the dry powder (M1, 28%). Results 

from Can Karaca, Guzel, and Ak (2016) showed that Tg of the spray-dried sour cherry 

powder containing maltodextrin (12 DE) was reduced by 57 °C as the dry mass of wall 

material decreased from 75% to 50%. The same study also revealed that the sour cherry 

powder obtained using gum Arabic as wall material showed a higher Tg than those 

produced with maltodextrin (6 DE and 12 DE), in agreement with the results observed 

in this study.  

 

Table 5.1. Properties of the spray-dried FNJ powders produced with different hydrocolloids 

Properties1 M1 (21%) M1 (28%) M3 (28%) GA (21%) 

Moisture content (%) 6.22 ± 0.59a 5.00 ± 0.56a 5.42 ± 0.03a 6.06 ± 0.08a 

aw 0.24 ± 0.04a 0.20 ± 0.03a 0.24 ± 0.02a 0.20 ± 0.01a 

ρb (g/mL) 0.72 ± 0.01b 0.69 ± 0.01ab 0.82 ± 0.02c 0.67 ± 0.02a 

PS, D [4, 3] (μm) 97.93 ± 1.97a 107.42 ± 2.84c 102.89 ± 0.98b 99.11 ± 1.28a 

Dissolution time (s) 65 ± 4aB 54 ± 9aB 38 ± 4aA 257 ± 28b 

Tg (°C) 47.33 ± 0.41a 54.81 ± 0.40c 51.61 ± 0.18b 54.71 ± 0.38c 

Values are mean ± SD. Different letters in the same raw represent significant difference (p < 

0.05).  

Capital letters A and B represent significant difference in dissolution time between M1 and M3 

samples.  

1 aw: water activity, ρb: bulk density, PS: particle size, Tg: glass transition temperature.  
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5.3.1.6. Hygroscopicity  

Hygroscopicity is generally used to investigate the capacity of food powder to absorb 

moisture from the ambient environment, which is an important criteria to evaluate 

powder quality. Higher hygroscopicity is undesired for powder products as it indicates 

the ease of sample to absorb moisture from the surroundings, causing stickiness and 

caking during shelf-time (Goula & Adamopoulos, 2008). We studied the hygroscopic 

capacity of FNJ powder encapsulated by MD and GA at ambient aw of 1 for 24 h. 

According to the moisture absorption kinetics (Fig. 5.1A), the M3 (28%) powder 

exhibited a higher hygroscopicity (25.3 g H2O/100 g dry weight), followed by the GA 

(21%), M1 (21%) and M1 (28%) powders with water absorption of 22.7, 20.7 and 19.4 

g H2O/100 g dry weight, respectively. These results indicated that the hygroscopicity 

of spray-dried FNJ powder was significantly affected (p < 0.05) by the types of 

hydrocolloids applied for microencapsulation followed the below trend: M3 > GA > 

M1. Similar observations were also evident in other studies related to 

microencapsulated carrot juice powder (Janiszewska-Turak et al., 2017) and acai juice 

powder (Tonon et al., 2009; Tonon et al., 2011).  

 

Fig. 5.1B shows the changes in the appearance of FNJ powder as observed during 

the water absorption process, which was well correlated to the kinetic results presented 

in Fig. 5.1A. Comparing all powder samples, FNJ powder produced with M3 showed 

an evident wetting behaviour at 8 h of the experiment, while this phenomenon was not 

observed until after 15 h for the M1 (21% and 28%) and GA (21%) powders. Further 

observation on the M1 (21% and 28%) and GA (21%) powders at 15 h, only the M1 

(28%) powder was observed to have partial wetting behaviour. As moisture absorption 

continued, the particle structure of the M3 (28%) powders collapsed and turned into a 
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glue-like substance at 12 h, however, the complete transformation of powder-to-liquid 

were not apparently observed on the other three types of powders until after 24 h of the 

investigation.  

 

 Differences in the moisture absorption capacity of FNJ powders as observed above 

could be linked to the chemical structure of each wall material used for 

microencapsulation. Moisture absorption could be facilitated by hydrogen bonding 

between the water molecules and the hydroxyl-rich regions in the amorphous or 

crystalline regions of the powder. Therefore, molecules with more hydrophilic groups 

will enhance moisture absorption. As explained earlier, M3 has a higher DE (17-20) 

compared to M1 (10-13 DE), thus exhibited more hydrophilic groups in its molecular 

structure. In addition, M3 powder was found to have a smaller particle size (section 

5.3.1.2) than M1 at similar total solid content, giving a relatively larger surface area to 

volume ratio exposed to environment for moisture absorption. This gives an 

explanation for the higher hygroscopicity in M3 powders than M1. Similarly, GA has 

a larger molecular size and carries a number of ramifications with hydrophilic groups 

which could easily absorb moisture from the surrounding air, thus showing higher 

hygroscopicity than the M1 powder.  

 

Looking at the effect of solid content, the hygroscopicity of FNJ powder with higher 

solid content (M1, 28%) was slightly lower than that with lower solid content (M1, 

21%). Similar findings have been previously reported in microencapsulation of jujube 

juice (Chen et al., 2014), sapodilla juice (Chong & Wong, 2015) and sour cherry juice 

(Moghaddam, Pero, & Askari, 2017). While the M1 (28%) powders had significant 
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bigger particle size than those of M1 (21%), particle size may be accounted for the 

differences in hygroscopicity of these two types of samples due to the surface area to 

volume effect as explained above. Overall, based on hygroscopicity, M1 and GA could 

be the better choice for FNJ microencapsulation than the M3.  
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Fig. 5.1. Observation of hygroscopic properties of spray-dried FNJ powders containing 

different wall materials. A: Moisture absorption kinetics of FNJ powder; B: Changes in the 

appearance of FNJ powder during the moisture absorption process.  
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5.3.1.7. ATR-FTIR characterization  

The changes in the molecular structure of the hydrocolloids applied in the spray 

drying microencapsulation can be identified by observing the changes of peaks within 

the studied region of FTIR spectra. Fig. 5.2 shows FTIR spectra of the powders 

containing MD and GA. The strong absorption band around 3330 cm-1 was due to the 

stretching vibration of OH bonds, while the band around 2910 cm-1 was due to the C-H 

sp3 bond stretching. There were two bands around 1630 cm-1 (MD) and 1600 cm-1 (GA), 

caused by the stretching of -C=O groups. The band at around 1415 cm-1 (GA) was due 

to the C-H bending bands. The absorption at 1148 cm-1 was due to the C-O bending 

vibration. Bands at 1077 cm-1 (MD) and 1016 cm-1 (MD and GA) were due to C-O bond 

stretching. The band at 928 cm-1 for MD samples was caused by C-O-C stretching of 

glycosidic bonds, while the stretching observed around 845 cm-1 was due to the out-of-

plane bending of CH2 bonds (Ballesteros, Ramirez, Orrego, Teixeira, & Mussatto, 2017; 

Zhang et al., 2018). Based on the results, there were no evident changes of functional 

groups between wall materials before and after microencapsulation of FNJ.  
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Fig. 5.2. ATR-FTIR spectra of the pure wall materials and the spray-dried FNJ powders. M1 

(21 and 28%), M3 (28%) and GA (21%) represent the encapsulated FNJ samples. M1, M3 and 

GA represent the control samples. 
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5.3.1.8. Crystallinity of spray-dried powders 

XRD was applied to identify the crystalline-amorphous state of the powder after 

spray drying. Generally, the crystalline product shows a series of sharp peaks, while the 

amorphous material exhibits a diffused and broad background pattern. As shown in Fig. 

5.3, the powder samples containing MD and GA have amorphous structures with 

possible presence of very small crystalline structures formation, as evidenced by the 

diffuse and broad peaks. This result was most likely due to the relatively short drying 

process of low molecular weight sugars (e.g. fructose, sucrose and glucose) and the 

organic acid present in FNJ, as there were insufficient rapid drying period for the 

formation of a crystalline structure (Caparino et al., 2012). Apart from the possible 

adverse influence on the powder property of handling, the amorphous character can 

give a high dissolution rate of powder (Vladić et al., 2016), which is a desired property 

for spray-dried product.  

 

 

Fig. 5.3. X-ray diffraction patterns of the spray-dried FNJ powders containing different 

hydrocolloids. 
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5.3.2. Microstructures of FNJ microcapsules 

The microstructures of the FNJ microcapsules produced with M1, M3 and GA as 

wall materials are shown in Fig. 5.4. The microcapsules were discrete and exhibited 

uniformity in particle size and morphology (Fig. 5.4, column 1), distinct from the 

powders produced by the spray dryer equipped with conventional atomisers (Ferrari et 

al., 2012; Kingwatee et al., 2015; Ostroschi et al., 2018). All types of microcapsules 

produced with M1, M3 and GA were observed to have irregular semi-spherical shapes 

with different surface features. 

 

The dried FNJ particles containing M1 with different solid contents (21% and 28%) 

showed similar surface morphology with irregular wrinkles (Fig. 5.4, A3, A4, B3 and 

B4), while the M3 (28%) microcapsules showed a non-homogeneous surface with 

relatively mild indentations (Fig. 5.4, C3 and C4). Compared to the particles containing 

M1 and M3, GA particles presented a severely wrinkled surface with bigger bulges and 

deeper indentations (Fig. 5.4, D3 and D4). Similar morphological features of 

microcapsules containing MD and GA were previously observed (Bicudo et al., 2015; 

Tonon et al., 2008). The morphological difference of particles is clearly attributed to 

the properties of wall materials and their concentrations used in this study as discussed 

in our previous study (Zhang et al., 2019b). Fig. 5.4 (column 2) shows the interior 

microstructure of the MD and GA microcapsules. The interior surfaces are relatively 

smoother compared to the exterior surface with some small vacuoles as observed. 

However, the inner cross section without vacuoles were also observed (images not 

shown), indicating that the interior structure of the particles could be non-uniform.    
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During spray drying, fluids undergo a droplet-to-particle process, and the drying 

behaviour and the final particle morphology are mainly dependent on the composition 

of the liquids and the drying conditions. The discussion from the particle formation 

process could be useful to give further insight into the relation of microstructure and 

wall material applied in this study. Generally, the droplet-to-particle process could be 

divided into five stages: 1) isotropic drying; 2) formation of a weak outer surface crust; 

3) the solidification of the crust; 4) buckling of the crust, and 5) formation of a final 

particle. The particle formation behaviour of FNJ droplets containing M1, M3 and GA 

during spray drying is proposed and presented in Fig. 5.5. At the initial stage of drying, 

the moisture evaporation occurred at the surface of the droplet at a relatively high rate, 

and the droplet surface isotropically receded towards the droplet centre. With the 

surface being saturated by the droplet solid fraction, a thin and weak crust gradually 

formed at the outer droplet surface. At the initial crust formation stage, droplets 

containing different compositions might have formed the crusts at a different drying 

time. The initial crust formation time of these stages for each individual samples were 

unveiled in our previous studies (Zhang et al., 2019b), showing that M1 (28%) droplet 

formed an earlier initial crust than the other three droplets, namely the M1 (21%), M3 

(28%) and GA (21%). The droplet continued to shrink as the formed initial outer crust 

gradually thickened. As the drying process continued, the outer crust of the semi-dried 

particle thickened. Simultaneously, the electrostatic force generated inside the particle 

helped to prevent further particle shrinkage. The fluid, however, continuously 

evaporated from the inside to the outside of the semi-dried particle. The gradually 

decreased liquid fraction volume caused decreased pressure inside the particle, which 

exerted a compressive capillary stress on the surface of the particle. When this stress 

became strong enough to overcome the electrostatic repulsion, the buckling behaviour 
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occurred (Sugiyama, Larsen, Kim, & Weitz, 2006), resulting in a buckled morphology 

of the final microcapsules which was observed in Fig. 5.4 (column 5). In spray drying, 

it is a common occurrence to see the buckled morphologies in dry microcapsules 

containing colloidal materials. This phenomenon has been previously reported by Wu, 

Amelia, et al. (2011) who studied spray drying of lactose mixed with silica 

nanoparticles using a MFJSD. A similar buckled behaviour was also observed by Fu et 

al. (2011) in spray drying of epigallocatechin gallate (EGCG) (1%, w/v) in water 

solution, and by Liu et al. (2013) in spray drying of alginate/silica composite.  

 

Despite the buckling observed in FNJ particles containing MD and GA, the 

morphology of the buckled surface showed some variations for different hydrocolloids 

(Fig. 5.4, column 5). The M1 (28%) particle (Fig. 5.4, B5) was found to have more 

remarkable wrinkles on the surface than the M1 (21%) particle (Fig. 5.4, A5), 

converging from the edge to the surface centre, while the M3 (28%) particle (Fig. 5.4, 

C5) exhibited a similar buckled surface characteristic to the M1 (28%) particle, 

however, with an asperous edge (Fig. 5.4, C5). Compared to the M1 and M3 particles, 

the GA particle was observed to have a distinctively different buckled morphology, 

showing a relatively smoother buckled surface (Fig. 5.4, D5). This difference is most 

likely due to the different properties of the hydrocolloids used for the FNJ 

microencapsulation. The M1 (28%) particle buckled earlier, thus receiving more 

repulsion force on the surface than the M1 (21%) particle, where more wrinkles on the 

buckled surface was observed. The obvious difference in the buckled surface 

morphology between GA and MD particles could be possibly due to the high molecular 

weight of GA resulting in a higher viscosity, as compared to the droplet with low 

viscosity. This results in the manifestation of a higher frictional resistance and pressure 
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resistance inside of the fluid preventing crumpling of the buckled surface during spray 

drying in GA. 
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Fig. 5.4. SEM micrographs showing microstructures of FNJ microcapsules containing different 

hydrocolloids. All the microcapsules in the same row have similar wall material and initial solid 

content (A: M1, 21%; B: M1, 28%; C: M3, 28%; D: GA, 21%). The micrographs for the first 

column shows the holistic morphology of different microcapsules at 500× magnification. The 

micrographs for the second column shows the interior microstructures of FNJ microcapsules 

containing different wall materials at 1000× magnification. The micrographs for the third and 

fourth columns show the surface morphologies of different microcapsules at 2000× and 5000× 

magnifications, while the micrographs for the fifth column shows the buckled surface 

morphologies of the FNJ microcapsules at the magnification of 1000×. Arrows in column 2 and 

5 show the vacuoles inside the particles and the buckled surfaces of the microcapsules. 
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Fig. 5.5. The proposed droplet-to-particle processes of droplets containing different 

hydrocolloids, related to the initial outer crust formation time and resultant particle morphology. 
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5.3.3. Bioactive stability 

5.3.3.1. Iridoids, total phenolic content (TPC) and total antioxidant capacity (TAC) 

retention after spray drying 

Iridoids are considered to be the most important phytochemical constituents in the 

noni fruit, which have been linked to a variety of health benefits in humans such as 

antibacterial, anticancer, anti-arthritic and antioxidant (Dinda, Debnath, & Harigaya, 

2007). DAA and AA were found as the two major iridoids in noni fruit. On the other 

hand, TPC and TAC are commonly used to evaluate the functionality of fruit products. 

Therefore, the iridoids (as total content of DAA and AA), TPC and TAC were selected 

to evaluate the bioactive functionality of the FNJ powder after spray drying and during 

storage.  

 

All the powders encapsulated with M1, M3 and GA were observed to lose only 2-

3% of iridoids after spray drying (Fig. 5.6), indicating that DAA and AA were very 

stable during spray drying. These results were also supported by Deng et al. (2011), 

who reported that DAA was stable under the pasteurisation process at 90 °C for 1 min.  

 

A significant increase (p < 0.05) in TPC and TAC in powders were observed after 

spray drying (Fig. 5.6). The phenolic compounds as antioxidants in GA powder showed 

the highest TPC increase of 17.9%, following by M1 (21%), M1 (28%) and M3 (28%) 

samples with the increased values of 10.9%, 7.5% and 6.2%, respectively. Similarly, 

the TAC of all the powders was also increased from 13.3% (M3, 28%) to 19.3 (M1, 

21%) after spray drying. These findings were similar to the work of Saikia, Mahnot, 

and Mahanta (2015), who studied the spray drying of Khasi mandarin orange juice 
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using 20% maltodextrin (≤ 20 DE). There are two possible explanations for the changes 

of TPC and TAC percentages after spray drying. Firstly, although phenolic compounds 

are generally less susceptible to heat compared to most bioactive compounds such as 

vitamin C, they could still be transformed and become more soluble or extractable in 

the extracting solvent after drying, resulting in the increase of TPC and TAC in 

quantification (Saikia et al., 2015). During the spray drying process, the FNJ droplet 

undergoes a droplet-to-particle process at a high drying temperature. This thermal 

energy generated during the drying process could cause cleavage of the phenolic-sugar 

glycosidic bonds to form phenolic aglycons, which could react with the Folin-

Ciocalteau (FC) reagent, result in an increase in the TPC value (Singleton, Orthofer, & 

Lamuela-Raventós, 1999). Secondly, the Maillard reaction, a non-enzymatic browning 

reaction between the carbonyl groups of reducing sugars and the ammonium 

compounds (amino acid and protein), could occur during heat treatment and this is 

inevitable during spray drying process. This reaction could induce the formation of 

antioxidant compounds, thus enhancing the TAC in the dry powders (Nicoli, Anese, 

Parpinel, Franceschi, & Lerici, 1997).  
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Fig. 5.6. Bioactive retention of powders after spray drying. 

A: DAA, AA and total iridoids (DAA + AA) retention; B: TPC retention; C: TAC retention. 
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5.3.3.2. Storage stability of bioactive compounds 

The changes of iridoids content, TPC and TAC in the spray-dried powders during 

storage at 4 °C and 22 °C were examined (Fig. 5.7). The initial iridoids contents were 

87.7, 75.1, 77.4 and 79.9 mg/100 mL, for the M1 (21%), M1 (28%), M3 (28%) and GA 

(21%), respectively. Generally, the iridoids contents of all powders showed an overall 

decreased trend during the 84 days of storage at 4 and 22 °C. The M1 (28%), M3 (28%) 

and GA (21%) powders lost about 9% iridoids, while the M1 (21%) sample lost about 

16% after end of storage at 4 °C. At 22 °C storage temperature, the GA (21%) and M1 

(21%) powder lost about 15% iridoids, while those in the M1 (28%) and M3 (28%) 

powders were about 9%. The results indicated that the FNJ powder produced with M1 

and M3 at a higher solid content (28%) gave better storage stability of iridoids than 

those produced with M1 and GA at a lower solid content (21%). This could be attributed 

to the smaller particle size of M1 (21%) and GA (21%) microcapsules than those of M1 

(28%) and M3 (28%) (Table 5.1). The greater exposed surface areas of smaller particles 

may facilitate faster degradation of iridoids. The effects of hydrocolloids type seems to 

have limited impact on the storage stability of iridoids. However, for the GA powder, 

the refrigerator temperature (4 °C) was found to be more beneficial in maintaining the 

iridoids than the room temperature (22 °C), as evidenced by about 6% higher retention 

in the powders after 84 days.  

 

The changes in TPC and TAC of the spray-dried powders throughout the 84 days of 

storage trial at 4 °C and 22 °C are shown in Fig. 5.7. Generally, all powders maintained 

high TPC retention (> 95%) after 84-day storage at both temperatures. Due to the good 

TPC stability during storage, the powders also showed good antioxidant capacity as 

evidenced by a slight significant increase (< 5%) in TAC after storage at both 
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temperatures. The results also indicated that the hydrocolloids and their concentrations 

had little effects on the stability of TPC and TAC during the 84-day storage at both 

temperatures. Presumably, the slight increase in TAC of all powders during storage is 

attributed to radical scavengers (e.g. 5-hydroxymethylfurfural, HMF) formed as 

intermediates during the Maillard reaction (Nicoli, Anese, & Parpinel, 1999; Pitalua, 

Jimenez, Vernon-Carter, & Beristain, 2010). On the other hand, the slow hydrolysis of 

phenolic compounds in spray-dried powders as discussed earlier (section 5.3.3.1), could 

be the other reason for the TAC increase. Current results were in agreement with 

previous studies on microencapsulated polyphenol extracts of black currant 

(Bakowska-Barczak & Kolodziejczyk, 2011), spray-dried blackberry powder (Ferrari 

et al., 2013), and spray-dried concentrated mate (Ilex paraguariensis A. St. Hil.) 

(Negrão-Murakami et al., 2017).  
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Fig. 5.7. Storage stability of iridoids, TPC and TAC in spray-dried powders. 
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5.4. Conclusion 

This study provided insights into the microencapsulation of FNJ with three 

hydrocolloid wall materials (M1, M3 and GA) using micro-fluidic-jet spray drying. The 

MFJSD was employed to explore the effects of different wall materials on the particle 

formation process and the properties, microstructures and bioactive stabilities of 

microcapsules. Overall, the results showed that M1 (28%) could be a promising wall 

material applied in spray drying of FNJ, as it produced microcapsules with better tapped 

bulk density, particle size, Tg and hygroscopicity than the other three powders namely 

the M1 (21%), M3 (28%) and GA (21%), and this result is in accordance with our 

previous SDD prediction. Despite the M3 powder was found to give a better dissolution 

rate and GA powder gave a better Tg, the higher hygroscopic property of M3 and the 

slower dissolution rate of GA could limit their application in microencapsulation of 

FNJ. The microstructure of the microcapsules was affected by both the type and 

concentration of wall materials. The particle formation process of FNJ microcapsules 

containing MD and GA was proposed to have five stages, including isotropical drying, 

crust formation, crust solidification, crust buckling and final particle formation. On the 

other hand, the bioactive functionalities (iridoids content, TPC and TAC) of powders 

were not evidently influenced by the type of hydrocolloid wall materials, and these were 

relatively stable after spray drying and during storage. 
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Chapter 6  

Exploring the effects of microencapsulation on 

odour retention of fermented noni juice   



139 

 

6.1. Introduction 

FNJ is known to contain an abundant amount of organic acids (Wall et al., 2018), 

which may be the primarily contributors to the unpleasant odour of FNJ, as many of the 

acids (e.g. hexanoic acid, octanoic acid and butanoic acid) have been related with strong 

sweat, cheese, faint and irritating odours (Burdock, 2016; Pino, Marquez, & Castro, 

2010; Wall et al., 2018). A number of other volatile compounds are present, including 

esters (methyl hexanoate, methyl octanoate, ethyl hexanoate, ethyl octanoate, butyl 

octanoate and ethyl decanoate), alcohols (3-methyl-3-buten-1-ol, 1-hexanol and 1-

octanol) and ketones (2-heptanone and 2-nonanone) as reported in literature (Pino, 2009; 

Wall et al., 2018). The overall perception of FNJ odour could be contributed by all the 

above volatile compounds. 

 

Spray drying and freeze drying techniques are conventional and commonly used 

techniques for microencapsulation. Spray drying is considered as a relatively simple, 

rapid and economical technique for food dehydration (Huang et al., 2019), while freeze 

drying is useful to provide products with higher retention of aroma and heat-sensitive 

compounds (Fang & Bhandari, 2012; Ishwarya & Anandharamakrishnan, 2015). Both 

drying methods have been reported to induce flavour loss when applied in fruits 

including durian (Chin et al., 2010), banana (Saha, Bucknall, Arcot, & Driscoll, 2018), 

and guava (Nunes et al., 2016). Volatile compounds are considered as the major 

contributors to the overall aroma of fruit juices (El Hadi, Zhang, Wu, Zhou, & Tao, 

2013). During the drying of juices, some of the key volatile compounds (such as acids, 

esters, and alcohols) may be lost, leading to a weakened aroma strength as well as a 

changed volatile profile (Choi, Lee, Kim, & Lim, 2017; Nunes et al., 2016). The loss 

of the volatile compounds is mainly dependent on the drying method, temperature 
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applied, concentration of wall materials used, and relative humidity during the 

microencapsulation process (Reineccius, 2004). Thus, optimization of drying 

conditions could be performed to limit or facilitate the loss of volatile compounds 

depending on requirement. In the case of FNJ, it would be beneficial to find out if the 

volatiles contributing to the unpleasant odour could be reduced via the spray drying or 

freeze drying microencapsulation. 

 

We had examined the drying mechanism and kinetics using the single droplet drying 

(SDD) technique to mimic the spray drying process of FNJ (Chapter 3 & 4; Zhang et 

al., 2019a,b). Subsequently, pilot-scale spray drying of FNJ, which was established 

based on the SDD investigations, was also conducted (Chapter 5). These earlier studies 

had indicated that maltodextrin (M1, 10-13 DE) was a desirable wall material for 

microencapsulation of FNJ. Based on this, it is of interest to study the volatile changes 

in the microencapsulated FNJ using M1 as wall material.   

 

In this study, we aimed to investigate the changes of key volatile compounds in FNJ, 

and to explore the volatiles profile of the microencapsulated powders after spray drying 

and freeze drying. The HS-SPME-GC-O-MS technique was performed to determine 

the volatile compounds in FNJ and its microencapsulated powder samples. Principal 

Component Analysis (PCA) was conducted to give insight into the differences of 

volatile compounds among various samples. While some of the key volatile compounds 

in noni fruit have been reported (Pino, Marquez, & Castro, 2009; Wei et al., 2011), to 

the best of our knowledge, no research has been undertaken to study the effects of 

microencapsulation on odour retention of fermented noni juice. Furthermore, previous 
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studies only used GC-MS to analyse the volatile compounds in noni fruit, focusing on 

the chemical perspective, but none have applied GC-O-MS technique to relate the 

volatiles identified by the instrumental analysis to those perceived by human sensory 

perception. 

 

6.2. Materials and methods 

6.2.1. Materials 

Commercial fermented noni juice (FNJ) was purchased from a local health store 

(Auckland, New Zealand). Maltodextrin (M1, 10-13 DE), the wall material for the 

microencapsulation of FNJ, was supplied by Ingredion Singapore Pte Ltd. (Singapore, 

Singapore).  

 

6.2.2. Chemical and reagents 

All standards (hexanoic acid, octanoic acid, 2-heptanone, ethyl hexanoate, methyl 

hexanoate, methyl octanoate, ethyl octanoate, ethyl butanoate, 2-nonanone, ethyl 

decanoate, ethyl methylbutyrate, 2-heptanol, ethyl isobutyrate, ethyl acetate; n-alkanes 

(C7–C30)) and internal standard (2-methyl-3-heptanone) were of chromatographic grade 

and were purchased from Sigma-Aldrich (St. Louis, USA). Other internal standards 

including ethyl hexanoate-d11, ethyl butyrate-4,4,4,-d3, 2-phenyl acetate-d13, n-hexyl-

2,2,3,3,4,4,5,5,6,6,6-d11 alcohol, ethyl octanoate-d15 and 3-methylbutyl acetate-d3) 

were purchased from CDN isotopes (Pointe-Claire, Canada). All other reagents used 

were of analytical grade.  
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6.2.3. Sample preparation 

Initially, M1 was mixed with FNJ (~ 7.0 ± 0.2 °Brix) to achieve a total solid content 

of 28% (w/v). Before further analysis, the mixture was stirred at 1000 rpm at room 

temperature until the M1 was completely dissolved. The solution was then filtered 

through a qualitative filter paper (Size 70 mm, Grade MS 2), and was used as the feed 

solution (FS) for spray drying and freeze drying. After the microencapsulation by either 

spray drying or freeze drying, each of the obtained powder samples was reconstituted 

in water to achieve a similar total solid content to that of the corresponding feed solution 

before drying.  

 

6.2.4. Spray drying and freeze drying  

The spray-dried powder samples were produced using a micro-fluidic-jet-spray-

dryer (MFJSD) (Dong-Concept New Material Technology Co. Ltd., Nantong, China) 

at the selected inlet temperatures of 160, 170 and 180 °C (with outlet temperature of 80, 

90 and 100 °C, respectively). The mono-disperse droplets were generated from the feed 

solution by a special-designed micro-fluidic aerosol nozzle with an orifice diameter of 

75 μm. The flow rate for droplet dispersion was adjusted to obtain the best formation 

of mono-disperse droplets (Wu, Lin, et al., 2011). The driving frequency of the nozzle 

was 10 kHz, and the pressure of compressed air used to force the feed solution to the 

nozzle was at 0.35 ± 0.05 kg/cm2. The obtained powder samples were labelled as SD-

160, SD-170 and SD-180, according to the selected inlet temperatures. 

 

The freeze-dried powder sample was obtained using a freeze dryer (FreeZone 12 

Plus, Labconco, MO, USA). The solution prepared was firstly pre-frozen at –20 °C for 
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12 h. It was then transferred to the freeze dryer for a drying period of 72 h. Finally, the 

freeze-dried material was completely ground into a fine powder using a mortar and 

pestle. The final freeze-dried sample was labelled as FD.  

 

6.2.5. Identification and quantification of the volatile compounds 

6.2.5.1. Headspace-solid-phase micro-extraction (HS-SPME)  

The HS-SPME, controlled by a CombiPAL auto-sampler (CTC Analytics AG, 

Zwingen Switzerland) connected to a GC-MS (Shimadzu GCMS-QP2010 Plus, Kyoto, 

Japan), was used as the extraction method of volatile compounds from samples. Briefly, 

5 mL of each sample, containing 10 μL of mixed internal standard solution was 

prepared in a 20 mL amber glass precision thread headspace vial (75.5 × 22.5 mm, 

Thermo scientific, Waltham, MA, USA). The mixed internal standard consisted of the 

following individual internal standards: 2-methyl-3-heptanone, 624 μg/L; ethyl 

hexanoate-d11, 2.36 μg/L; ethyl butyrate-4,4,4,-d3, 0.99 μg/L; 2-phenyl acetate-d13, 0.58; 

n-hexyl-2,2,3,3,4,4,5,5,6,6,6-d11 alcohol, 2.38 μg/L; ethyl octanoate-d15, 2.18 μg/L; and 

3-methylbutyl acetate-d3, 2.39 μg/L. The sample was then incubated in a heated shaker 

cube at 40 °C for 25 min, followed by the absorption of the volatile compounds using 

a Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) SPME fibre 

(50/30 μm film in thickness and 2 cm in length) (Supelco Inc., Bellefonte, PA, USA) at 

40 °C for 20 min.  

 

6.2.5.2. Gas chromatography-olfactometry-mass spectrometry (GC-O-MS) 

The volatile compounds in samples were detected and identified using a GC-MS 

(Shimadzu GCMS-QP2010 Plus, Kyoto, Japan), equipped with an olfactory detection 
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port (Phaser OP275, ODP; ATAS/GL Sciences, Tokyo, Japan). The olfactory detection 

port was connected to the GC-MS equipment via a four-way pipe. The electron-impact 

(EI) mass spectra were generated at 70 eV with a scan range from 41 to 550 m/z, and 

the ion source temperature was at 240 °C. The temperature of the olfactory port transfer 

line was at 220 °C. In this study, both a DB-5MS non-polar column (Rtx®-5 Sil MS, 

30 m × 0.25 mm i.d., 0.25 µm in film thickness, PA, Restek) and a DB-Wax polar 

column (30 m × 0.25 mm i.d., 0.25 μm in film thickness, CA, Agilent) were employed 

to give a better resolution of the volatile compounds in the samples. Helium with ultra-

high purity (> 99.99%) was used as the carrier gas, and a splitless injection mode with 

a sampling time of 1 min was used. Different GC-MS analysis conditions were 

optimized for each column. For DB-5MS column: the gas flow rate was at 1.5 mL/min; 

the injector and MS interface temperature were at 280 and 250 °C, respectively; the GC 

oven temperature was started at 35 °C, increased to 180 °C at 5°C/min and held for 2 

min; the temperature was then raised to 230 °C at 10 °C/min, and was finally increased 

to 280 °C at 20°C/min. For DB-Wax column: the gas flow rate was at 2.1 mL/min; the 

injector and MS interface temperature were at 250 °C; the initial oven temperature was 

at 40 °C for 3 min, then increased to 250 °C at 5 °C/min and held for 12 min. The 

effluent of the GC column was split to the olfactory and MS port at a ratio of 2:1 via a 

four-way pipe (SilFlow, Trajan, Australia). The splitter was flushed with helium at a 

flow rate of 3 mL/min. Humidified air was supplied to the sniffing port at a flow rate 

of 20 mL/min to minimize dryness of the nasal mucosa. The retention of volatile 

compounds in the microencapsulated powders were calculated as follows:  

Volatile retention (%) = 
Volatile content in reconstituted solution

Volatile content in feed solution
 × 100  
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Three trained panellists (healthy adults with good olfactory sense; 1 male, 2 female; 

aged 23-30) were selected for the GC-O experiments. The aroma/odour intensity (AI) 

was evaluated using a 10-point intensity scale from 1 to 10; with the scores of‘1 to 2’ 

as “very weak”, ‘3 to 4’ as “weak”, ‘5 to 6’ as “moderate”, ‘7 to 8’ as “strong”, and ‘9 

to 10’ as “very strong”. The experiments were conducted in triplicate by each panellist.  

 

6.2.5.3. Odour activity value (OAV) 

The OAV was expressed as a ratio of the concentration of the key odour active 

compound to its aroma/odour threshold. The thresholds of volatile compounds were 

obtained from literature.  

 

6.2.6. Statistical analysis 

All experiments were conducted in triplicate, and data were expressed as mean 

values ± standards deviations. One-way ANOVA and PCA analysis were conducted by 

SPSS Statistics 23 (IBM, NY, USA) and Unscrambler software version X 10.4 (CAMO 

ASA, Oslo, Norway), respectively. Data were considered to be significantly different 

at p value < 0.05.  

 

6.3. Results and discussion  

6.3.1. Morphology and water activity of the samples 

Fig. 6.1 shows the morphology of the spray-dried and freeze-dried powders. The 

microcapsules produced by micro-fluidic-jet spray drying at all three air drying 

temperatures were discrete, indicating effective microencapsulation of FNJ by M1. All 
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the microcapsules produced with M1 showed irregular semi-spherical shapes and 

similar surface morphology with irregular wrinkles, while the FD powders showed an 

irregular sheet shape. The water activity of the SD-160, SD-170, SD-180 and FD 

samples were all below 0.3 (i.e. 0.2938, 0.2403, 0.1572 and 0.0489, respectively), 

which were considered to be good for giving high powder stability (Janiszewska-Turak 

et al., 2017; Tonon, Brabet, Pallet, Brat, & Hubinger, 2009). 

 

6.3.2. Identification of volatile compounds in FNJ and microencapsulated powder  

A total of 28 volatile compounds in FNJ and the different microencapsulated 

samples were identified via gas chromatography-olfactometry (GC-O) analysis (Table 

6.1). The volatile compounds of these six samples were characterized by a comparison 

of the retention index (RI), odour description and mass spectra in the NIST 11 database. 

As shown in Table 6.1, the detected key volatiles were grouped into four major 

categories: acids, esters, aldehydes and alcohols. Among these, the esters group 

comprised the greater number of volatile compounds, followed by the acid group, and 

then the aldehyde and the alcohol groups. Notably, despite a larger number of aroma-

active esters being found than acid compounds, hexanoic acid was detected with a 

higher odour intensity (> 7.00), compared to the other volatile compounds in all 

microencapsulated samples.  

 

The volatile characteristics of FNJ was observed to be different from many other 

common fruits such as strawberry, banana, melon, pear and peach (El Hadi et al., 2013), 

due to the presence of acids with an intense unpleasant odour. These acids chiefly 

included hexanoic acid, octanoic acid, 2-methylhexanoic acid, 2-methylbutanoic acid, 
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butanoic acid and acetic acid. Their perceived odour were mostly described as ‘sweat, 

rancid, cheese, acid and pungent’, which indicated that the off-odour of FNJ was largely 

due to these volatile acid compounds. On the other hand, 14 esters with ‘fruity, floral 

and wine-like’ notes, which were mainly responsible for the pleasant aroma, were also 

discovered. They were ethyl acetate, ethyl isobutyrate, methyl 2-methylbutyrate, ethyl 

butyrate, ethyl 2-methylbutyrate, ethyl caproate, methyl octanoate, isobutyl hexanoate, 

ethyl octanoate and ethyl decanoate. Besides, aldehydes were also important 

compounds contributing to the volatile characteristics of FNJ and the 

microencapsulated powder samples. Five odour-active aldehydes including 

isobutyraldehyde, 2-methylbutanal, 2-heptanone, benzeneacetaldehyde and nonanal 

were identified, among which benzeneacetaldehyde showed the highest aroma intensity 

(5.33-9.33). A variety of volatile aromas described as, roasted hazelnut, acidic, oil-like, 

leaf, woody and fruity, were associated with these aldehydes (Table 6.1). In addition, 

three alcohols (isoprenol, 1-hexanol and 2-heptanol) were also detected. Among these, 

2-heptanol, representing the ‘potato, milk powder and cheese-like’ odour, was found in 

all samples with a highest odour intensity ranging from 5.67 to 7.00.  
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Fig. 6.1. SEM micrographs showing morphologies of SD microcapsules (SD-160, SD-170 and SD-180) 

at 200× and 500× magnification, and FD powder at 100× and 450× magnification. 
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Table 6.1. Odour-active compounds identified in FNJ and microencapsulation powders 

Compounds 

 RI 
Aroma/odour 

description 

Aroma/odour Intensity (AI)3 

5-

MS1 

DB-

WAX2 
FNJ FS SD-160 SD-170 SD-180 FD 

Acids 
         

acetic acid < 720 1423 sour - 1 - 2.33 - - 

butanoic acid 829 1605 sweat, acid, rancid 7.33 7.33 6.33 2.67 2.67 5 

2-methylhexanoic 

acid 

858 - rancid, dairy 7 6 7.33 6 - 4.67 

2-methylbutanoic 

acid 

877 1649 sweat, cheese, 

fermented 

7.33 6.33 7.67 7 5 7 

hexanoic acid 1079 1827 sweat, pungent 9.33 7.67 8 7.67 7 7.33 

octanoic acid 1256 2044 cheese 1 1 - - - 0.67 

Esters 
         

methyl acetate < 720 < 900 roasted hazelnut - - - 1.33 - 1.33 

ethyl acetate < 720 < 900 fruity 1.33 1.33 2.33 3.67 2 - 

ethyl isobutyrate 751 952 fruity 6 5.67 6.67 6.67 4.33 6 

methyl 2-

methylbutyrate 

770 989 fruity, apple 5 4.33 4.67 5.33 4.33 6.33 

ethyl butyrate 797 1015 fruity, pineapple 5.33 5 6 6.33 5.33 6 

ethyl 2-

methylbutyrate 

848 1032 fruity 7 6.33 6.67 5.33 5 6 

3-methyl-3-butenyl 

acetate 

884 1175 potato - - 0.67 - - 0.67 

methyl caproate 925 - fresh, fruity - - 2.67 - - - 

ethyl caproate 1000 1216 fruit wine 7 6 6.67 4.33 4.67 5.67 

methyl octanoate 1127 1370 wine 5.33 5 3.67 4.67 4.33 4.67 

isobutyl hexanoate 1153 1334 wine, green 4.67 4.67 4.67 4 2.67 1.33 

ethyl octanoate 1199 1413 herb, floral 7.67 7 6.33 4.33 3.33 3.67 

methyl decanoate 1329 1576 cheese 1.33 0.67 - - - - 

ethyl decanoate 1370 1621 brandy, grape, pear 3.67 4.33 2.67 2.67 2 3.33 

Aldehydes 
         

isobutyraldehyde < 720 - roasted hazelnut, 

acid like 

1.33 1.33 2.67 2.67 3.33 2 

2-methylbutanal < 720 - roasted hazelnut, 

oil-like 

2.67 3.33 3.33 5.33 5 2.67 

2-heptanone 891 1167 fruity 5.67 7 1.33 6.67 4.33 5.33 

benzeneacetaldehyde 1050 1613 leaf, woody 9.33 7.67 7.33 8.33 6 5.33 

nonanal 1107 - citrus, green, fruity 7 6.67 6.67 6.67 5.33 6.33 

Alcohols 
         

isoprenol 721 1240 roasted hazelnut, 

oil-like 

- 1 - - - 0.33 

1-hexanol 870 1341 sweet alcohol - - 0.67 - - - 

2-heptanol 902 1310 potato, cheese, milk 

powder  

6.67 6.33 5.67 7 6.33 6.67 

RI: retention index. 1 Retention index of compounds on a DB-5MS column. 2 Retention index of 

compounds on a DB-Wax column. 3 The mean values of aroma/odour intensity were evaluated by three 

panellists according to the GC-O analysis.  

FNJ: fermented noni juice; FS: feed solution; SD-160/170/180: spray-dried powder produced at drying 

air inlet temperature of 160/170/180 °C; FD: freeze-dried powder.
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6.3.2. Quantitative analysis of key volatile compounds 

6.3.2.1. Quantitation of key volatile compounds in FNJ 

Based on the GC-O results, 14 key aroma/odour-active compounds were determined. 

The concentrations and retentions of these key volatiles in six samples (FNJ, FS, SD-

160, SD-170, SD-180 and FD) are shown in Table 6.2. These key volatile compounds 

including the esters, acids, aldehydes, alcohols and ketones were divided into two 

groups (unpleasant and pleasant odour) according to their aroma/odour description 

(Table 6.1). It was clear that hexanoic acid and octanoic acid were present in FNJ in 

relatively high amounts, with concentrations of 26566 and 21748 μg/L, respectively. 

Hexanoic acid showed the highest odour intensity (AI: 9.33) which was consistent with 

its highest concentrations among all of the volatile compounds. By contrast, despite the 

relatively high concentration of the octanoic acid in FNJ, the odour intensity detected 

by olfactory test was very weak (AI: 1.0). This phenomenon could be explained by the 

higher odour threshold of octanoic acid (Burdock, 2016), and thus made a weaker 

contribution to the odour intensity of FNJ compared to hexanoic acid. In addition, the 

2-heptanol in the unpleasant group, with ‘potato, milk powder and cheese odour’, was 

at a concentration of 1968 μg/L in the FNJ sample. On the other hand, the volatiles 

contributing to the pleasant odour presented a wide concentration range, from 58.4 μg/L 

(ethyl 2-methylbutyrate) to 4710 μg/L (2-heptanone) (Table 6.2). However, the total 

concentration of the pleasant group (15370 μg/L) was lower than that of the hexanoic 

acid (26566 μg/L), which combined with the odour thresholds indicated that the 

unpleasant volatiles were overwhelming the pleasant ones. 
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Table 6.2. Concentrations of key volatile compounds in FNJ and microencapsulation powders 

RT: retention in percentage (%). 1 Retention index of compounds on a DB-5MS column. 2 Retention index of compounds on a DB-Wax column. 3 Identification 

methods, Std: confirmed by authentic chemical standards; RI: retention index in agreement with the values in NIST database; MS: mass spectrum comparison using 

NIST library; FNJ: fermented noni juice; FS: feed solution; SD-160/170/180: spray-dried powder produced at drying air inlet temperature of 160/170/180 °C; FD: 

freeze-dried powder. 

Different lowercase letters (a-f) in the same raw represent significant difference (p < 0.05) among all the samples. Different capital letters (A-C) in the same raw 

represent significant difference (p < 0.05) among the three spray-dried powder samples (SD-160, SD-170 and SD-180).  

FNJ: fermented noni juice; FS: feed solution; SD-160/170/180: spray-dried powder produced at drying air inlet temperature of 160/170/180 °C; FD: freeze-dried 

powder. 

 

Compounds 

Retention Index 

Identification3 

Concentration (μg/L) 

5-MS1 
DB-

Wax2 
FNJ FS SD-160 RT SD-170 RT SD-180 RT FD RT 

Unpleasant odour 

Hexanoic acid 1090 1826 Std, RI, MS 26566.3 ± 3.7a 19204.3 ± 6.6b 11446.1 ± 4.5dA 59.6 10681.6 ± 1.7efA 55.6 9254.6 ± 0.7fB 48.2 17297.2 ± 3.8c 90.1 

Octanoic acid 1283 2049 Std, RI, MS 21747.8 ± 6.3a 5958.4 ± 3.8b 3233.1 ± 3.7cA 54.3 2908.7 ± 0.6cB 48.8 2436.2 ± 1.4cC 40.9 5375.9 ± 11.6b 90.2 

2-heptanol 901 1311 Std, RI, MS 1968.0 ± 1.4a 1489.4 ± 3.1b 595.4 ± 2.0cA 40 630.8 ± 3.5cA 42.4 521.7 ± 0.7dB 35 1461.8 ± 0.5b 98.1 

Pleasant odour 

Ethyl acetate <710 <902 Std, RI, MS 2276.1 ± 13.4a 2364.1 ± 10.1a 1174.3 ± 4.6cA 49.7 637.5 ± 26.2dB 27 821.2 ± 6.8cdB 34.7 1726.2 ± 2.9b 73 

Ethyl isobutyrate 748 920 Std, RI, MS 184.0 ± 4.6a 104.6 ± 6.0c 41.6 ± 10.5dA 39.8 19.3 ± 0.1eB 18.4 14.6 ± 30.3eB 14 143.0 ± 3.3b 136.7 

Ethyl butyrate 796 1015 Std, RI, MS 463.5 ± 7.8b 499.2 ± 0.5a 121.9 ± 21.6bA 24.4 33.9 ± 11.6cB 6.8 22.7 ± 27.6cdB 4.5 459.6 ± 8.4a 92.1 

Ethyl 2-

methylbutyrate 

846 1032 Std, RI, MS 58.4 ± 9.4b 50.6 ± 5.2c 23.7 ± 8.4dA 46.8 14.6 ± 3.4eB 28.9 10.1 ± 6.6eC 19.9 65.6 ± 4.5a 129.7 

Methyl caproate 925 1166 Std, RI, MS 3026.0 ± 16.6a 1711.8 ± 1.4b 545.5 ± 6.5cA 31.9 416.3 ± 3.0cB 24.3 260.6 ± 0.1cC 15.2 1877.5 ± 6.3b 109.7 

Ethyl caproate 1001 1215 Std, RI, MS 814.2 ± 4.2b 928.3 ± 3.6a 320.4 ± 9.9cA 34.5 212.5 ± 1.4dB 22.9 116.9 ± 0.6eC 12.6 897.9 ± 4.5a 96.7 

Methyl octanoate 1130 1371 Std, RI, MS 2053.7 ± 19.7a 825.1 ± 0.7b 370.2 ± 2.9cA 44.9 345.9 ± 0.1cB 41.9 289.7 ± 1.4cC 35.1 793.3 ± 9.1b 96.2 

Ethyl octanoate 1201 1415 Std, RI, MS 1585.8 ± 5.5a 618.9 ± 1.2b 233.7 ± 5.7dA 37.8 197.3 ± 0.9dB 31.9 150.2 ± 2.1dC 24.3 481.2 ± 4.4c 77.7 

Ethyl decanoate 1398 2478 Std, RI, MS 93.3 ± 1.1a 83.2 ± 0.1b 82.2 ± 0.1bcA 98.8 81.9 ± 0cB 98.4 81.5 ± 0.1cC 98 81.9 ± 0.3c 98.5 

2-heptanone 890 1166 Std, RI, MS 4710.3 ± 4.7a 3551.0 ± 3.8b 1418.9 ± 5.4cA 40 1224.6 ± 0.2cB 34.5 846.1 ± 3.6dC 23.8 3550.2 ± 3.2b 100 

2-nonanone 1094 - Std, RI, MS 105.3 ± 0.5a 71.5 ± 3.1b 60.6 ± 0.5cA 84.7 59.7 ± 0.3cB 83.4 58.0 ± 0.2cC 81.1 71.6 ± 4.2b 100.1 
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6.3.2.2. Effects of different drying methods on the volatile retentions 

The concentration of major volatile compounds in the headspace of the feed solution 

(FS) was found to be significantly decreased (p < 0.05) compared to those in the 

headspace of the original FNJ (Table 6.2). This is mainly due to the higher viscosity 

(data not shown) of the FS (prepared by mixing M1 (28%) and FNJ), which might 

decrease the diffusion rate of volatile compounds (Secouard, Malhiac, Grisel, & 

Decroix, 2003). Generally, almost all of the volatile compounds in the headspace of the 

reconstituted freeze-dried (FD) powder were observed to have higher retention than 

those in the headspace of the reconstituted spray-dried (SD) powders. The retention of 

hexanoic acid, octanoic acid and 2-heptanol in the FD powder were 90.1, 90.2 and 

98.1%, respectively, while those for the compounds with pleasant odours ranged from 

73.0% (ethyl acetate) to 136.7% (ethyl isobutyrate). Compared to the FD sample, 

however, all the volatile compounds except ethyl decanoate and 2-nonanone, showed 

lower retention than sample SD-160, SD-170 and SD-180 (average values of 42%, 32% 

and 25.7%, respectively). From current results, it was clear that both the drying methods 

used for microencapsulation of FNJ could significantly affect the volatile retention, 

with the spray drying method induced higher volatile loss than the freeze drying in both 

the unpleasant and pleasant odours.  

 

The higher volatile retention of samples obtained using freeze drying could be due 

to the relative volatility of the compounds. The relative volatility (α), a measurement 

by comparing the equilibrium vapour pressure (Evp) of volatile compounds in a liquid 

mixture of chemicals, is the evaluation of the transfer of volatile compounds to the 

gaseous phase at a given temperature (Goubet, Le Quere, & Voilley, 1998). A high Evp 

correlates to a high α, and induces a great loss of the volatile compounds in the sample 
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mixture (Bhandari, 2005). The Evp is also positively related to the temperature in a 

closed system during the phase-transition, which could be explained by the Clausius–

Clapeyron equation as follows (Burst, 1969; Ishwarya & Anandharamakrishnan, 2015),  

dP

dT
=

L

T∆v
 

where dP/dT represents rate of the pressure to temperature, L refers to the phase-

transition enthalpy, T refers to the temperature, and ∆v is the specific volume change 

of substance during phase-transition. The equation indicates that the Evp of any 

chemical compound increases non-linearly with temperature, leading to an increased α. 

Compared to the relatively low temperature used for freeze drying in the current study, 

the high temperatures used for spray drying might have increased the α value of the 

aromatic volatile compounds, and this leads to a greater loss of volatiles in the sample 

powders. However, there was a variation observed for volatile retention, for different 

compounds in the same sample prepared from similar drying conditions (Table 6.2). 

This is probably due to the chemical properties of the compounds, including the 

molecular weight and polarity (Jafari, Assadpoor, He, & Bhandari, 2008). The observed 

phenomena in the current study is supported by a number of previous investigations on 

different types of sample, such as coffee (Ishwarya & Anandharamakrishnan, 2015), 

durian (Chin et al., 2008), and apple (Krokida & Philippopoulos, 2006). 

 

6.3.2.3. Effects of different air drying temperatures on the volatile retentions 

For the spray-dried samples produced at various inlet temperatures (160, 170 and 

180 °C), a significant difference in volatile retentions were observed (p < 0.05) (Table 

6.2). The volatile retention was found to decrease with an increase in the inlet 

temperature for all of the detected compounds. For instance, the retention of hexanoic 
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acid decreased by 11.4% when inlet temperature increased from 160 °C to 180 °C, 

while the retention of the two esters, ethyl caproate and ethyl octanoate, were decreased 

by 21.9% and 13.5%, respectively. Apart from the effect of the relative volatility (α) 

mentioned in section 3.3.2, another possible reason accounted for this phenomenon 

could be the different diffusion rates of volatile compounds and water in the droplets 

during spray drying, which was considered to be an important factor influencing water 

evaporation  (Wu, Amelia, et al., 2011). The losses of volatile compounds occurred 

mostly at the initial drying period as reported by Rosenberg, Kopelman, and Talmon 

(1990). Our earlier study on single droplet drying (SDD) (Zhang et al., 2019a) showed 

that, due to the faster moisture evaporation rate, a droplet dried at a higher temperature 

would give a smaller diameter than one that dried at a lower temperature, at a given 

time of the initial drying stage. The smaller the droplet diameter, the faster and easier 

the removal of volatile compounds along with the water evaporation from the interior 

of droplet to its surface. This led to a faster diffusion rate of volatile compounds and 

water for droplets drying at a higher air temperature. Thus, droplets dried at a higher 

air temperature were observed to have lower retention of volatiles.  

 

The trend of volatile retention as observed in the current study is in agreement with 

the result obtained by Rodríguez-Jimenes et al. (2014), who studied the spray drying of 

garlic juice using maltodextrin (10 DE) as wall material. Another earlier study also 

reported higher retention of organic volatiles in spray-dried powders produced with 

maltodextrin at lower inlet air temperature (Rulkens & Thijssen, 1972). However, 

opposite results were reported in the literature, including the studies with cocoa liquor 

by Sanchez-Reinoso, Osorio, and Herrera (2017), lime essential oil by Bringas‐

Lantigua, Valdés, and Pino (2012), and emulsified esters by Rosenberg et al. (1990). It 
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is clear that the core materials involved in those studies consisted of two-phase 

emulsion systems, while the core material in the current study was mainly aqueous 

solution. The discrepancy could be explained by referring to the differences in droplet 

properties and particle formation process of the two systems as outlined in Fig. 6.2.  

 

For microencapsulation of aqueous core material, for instance, FNJ in this case, the 

wall material (hydrocolloid such as maltodextrin) could be fully dissolved into an 

aqueous solution to provide a single aqueous-phase feed solution for spray drying. 

During the drying process, an outer crust would be formed on the surface of the droplet 

(Fig. 6.2A). This outer crust could serve as a barrier to protect the volatiles inside the 

droplets from being evaporated together with the water molecules when drying 

proceeded further. The earlier the formation of the outer crust, the better the retention 

of the volatile compounds. Furthermore, it has been well-proven that droplets (both 

aqueous and emulsion droplets) dried at a higher temperature could form an outer crust 

earlier than those dried at a lower temperature (Wang et al., 2014; Zhang et al., 2019a). 

For an aqueous system, the volatile compounds present in the core materials are initially 

evenly distributed in the droplet, and therefore they would be continuously evaporated 

from the droplet surface throughout the drying process until the dried particle was fully 

formed (Fig. 6.2A). This meant that the relative volatility (α) of the droplet dried at a 

higher temperature was consistently higher than those dried at a lower temperature 

throughout the drying process, resulting in a lower volatile retention (Fig. 6.2A).  

 

In contrast, a different scenario occurs in the two-phase system consisting of 

emulsion droplets (Fig. 6.2B). Literature has shown that emulsion droplets could be 



156 

 

well encapsulated by selected wall materials during spray drying, with encapsulation 

efficiencies up to 90% (Huang et al., 2019; Shen & Quek, 2014; Wang et al., 2016). 

During drying, crust formation would occur, and the rate would be faster at higher 

temperature, similar to the aqueous system. However, since the volatiles that are present 

in the oil phase were initially encapsulated in the oil droplets in the emulsion before 

drying, the formation of crust would provide further protection for the volatiles which 

were encapsulated inside the emulsion droplets. This will lead to a decrease in the 

relative volatility (α) and better volatile retention in the resulted powder. Since the 

initial surface crust was formed earlier at the higher drying temperature, it become 

thicker at a faster rate during the drying process, thus, giving higher volatiles retention 

than those dried at a relatively lower temperature (Fig. 6.2B). This is consistent with 

the literature reports of spray drying emulsion systems noted earlier.  
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Fig. 6.2. The proposed particle formation process of the droplets with different systems:  

(A) aqueous system and, (B) emulsion system, in relation to the initial crust formation, 

evaporation rate and relative volatility. 

 

Volatiles loss throughout the drying 

process as they evaporates together 

with water molecules. Relative volatility 

() was higher at a given drying point 

when drying temperature was higher, 

resulting in a lower volatile retention. 

Surface crust formed become thicker 

as drying proceed, happening at a 

faster rate at higher temperature, 

this reduced relative volatility () and 

increased volatiles retention. 
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6.3.2.4. Volatile compounds identified by odour activity values (OAVs) evaluation  

The odour activity values (OAVs) were used to evaluate the odour contributions of 

the key volatile compounds in samples. The compounds with OAVs greater than 1 were 

deemed to be likely contributors to the overall odour of a sample (Fan, Fan, & Xu, 

2015). From the results, 12 of 14 volatile compounds (OAVs > 1) were demonstrated 

to be responsible for the FNJ odour, including all three unpleasant odours and nine 

pleasant odours (Table 6.3). Among the potent unpleasant odorants, hexanoic acid had 

the highest OAV (63.25), followed by 2-heptanol (48.00) and octanoic acid (23.90). 

Compared to the FNJ, the OAVs of those three unpleasant volatile compounds were 

smaller for the reconstituted microencapsulated powders. However, they were still 

considered as the odour contributors to the reconstituted powder samples, as the OAVs 

were all above their odour thresholds. It was also observed that most of the OAVs of 

the other nine volatiles present in all the six samples were above 1 except for ethyl 2-

methylbutyrate and ethyl isobutyrate. Ethyl 2-methylbutyrate showed no contribution 

to the aroma of the SD-170 and SD-180 samples, while ethyl isobutyrate was not 

considered as an odour contributor to the SD-180 sample, according to their OAVs (< 

1). Overall, the results obtained from OAVs evaluation confirmed the conclusion in the 

aforementioned GC-O analysis, as most of the volatile compounds with high OAVs 

were also found to give high aroma/odour intensity.  
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Table 6.3. OAVs of key aroma/odour compounds in FNJ and reconstituted 

microencapsulation powders 

Compounds 

Odour/aroma 

threshold 

(μg/L) 

OAVs 

FNJ FS SD-160  SD-170  SD-180  FD 

unpleasant odour       
hexanoic acid 420a 63.25 45.72 27.25 25.43 22.03 41.18 

octanoic acid 910b 23.9 6.55 3.55 3.2 2.68 5.91 

2-heptanol 41b 48 36.33 14.52 15.38 12.72 35.65 

pleasant odour 
      

ethyl acetate 6200c < 1 < 1 < 1 < 1 < 1 < 1 

ethyl isobutyrate 15a 12.27 6.97 2.77 1.29 < 1 9.53 

ethyl butyrate 20a 23.17 24.96 6.1 1.7 1.13 22.98 

ethyl 2-

methylbutyrate 
18a 3.25 2.81 1.32 < 1 < 1 3.64 

methyl caproate 87c 34.78 19.68 6.27 4.79 3 21.58 

ethyl caproate 14a 58.16 66.31 22.89 15.18 8.35 64.14 

methyl 

octanoate 
200b 10.27 4.13 1.85 1.73 1.45 3.97 

ethyl octanoate 12.9d 122.93 47.98 18.11 15.29 11.64 37.3 

ethyl decanoate 8b 11.67 10.4 10.27 10.23 10.19 10.24 

2-heptanone 140c 33.64 25.36 10.13 8.75 6.04 25.36 

2-nonanone 130c < 1 < 1 < 1 < 1 < 1 < 1 
a-d Threshold of volatile compounds were found in the literature.  

aReference (Chen, Xu, & Qian, 2013). b Reference (Burdock, 2016). c Reference (Zhu et al., 

2015). d Reference (Fan et al., 2015). 

FNJ: fermented noni juice; FS: feed solution; SD-160/170/180: spray-dried powder produced 

at drying air inlet temperature of 160/170/180 °C; FD: freeze-dried powder. 
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6.3.3. Relationship between samples and volatile compounds 

A principal component analysis (PCA) was used to study the relationship between 

the samples and the key aroma/odour compounds. The two-dimensional PCA plot (Fig. 

6.3) explains 87% and 12% of the variations for PC1 and PC2, respectively. Six samples 

(FNJ, FS, SD-160, SD-170, SD-180 and FD) were classified into three groups in the 

PCA plot. Among them, sample FNJ was located at the positive axis of PC1 and 

negative axis of PC2, while samples FS and FD were distributed at the positive axes of 

PC1 and PC2. The samples SD-160, SD-170 and SD-180 are located in the negative 

regions of PC1 and PC2. For the volatile compounds, all of their loadings were 

distributed towards positive values of PC1. The results showed the discrimination in 

volatile characterization among the six samples, indicating the effects of drying 

methods on the volatile profiles of powders. The FS and FD samples were similar in 

terms of their volatile profile, because their score values were close in the PCA plot. 

This means that the freeze drying technique exhibited a high retention of volatile 

compounds in the microencapsulated FNJ powder. By contrast, the response clusters of 

SD samples were far away from those of FS and FD, indicating changes of the volatile 

profile after spray drying microencapsulation. Among the three SD samples, the SD-

170 and SD-180 samples were close in the PCA plot, indicating that the inlet 

temperatures of 170 and 180 °C used for spray drying could produce similar powders 

with regards to the volatile profiles. Overall, the classification by PCA clearly indicated 

that the drying method and spray drying air temperatures could have pronounced 

impacts on the volatiles profile of the microencapsulated powder samples.  
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Fig. 6.3. Principal component analysis (PCA) plot (PC1 × PC2) for all samples and the key volatile compounds. FNJ: fermented noni juice; FS: feed solution; 

SD-160/170/180: spray-dried powder produced at drying air inlet temperature of 160/170/180 °C; FD: freeze-dried powder. 
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6.4. Conclusion  

This study has investigated the volatile compounds in fermented noni juice (FNJ) 

and its microencapsulated powders using HS-SPME-GC-O-MS technique, looking at 

the odour characteristic of FNJ and exploring the effects of microencapsulation on the 

volatile retention of powders. Overall, the results showed that hexanoic acid was a 

major volatile compound responsible for the unpleasant odour of FNJ. The two different 

drying methods significantly influenced (p < 0.05) the retention of volatile compounds 

in the powders. Spray drying was observed to increase the volatile losses compared to 

freeze drying, on both the unpleasant and pleasant odours of FNJ. Furthermore, the 

volatile retention of spray-dried powders were significantly (p < 0.05) reduced with the 

increase in drying air temperature. The OAVs of key volatile compounds in powders 

were evidently decreased after microencapsulation followed by reconstitution, however, 

most of the compounds present were still considered as contributors to the overall odour 

of FNJ powders. In addition, the PCA confirmed that the powders produced by spray 

drying and freeze drying could have a pronounced difference in their volatile 

characteristics. The research has provided fundamental knowledge on key volatile 

changes in FNJ after different drying processes, which could be useful for industrial 

application of FNJ microencapsulation.  
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Chapter 7  

Microencapsulation of fermented noni juice 

incorporated with probiotics: evaluation of 

storage stability and in-vitro digestion  
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7.1. Introduction 

Live probiotic cells play a role in carrying suitable food materials to human 

intestines, and the consumption of probiotic functional foods is increasingly popular 

due to the beneficial effects on human health. Considering the fact that FNJ contains an 

abundance of components that are beneficial to health, incorporating probiotics with 

FNJ would produce a fortified novel functional ingredient. This promising novel food 

product would be an ideal choice for consumers who, besides FNJ, are also interested 

in non-dairy based probiotic products.  

 

Probiotics have been extensively studied due to their variety of beneficial effects, 

such as improvement in food digestion, maintenance of the intestinal health, stimulation 

of the immune system, prevention of atopic allergies and control of blood cholesterol 

levels (Nualkaekul & Charalampopoulos, 2011). The most commercially successful 

achievement in this area during the past few decades has been dairy products containing 

probiotics, such as yogurt, yogurt beverage, infant formula, ice cream and several types 

of cheese (Kent & Doherty, 2014; Luana et al., 2014; Ranadheera, Baines, & Adams, 

2010). However, these milk-based products are not suitable for people who suffer from 

lactose intolerance. Thus, non-dairy probiotic products such as fruit-probiotic products 

are required by consumers. Selected strains of Lactobacillus species are major 

probiotics present in commercial food products (Shori, 2015), because they have a long 

history of safe consumption, and are also thought to better adapt to the human intestinal 

environment (Monteagudo-Mera et al., 2012; Tripathi & Giri, 2014). Among the 

Lactobacillus species, Lactobacillus plantarum and Lactobacillus rhamnosus GG are 

two commonly used lactic acid bacteria in probiotic fruit products. Probiotics-based 

functional food have received increasing popularity and many fruit/vegetable-based 
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probiotic products have been studied in recent years (Barbosa & Teixeira, 2017; De 

Prisco & Mauriello, 2016; Rivera-Espinoza & Gallardo-Navarro, 2010). More recently, 

Valero-Cases et al. (2017) investigated the fermented production of tomato and feijoa 

juices, showing that Lactobacillus plantarum DSM20205 could be applied as a 

desirable probiotic for manufacturing the product. Campos et al. (2019) reported that 

Lactobacillus rhamnosus GG incorporated with pineapple and jussara juices could 

remain viable throughout the shelf life of the product. Furthermore, the product was in 

conformance with the survival requirements of a probiotic to bile salts both in vitro and 

in vivo, as recommended by the FAO (FAO/WHO, 2002).  

 

It is essential to obtain and retain desirable bacterial survival rate during probiotic 

product processing, storage and digestion. The probiotic food must contain proper live 

bacterial cells in sufficient amount at the point of consumption. The US FDA has stated 

that the recommended minimal viable cell concentration in a probiotic food should be 

more than 106 CFU/mL (Tripathi & Giri, 2014). Another study by Knorr (1998) also 

recommended that to achieve appropriate probiotic activity in humans, an optimal 

concentration of 108 to 109 probiotic organisms is required. This is an obvious challenge 

in the production of any probiotic functional food. In the case of producing a FNJ-

probiotic function food, this is even more challenging. Nevertheless, Wang et al. (2009) 

has reported that fresh noni juice was successfully fermented with two special probiotic 

species of Bifidobacterium longum and Lactobacillus plantarum, even though it was 

reported to exhibit antibacterial properties. The presence of antibacterial compounds in 

FNJ would lead to the reduction of bacterial viability. Many compounds identified in 

noni fruit including phenolic compounds, deacetylasperulosidic acid (DAA), 

asperulosidic acid (AA) and scopoletin have been reported to be responsible for the 
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antibacterial activity (Assi et al., 2017; West, Palmer, Deng, & Palu, 2012). Other 

challenges include the low pH level and high levels of organic acids present in FNJ, 

which may also lead to inactivation of bacterial cells (Patel, 2017).  

 

To minimize the potential adverse effects of FNJ on bacterial viability, and to 

enhance the product stability, conversion of liquid FNJ into a powdered FNJ with 

probiotic cells by microencapsulation could be successfully utilized to protect bacterial 

cells. The most commonly used techniques for microencapsulation of food materials 

containing probiotics are spray drying and freeze drying. Freeze drying is the preferred 

technique for drying bacteria due to the retention of a high level of cell viability 

compared to spray drying (Carvalho et al., 2004; Wang et al., 2004), as it is a milder 

drying technique. It has been used to produce probiotic encapsulated powders for a few 

decades (Martín, Lara-Villoslada, Ruiz, & Morales, 2015). The freeze drying technique 

was therefore used in our study to achieve encapsulated cells with a desirable survival 

rate, which could then provide a reliable matrix for further evaluation of in-vitro 

digestion. For the drying matrix, a promising material for fruit juice microencapsulation 

should reduce the stickiness of sugar or organic acid rich juice. In our earlier study 

(Zhang et al., 2019b), maltodextrin (10-13 DE) was shown to be a suitable matrix for 

the microencapsulation of FNJ and was therefore applied in this study.  

 

Despite many studies conducted in relation to fruit/vegetable-based probiotic 

products,  the majority of the fruits/vegetables used for these products were ones with 

fruity flavour, taste and acceptability such as berry, apple, banana, tomato, orange, 

carrot and peach (Burgain, Gaiani, Linder, & Scher, 2011; De Prisco & Mauriello, 
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2016). To the best of our knowledge, no research has been undertaken for the probiotic 

product cooperated with FNJ, which has been shown to have a variety of functionalities 

that are absent in other fruits. Therefore, the objectives of this study were to explore the 

feasibility of microencapsulation of FNJ with selected probiotics as a novel functional 

ingredient, by evaluating the viability of bacterial cells after drying, storage and in-vitro 

digestion.  

 

7.2. Materials and methods 

7.2.1. Materials 

Commercial FNJ (~ 7% solid content) was obtained from a local health products 

store in Auckland, New Zealand. Maltodextrin (M1, 10-13 DE) was used as a wall 

material and was provided by Ingredion Singapore Pte (Singapore, Singapore). Milli-

Q grade water was also used in these experiments. Pepsin, bile salts and pancreatin used 

in the simulated digestion were purchased from Sigma-Aldrich (Sigma-Aldrich, St. 

Louis, USA). The MRS broth was purchased from Oxoid (Oxoid Ltd., Hampshire, UK). 

All the other chemicals used in this study were analytical grade (AR).  

 

7.2.2. Bacterial culture 

The probiotic strain Lactobacillus plantarum P8  (LP) (ATCC 14917) was provided 

by Inner Mongolia Agricultural University (Hohhot, China), while Lactobacillus 

rhamnosus GG (LGG) was obtained from CVS Pharmacy (Culturelle®, New Haven, 

USA). Bacteria were stored in MRS broth (Oxoid Ltd., Hampshire, UK) containing 25% 

(v/v) of glycerol (Sigma, Steinheim, Germany) at – 80 °C, and were pre-cultured twice 

before use. The bacterial cells were grown on MRS agar plates at 37 °C for 48 h, and a 
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single colony was aseptically transferred from MRS agar plate to 10 mL of sterile MRS 

broth for incubation without agitation at 37 °C for 12 h. Subsequently, 1% (v/v) 

inoculum was sub-cultured in 10 mL of sterile MRS broth at 37 °C for 24 h without 

agitation. The final bacterial cell pellets were collected by centrifugation (8000 × g, at 

4 °C for 10 min) and re-suspended in different solutions prepared for this study. The 

MRS broth and Milli-Q water were sterilized using an autoclave (Zealway GR60DR, 

USA) at 121 °C for 15 min and cooled to room temperature before use.  

 

7.2.3. Sample preparation 

Fig. 7.1 shows the schematic diagrams of sample preparation and the associated 

bacterial viability analysis. Sample A containing the harvested bacterial cells from the 

inoculum (100 mL) was prepared by mixing FNJ (100 mL) with M1 (21 g) to achieve 

a solids content of 28% (w/v) in the final mixture. The freeze-dried powder obtained 

from this solution was termed powder A. Sample B consisted of two components, the 

first being the similar amount of probiotic cells as in sample A, which was prepared by 

mixing M1 (14 g) with water (100 mL) to reach a solid content of 14% (w/v). The other 

component was prepared by mixing FNJ (100 mL) with M1 (7 g) to achieve a solids 

content of 14% (w/v). Both components were freeze dried separately and mixed 

thoroughly to make up sample B. Control sample (M1) contained a similar amount of 

probiotic cells to sample A and B without FNJ. It was prepared by mixing M1 (28 g) 

with water (100 mL) to achieve a solids content of 28% (w/v) in the final solution.  Prior 

to mixing with the bacterial cells, the solutions containing M1 were sterilized at 75 °C 

for 10 min and cooled to room temperature before use (Yonekura, Sun, Soukoulis, & 

Fisk, 2014).  
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Prior to freeze drying, all solutions were firstly pre-frozen at –20 °C for 12 h before 

vacuum freeze drying in a freeze dryer (Sihuan Scientific Instruments Co., Ltd., China) 

for 72 h with the temperature set at –50 °C. Finally, the harvested lyophilized materials 

were fully ground into fine powders using a mortar and pestle. For the storage trial, the 

freeze dried powders were stored in 25 mL sealed glass bottles in a desiccator with 

silica gels at 4 °C for 7 weeks.  
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Fig. 7.1. Schematic diagram showing the preparation and evaluation of powder samples containing FNJ and probiotics.  

FNJ: fermented noni juice; M1: maltodextrin, 10-13 DE; VCC: viable cell count. FDP: freeze-dried powder. 
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7.2.4. Microstructure observation 

The morphologies of the freeze dried powder A, B and M1 were observed by 

scanning electron microscopy (SEM). All samples for SEM observation were firstly 

fixed on an aluminum sample stub by a conducting carbon tape, and coated with gold 

to produce a conductive surface. The SEM micrographs were recorded by a Hitachi 

S4700 equipment (Hitachi Ltd., Tokyo, Japan).  

 

7.2.5. Determination of water activity (aw), total phenolic content (TPC) and 

iridoids content 

The aw of powder sample was determined using a water activity meter (model 

AQUALAB 4TE, USA). The TPC of powders were determined using the Folin-

Ciocalteu assay, and the iridoids (deacetylasperulosidic acid (DAA) and asperulosidic 

acid (AA)) content were measured using a HPLC method, as described in Chapter 5 

(section 5.2.6).  

 

7.2.6. Bacterial enumeration  

The viable cell count (VCC) of probiotics was conducted based on the plate count 

method. The sample was diluted in sterile normal saline (NS) (0.9%, w/v); serial 

dilutions (101 to 106 fold) of 100 μL solutions were transferred into 900 μL NS, and 100 

μL suspension was subsequently spread onto each MRS agar plate in triplicate. The 

plates were then incubated without agitation at 37 °C for 48 h. The number of viable 

bacteria cells in a sample was expressed as log CFU/g or log CFU/mL. 
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7.2.7. Cell survival in simulated gastro-intestinal conditions  

The simulated gastric-intestinal (SGI) fluid was prepared following the method of 

Minekus et al. (2014) and Madureira, Amorim, Gomes, Pintado, and Malcata (2011) 

with modifications. Simulated gastric fluid (SGF) (10 mL) consisted of 7.5 mL of SGF 

electrolyte solution (SGF-ES), 1.6 mL of 25000 U/mL pepsin solution, 5 μL of 0.3 

mmol/L CaCl2, 0.2 mL of 1 mmol/L HCl to adjust pH ~3.0 and 0.695 μL of water. The 

SGF-ES was prepared according to Minekus et al. (2014). Simulated intestinal fluid 

(SIF) (10 mL) was made up of 5.5 mL of SIF electrolyte solution (SIF-ES), 2.5 mL of 

800 U/mL pancreatin solution, 0.12 g of bile salts, 20 μL of 0.3 mmol/L CaCl2, 0.075 

mL of 1 mmol/L NaOH to reach pH ~7.0 and 1.785 mL of water. The SIF-ES was 

prepared according to Minekus et al. (2014). 

 

Firstly, the powder samples (10 g) were mixed completely with the SGF (10 mL) 

using a vortex mixer at 2000 rpm for 60 sec to obtain a final mixture ratio of sample to 

SGF of 50:50 (w/v), and the pH of the final mixture was re-adjusted to 3.0 before 

incubation. The mixture of 1 mL was then collected as the sample at initial time. The 

simulated gastric (SG) digestion was conducted in a 37 °C shaking incubator 

(Eppendorf ThermoMixer® C) at 300 rpm for 2 h. Then, the gastric chyme (10 mL) was 

mixed with the SIF (10 mL) to achieve a final ratio of 50:50 (v/v), and the pH level was 

re-adjusted to 7.0 to simulate the intestinal environment. The simulated intestinal (SI) 

digestion was allowed to sequentially proceed at similar incubated conditions for 

another 2 h.  

 

Samples were collected at the initial time, 1 h after SG-digestion started, post-SG 

digestion, 1 h after SI-digestion started and post-SI digestion during the SI-digestion. 
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The collected samples were analyzed for VCC as described in Section 2.6 and for cells 

re-growth incubation as described in Section 2.9. Each simulated digestion experiment 

was repeated independently in triplicate.  

 

7.2.8. Cell survival in the FNJ 

To study the tolerance of probiotic bacteria to FNJ, 10 mL inoculum was centrifuged 

(8000 × g, at 4 °C  for 10 min), and the obtained cell pellets were then re-suspended in 

10 mL FNJ with different concentrations (100%, 75%, 50%, 25%). The mixtures were 

incubated without agitation at 37 °C for 24 h. The initial pH of each mixture was 

measured before the incubation. Samples were collected at 0, 2, 4, 6, 12 and 24 h during 

the incubation to analyze for the bacterial survival rate using VCC method.  

 

7.2.9. Cell re-growth evaluation 

Liquid chyme (1.0 mL) containing bacterial cells was collected at initial, post-SG 

and post-SI time. The collected samples were centrifuged (8000 × g, at 4 °C for 10 min), 

and the obtained cell pellets were washed using NS and then centrifuged twice. The 

harvested bacterial cell pellets were re-suspended in 1.0 mL MRS broth medium. Then, 

10 μL of the suspension was aseptically transferred into MRS broth medium (990 μL) 

in a sterile 48-well microplate. The mixtures were incubated at 37 °C for 24 h using a 

microplate reader (Molecular Devices M5, USA), and the absorbance was recorded 

every 30 minutes at 600 nm (OD 600). The plate was shaken for 10 s before recording 

of each time by controlling the setting function of the plate reader. A control sample 

was prepared by mixing the freeze-dried powder (1 g) with normal saline (1 mL), then 
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the cells for the re-growth trial was obtained through the similar process mentioned 

above.  

 

7.2.10. Statistical analysis 

All data reported in this study were presented as mean value ± standard deviation 

(SD). One-way ANOVA and Duncan test were conducted using SPSS Statistics 23 to 

evaluate the difference between two values, and data are considered as significantly 

different when p-value < 0.05. 

 

7.3. Results and discussion  

7.3.1. Morphology, water activity (aw), total phenolic content (TPC) and iridoids 

of the freeze-dried powders  

The appearance of the powder samples after freeze drying, followed by grinding and 

mixing, is shown in Fig. 7.2A (1 to 4). The morphology of the freeze-dried powder 

containing bacterial cells (taking powder B (LGG) as example) is shown in Fig. 7.2B. 

It can be seen that the bacteria cells embedded in the powder remained intact, compactly 

distributing in chain-like shape (Fig. 7.2B-II). The morphology and the distribution of 

the bacterial cells also indicated that M1 (28%, w/v) was a suitable wall material for LP 

and LGG cells encapsulation using freeze drying technique. The aw of all freeze-dried 

powders was below 0.3 (control, 0.03; powder A, 0.05; and powder B, 0.06) (Table 

7.1), indicating a desirable environment for the survival of bacterial cells (Nualkaekul 

et al., 2012). The total phenolic content (TPC) and the iridoids content (DAA+AA) in 

powder A were 22.02 GE μmol/g powder and 3.04 mg/g powder, while those in powder 

B were 21.93 GE μmol/g powder and 3.11 mg/g powder, respectively (Table 7.1). No 
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significant differences were observed between powder A and B for TPC and TIC. 

Bramorski et al. (2010) reported similar TPC value in their investigation on commercial 

noni juice. The iridoids content of FNJ determined in the current study was comparable 

with the reported values of various commercial noni juices (Potterat et al. (2007). 

 

Fig. 7.2. A: Images of the powders obtained using method (A) (1: samples obtained after freeze 

drying, and 2: powders obtained after grinding) and method (B) (3: samples obtained after 

freeze drying, and 4: powders obtained after grinding). B: The micrographs showing the dried 

LGG cells in powder B at 100 × (I) and 7500 × (II) magnification. 
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Table 7.1. The aw, TPC and iridoids in the powders 

 FNJ Control Powder A Powder B 

aw NA 0.03 0.05 0.06 

TPC  5506.3 ± 511.4 a  ND 22.02  ± 1.01 b 21.93 ± 1.19 b 

DAA  64.17 ± 1.37 c ND 2.60 ± 0.12 d 2.73 ± 0.09 d 

AA 11.65 ± 0.66 c ND 0.44 ± 0.09 d 0.38 ± 0.05 d 

DAA+AA 75.82 ± 2.03 c ND 3.04 ± 0.21 d 3.11 ± 0.14 d 

aw: water activity; TPC: total phenolic content; DAA: deacetylasperulosidic acid; AA: 

asperulosidic acid; Control: containing M1 and probiotic cells; ND: not determined.  

Unit, a: GE μmol/L juice; b: GE μmol/g powder; c: mg/100 mL juice; d: mg /g powder. GE: 

gallic acid equivalent. 

 

7.3.2. The viability of bacteria in powders during storage 

Table 7.2 shows the viable cell count (VCC) of both bacteria strains (LP and LGG) 

embedded in different powders during storage and the reduction in log values (∆log) 

during the 7 weeks storage at 4 °C. Statistically significant reduction (p < 0.05) was 

observed in the VCC for all cases over the storage at 4 °C. Generally, powder B had a 

better probiotic stability than powder A, showing less reduction in log value. This 

indicated that method (B) would be a better method for microencapsulation of FNJ and 

probiotics than method (A). This phenomenon is most likely caused by the two different 

sample preparation methods. The dried bacterial cells (LP and LGG) in powder A were 

directly exposed to the FNJ solids, therefore the cells may encounter direct contact with 

the potential adverse components (e.g. antibacterial compounds and organic acid) and 

the low pH condition in the FNJ. However, for powder B, the bacterial cells were 

encapsulated by the M1 matrix prior to powder mixing, thus do not have direct physical 

exposure to FNJ. Method (B) physically isolated the cells from the FNJ solids, the 

bacterial cells were therefore protected by M1, and this reduced the cellular injury. 

Borges et al. (2016) reported similar results in their study of dried fruit powders 
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incorporated with Lactobacillus plantarum, in which a higher survival rate was 

obtained when bacterial cells and fruit juice were dried separately, compared to the 

drying of fruit juice immersed with bacterial cells.  

 

Comparing the viable cells amount (LP and LGG) between powder A and powder B 

at the beginning of storage, a significant difference in log value was observed (p < 0.05). 

The viabilities (0 week) of both bacterial strain (LP and LGG) in powder B were 

observed to be significantly higher than those in powder A (p < 0.05). For the 

preparation of powder A, the bacterial cells (LP and LGG) were exposed to pure FNJ 

for 12 h at the pre-frozen stage and 72 h during the freeze drying process. This process 

had exposed the probiotic bacteria to FNJ for 84 h in total to produce powder A, 

explaining the reduction of bacterial cells viability. Furthermore, the concentration of 

FNJ solids in the FNJ-probiotic mixture would increase with water evaporation during 

freeze drying, which meant the probiotics were exposed to an increasingly severe 

environment during the freeze drying process. This would account for the lower 

survival rates of probiotics in powder A as observed after freeze drying compared to 

powder B.  

 

Comparing the two bacteria strains LP and LGG in powder A (Table 7.2), there were 

no significant differences in viability between these two probiotic strains at the 

beginning and the end of storage. However, the survival rates of LP and LGG in powder 

B were significantly different (p < 0.05) after storage at 4 °C for 7 weeks, showing the 

log reduction of 0.284 and 0.536 for LP and LGG after end of storage, respectively. 

This difference in the decrease in bacterial viability could be attributed to the different 
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FNJ intolerance capacities of LP and LGG strains, and this is further verified and 

discussed later. The viable cell counts of LP and LGG in powder A were approximately 

108 CFU/g after 7 weeks of storage, while those in the control and powder B could 

reach about 109 CFU/g (Table 7.2). According to the FDA, the recommended amount 

of viable cells in probiotic food should be at least 106 CFU/mL (Tripathi & Giri, 2014). 

The obtained data indicated that both powder A and B could retain desirable bacterial 

stability after storage of 7 weeks according to the recommendation of FDA. 

Nevertheless, powder B would be more promising in retaining cell survivability for 

longer storage time compared with powder A.  

 

Nualkaekul et al. (2012) studied the incorporation of freeze-dried Lactobacillus 

plantarum cells into four different freeze-dried instant fruit powders (cranberry, 

blackcurrant, pomegranate and strawberry). Their results showed that water activity of 

powders was the only factor affecting the viability of bacterial cells. On the other hand, 

the use of silica gel was found to be effective in retaining the viability of bacterial cells 

in dry powders during storage (Borges et al., 2016; Sudoma, 1990). For current study, 

since the storage trial was conducted in a desiccator containing silica gels, there would 

be negligible effect from water activity in influencing the bacterial viability.  

 

 Literature reported high death rates of Lactobacillus plantarum cells under 

refrigerated temperature, due to high levels of phenolic compounds in juices 

(Nualkaekul & Charalampopoulos, 2011). In the case of the FNJ used in this study, the 

TPC was 5506 gallic acid equivalents (GE) μmol/L (Table 7.1), equivalent to 936 mg 

gallic acid per litre FNJ. In an earlier study, Yang, Paulino, Janke-Stedronsky, and 
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Abawi (2007) reported that TPC (gallic acid equivalent) of FNJ was around 2000 mg/L 

and the reduction was less than 500 mg/L after heat treatment (65 and 75 °C) of 24 h, 

which indicated a relatively high TPC retention even though being treated at a high 

temperature. During freeze drying, the phenolic compounds in the FNJ solution could 

be gradually concentrated, leading to an increased TPC. This increase in concentration 

of phenolic compounds may cause injury to some bacterial cells encapsulated in powder.  

 

Results showed that the bacterial viability was 0.872 log CFU/g (equivalent to 0.04 

log N/N0) for LP in powder A (Table 7.2). The good performance in cell viability as 

observed in powder could be attributed to the higher amount (21%, w/v) of maltodextrin 

(with similar DE value) used in our study. This higher content of maltodextrin led to 

better protection and encapsulation efficiency, and possibly also provide an increase 

availability of carbon source for cell maintenance. Barbosa et al. (2015) applied 

maltodextrin (2%, w/v) to freeze-dried orange powder containing Lactobacillus 

plantarum 299v cells using a method similar to method (A) in our study. Their results 

showed that the viability of bacterial cells decreased approximately 2.5 log N/N0 after 

storage with silica gels at 4 °C for 7 weeks, which was obviously higher than that in the 

current study (0.04 log N/N0).  
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Table 7.2. Viability of bacteria in powders during storage 

Probiotics 

(log CFU/g) 

 LP    LGG  

Control A B  Control A B 

week 0 9.526 ± 0.092b 8.991 + 0.059a 9.393 ± 0.034b  9.420 ± 0.083b 9.041 ± 0.211a 9.515 ± 0.075b 

week 1 9.475 ± 0.019 8.932 ± 0.065 9.364 ± 0.015  9.439 ± 0.054 8.982 ± 0.026 9.171 ± 0.184 

week 2 9.294 ± 0.003 8.916 ± 0.019 9.395 ± 0.037  9.306 ± 0.014 8.921 ± 0.033 9.316 ± 0.100 

week 3 9.401 ± 0.040 8.816 ± 0.014 9.351 ± 0.044  9.200 ± 0.064 8.899 ± 0.085 9.261 ± 0.153 

week 4 9.294 ± 0.028 8.623 ± 0.095 9.189 ± 0.010  9.266 ± 0.008 8.762 ± 0.042 9.234 ± 0.057 

week 5 9.187 ± 0.020 8.233 ± 0.160 9.191 ± 0.026  9.166 ± 0.019 8.659 ± 0.081 9.157 ± 0.066 

week 6 8.903 ± 0.007 8.319 ± 0.022 9.133 ± 0.027  9.158 ± 0.021 8.680 ± 0.051 9.201 ± 0.012 

week 7 9.020 ± 0.073bc 8.119 ± 0.026a 9.109 ± 0.007c  9.067 ± 0.037bc 8.227 ± 0.073a 8.979 ± 0.035b 

∆log  0.506 0.872 0.284  0.353 0.814 0.536 

Data are shown as mean values ± standard deviations.  

Values followed by the different letters in the same row are significantly different (p < 0.05).  

LP: Lactobacillus plantarum P8; LGG: Lactobacillus rhamnosus GG.  
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7.3.3. The viability of bacteria during in-vitro digestion 

The resistance to gastro-intestinal stress is considered to be a crucial requirement for 

probiotic organisms in food products. To examine the viability of the probiotics in the 

encapsulated FNJ powders during a simulated gastro-intestinal (SGI) digestion passage, 

an in-vitro investigation was conducted to examine the influence of the acidic 

environment in the stomach and the presence of bile salts at the duodenal level (1.2%, 

w/w) (Madureira et al., 2011) on the survival of bacterial cells.  

 

7.3.3.1 The survival rate of cells in SGF and SIF  

The survivability of LP and LGG cells during SGI digestion is shown in Table 7.3. 

For VCC analysis, a minimum threshold of 3 log CFU/mL was used, considering the 

intrinsic sensitivity limitation of Miles and Misra’s plating method of enumeration 

(Madureira et al., 2011). There was no significant decrease in the viable cell count of 

each microorganism (LP and LGG) during the simulated gastric (SG) digestion, 

indicating that the effects of SGF on the encapsulated LP and LGG cells with M1 were 

limited (Table 7.3).The viable cell count of LP and LGG encapsulated in powder A 

reduced to below the minimum threshold within 1 h, while that of the bacteria contained 

in powder B could still be determined after the SG digestion (LP: 8.041, LGG: 4.002). 

Once again, as discussed in section 3.2, these results could be caused by the different 

preparation of the powder A and B. As mentioned (section 3.2), the increased acidic 

condition and antibacterial compounds may have caused sublethal injury on the cells 

during the pre-frozen (12 h) and freeze drying (72 h) of powder A. After the exposure 

of powder A to SGF, the powder was rehydrated and free bacterial cells could be 

released into the liquid mixture. This could cause the direct exposure of the sublethally 

injured cells to the SGF mixture containing FNJ, leading to further damage as evident 
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by the undetected survivability. By contrast, the bacteria cells in sample B were 

physically isolated from the FNJ during the pre-freezing and freeze drying stages, 

allowing protection to probiotic cells from the detrimental effects of the FNJ, thus 

mitigating the injuries of cells in the freeze-dried powders. Comparing both powder 

preparation methods, method (B) is obviously better than method (A) in producing 

freeze-dried FNJ-probiotic powders, based on the good retention of bacterial cell 

survivability during the SG digestion stage.  

 

A close examination of the performance of the two probiotic bacteria showed that 

the viability of LP and LGG cells in powder B was significantly decreased after 2 h of 

SG digestion (p < 0.05), and the LGG cells suffered a greater reduction in viable cell 

number (about 4.5 log) than the LP cells (about 0.8 log) (Table 7.3). This difference in 

the viability reduction of LP and LGG cells was most likely due to the different 

tolerance capacities of LP and LGG strains toward FNJ. This was supported by the 

results presented in Fig. 7.3 whereby the tolerance of LP cells to the original FNJ was 

better than the LGG cells. The viability of LP cells lost about 0.8 and 1.1 log after 

exposure to pure FNJ for 2 and 24 h at 37 °C, while the reductions for LGG after 2 and 

24 h were about 1.7 and 3.6 log. The FNJ solids content in the SGF mixture was about 

12.5% (w/w), which was higher than the solids content of the original FNJ (7%, w/w). 

The increased FNJ solids fraction in samples, would lead to a more detrimental 

condition for bacterial cells. Therefore, the viability of LGG cells after exposure to SGF 

(12.5% FNJ solids) could be lower than for exposure to original FNJ (7% FNJ solids). 

Fig. 7.3 also shows that the LP and LGG cells had better bacterial viability in the diluted 

FNJ (75%, 50% and 25%) than in the original FNJ during an exposure time of 24 h. 

The pH values of the original and diluted FNJ were similar. The pH value was 3.61 for 
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100% FNJ, 3.63 for 75% FNJ, 3.66 for 50% FNJ and 3.67 for 25% FNJ. Thus, the 

possible explanation for the difference in bacterial viabilities might be due to the 

decrease in the antimicrobial components of the diluted FNJ samples, resulting in a 

decreased level of injury on the bacterial cells. This phenomenon was supported by 

Rozès and Peres (1998), who reported that the effects of phenolics (caffeic and ferulic 

acid) on the viability of Lactobacillus plantarum was concentration dependent and low 

concentrations (0.1 or 0.2 g/L) of phenolics (tannin) did not show inhibitive effects on 

Lactobacillus plantarum. 

 

Upon exposure to intestinal conditions, each bacterial strain encapsulated in powder 

A was not observed to have an apparent rebound tendency in the viable numbers (Table 

7.3). The LP strain contained in powder M1 and powder B suffered a slight reduction 

in viable cell counts, and concentrations reached 8.272 (control) and 7.636 (powder B) 

log, respectively. These viable cell numbers were considered as an estimated amount 

for conferring health benefits to the consumers (Ouwehand & Salminen, 1998). In other 

words, it also demonstrated that the adverse effects of SIF and FNJ on the viability of 

LP strain during digestion were limited. However, there was a detrimental effect present 

on the viability of LGG strains when they were exposed to the SIF. The reasons for this 

phenomenon will be discussed in section 3.4.  
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Table 7.3. Viability of bacteria in powders during simulated gastric-intestinal (SGI) digestion 

Probiotics 

(log CFU/g) 

Gastric phase (pH ~3.0)  Intestinal phase (pH ~7.0) 

Initial 1 h 2 h  1 h 2 h 

LP M1 8.854 ± 0.063a 8.664 ± 0.104a 8.705 ± 0.036a  8.229 ± 0.075b 8.272 ± 0.057b 

 Powder A 7.809 ± 0.196a NDb NDb  NDb NDb 

 Powder B 8.887 ± 0.105a 8.317 ± 0.057b 8.041 ± 0.093b  7.629 ± 0.039c 7.636 ± 0.006c 

LGG M1 8.464 ± 0.057a 8.415 ± 0.012a 8.520 ± 0.037a  NDb NDb 

 Powder A 7.278 ± 0.281a NDb NDb  NDb NDb 

 Powder B 8.515 ± 0.005a 4.648 ± 0.036 b 4.002 ± 0.003c  NDd NDd 

Data are shown as mean values ± standard deviations.  

Values followed by the different letters in the same row are significantly different (p < 0.05).  

ND: not detected. M1: maltodextrin, 10-13 DE. LP: Lactobacillus plantarum P8; LGG: Lactobacillus rhamnosus GG.  
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7.3.3.2. Cell re-growth behaviours in MRS 

Based on the in-vitro digestion, the LP and LGG cells were obtained at a different 

timing during the SGI digestion process and were re-cultured in the MRS broth, to 

examine the re-growth abilities of the bacterial cells treated by SGF/SIF. The results 

are shown in Fig. 7.4. 

 

For the control samples, each strain obtained at the initial and post-SG digestion time 

showed regular growth tendencies in the lag, logarithmic and stationary phases (Fig. 

7.4A and B). Due to the better stability of LP cells during SI digestion, the LP cells 

obtained after SI digestion only had a slight delay (about 2 h) of the logarithmic phase 

(Fig. 7.4A). By contrast, the LGG strain obtained after SI digestion did not show a 

logarithmic phase within 24 h of MRS cultivation (Fig. 7.4B). The difficulty in the re-

growth ability of LGG cells are in line with the results as shown in Table 7.3.  

 

The LP cells from powder A obtained at different digestion points (initial time, post-

SG and post-SI digestion) showed an increased delay in re-growth time with the 

progress of the powder digestion (Fig. 7.4C). The growth did not reach a stationary 

phase within 24 h of cultivation in the MRS broth. Despite the delay in the re-growth 

behaviours also being observed for the LP cells from powder B (Fig. 7.4E), the duration 

of delay was shorter than that of the LP cells from powder A (Fig. 7.4C). In addition, 

the concentration of bacteria cells from powder B determined at the stationary phase 

could reach a higher number as reflected by the OD 600 value of about 1.6 to 1.7 within 

24 h. This meant that the SGI digestion had limited fatal effects on the viability of LP 

cells encapsulated in powder B. Based on the difference in re-growth curves (Fig. 7.4C 
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and E), the possible subcellular injured LP cells in powder A may require more time to 

complete “self-repairing” and to adapt to the new growing environment as compared to 

the cells from powder B.  

 

A similar re-growth trend was observed for the LGG strain (Fig. 7.4B, D and F), 

however, the re-growth behaviours of LGG cells from powder B obtained post-SG 

digestion (Fig. 7.4F) indicated that LGG suffered more injuries than LP after SG 

digestion (Fig. 7.4E). In addition, the LGG strains from powder A and B obtained after 

SI digestion were not observed to have desirable growing tendencies (Fig. 7.4D and F), 

implying that extensive damage occurred on the LGG cells. This observation was in 

accordance with the data achieved by VCC as shown in Table 7.3.  

 

The loss of viability and re-growth capacity in bacterial cells could be related to the 

permeability and integrity of the cell membrane (Lacombe, McGivney, Tadepalli, Sun, 

& Wu, 2013). The bacterial cell membrane is normally considered as a diffusion barrier 

between the extracellular medium and the cytoplasm. The integrity of the membrane is 

fundamentally important to maintain an optimal internal condition in structure and 

function of the bacterial cells, which are necessary for metabolism and energy 

transduction (Campos et al., 2009). There are various phenolic compounds such as 

scopoletin, acubin, alizarin and l-asperuloside present in noni fruit (Assi et al., 2017), 

and these kinds of phenolic compounds could potentially alter the structure of cell 

membrane and lead to leakage of bacterial cell components including ATP (adenosine 

triphosphate), proteins, nucleic acids and inorganic ions (Johnston, Hanlon, Denyer, & 

Lambert, 2003). Phenolic compounds are said to permeate through the cytoplasmic 
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membrane and further increase the permeability of the cell membrane, resulting in cell 

injury and ultimately a decrease in viability. By contrast, cell leakage would not take 

place as long as the bacterial cells have an intact cell membrane, maintaining a high 

level of bacterial viability (Smelt, Rijke, & Hayhurst, 1994).  
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Fig. 7.3. The tolerance of bacteria to fermented noni juice (FNJ) with different concentrations 

(100%, 75%, 50%, and 25%, v/v). Values followed by the different letters are significantly 

different (p < 0.05). LP: Lactobacillus plantarum P8; LGG: Lactobacillus rhamnosus GG. 
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Fig. 7.4. Regrowth curves of bacteria obtained at different times during simulated gastric-

intestinal (SGI) digestion. LP: Lactobacillus plantarum P8; LGG: Lactobacillus rhamnosus 

GG.   
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7.3.4. The effects of digestive fluid on the viability of LGG strain 

Bile salt was considered to be toxic for various different types of bacteria cells as it 

is able to damage the structure of the cell membrane (Succi et al., 2005). Tolerance to 

bile salts is deemed as a crucial property required for probiotic strains to survive in the 

small intestines (Schillinger, Guigas, & Holzapfel, 2005). To understand factors 

affecting significant injury on LGG strains during digestion, the digestive fluids 

containing different compositions were used to examine the negative effects on the 

viability of the fresh LGG cells. The LGG strain was chosen as a model microorganism 

since many authors have demonstrated that LGG have the desirable cell viability during 

SGI. 

 

Table 7.4 shows that there were no viable LGG cell count detected after exposure to 

the digestive fluids (B, C and D) with the presence of bile salts (1.2%, w/w). This 

indicated that the viability of LGG strain dramatically decreased after short exposure 

to bile salts in SIF. However, LGG retained a high survival rate (over 9.0 log CFU/g) 

after 2 h of exposure in digestion fluid without bile salts, implying that bile salts (1.2%) 

contained in the SIF may be the major causative factor for the viability loss of LGG 

strain.  

 

Sohail, Turner, Coombes, Bostrom, and Bhandari (2011) reported that the viable cell 

count of LGG cells dropped from about 9.5 to 6.0 log CFU/mL after incubating in SIF 

for 2 h with the presence of 0.5% oxgall. Another study related to the effects of SIF 

(containing 0.45% porcine bile extract) on the viability of commercial LGG stains 

revealed that the viable counts of LGG cells was only reduced by 0.37 log CFU/mL 
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after 120 min of SI digestion (Jensen, Grimmer, Naterstad, & Axelsson, 2012). These 

two results seemed to contradict the findings obtained in our current study. However, 

the notable differences between the current and previous studies was in the 

concentration of bile salts used. The bile salts used in our study at duodenal level (1.2%, 

w/w) (Madureira et al., 2011) was roughly two times higher than that used in the 

previous studies mentioned above. This could explain the strong cell injury as observed 

in the current study. LGG is one of the most popular types of probiotic used in 

commercial products. Based on the results obtained in this study, it is necessary to 

consider the appropriate time to consume commercial probiotic products containing 

LGG cells. It is known that bile concentration in the human body would increase after 

a meal for the purpose of digestion (Hur, Lim, Decker, & McClements, 2011), thus it 

could be beneficial for consumers to consume the probiotic products containing LGG 

strains before a meal to minimize the injury caused to bacterial cells and ultimately 

obtain optimal bacterial cell viability.  
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Table 7.4. Bile salts tolerance of LGG strain 

 A: SGF B: SIF C: SGF+SIF  D: (SIF-ES)+Bile salts  E: (SIF-ES) + Pancreatin  F: (SIF-ES) 

Initial 9.334 ± 0.087a NDb NDb NDb 9.199 ± 0.011a 9.267 ± 0.157a 

2 h 9.237 ± 0.012a NDb NDb NDb 9.133 ± 0.057a 9.063 ± 0.020a 

Data are shown as mean values ± standard deviations. 

SGF: simulated gastric fluid; SIF: simulated intestinal fluid; SIF-ES: SIF electrolyte solution. 

Values followed by the different letters in the same row are significantly different (p < 0.05).  

ND: not detected. LGG: Lactobacillus rhamnosus GG. 
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7.4. Conclusions  

This study has explored the possibility of microencapsulation of FNJ with two types 

of probiotics, namely Lactobacillus plantarum P8 (LP) and Lactobacillus rhamnosus 

GG (LGG), as a novel functional ingredient. The survival rate of bacterial cells after 

freeze drying, during storage and in-vitro digestion were also evaluated. Overall, the 

results showed that method (B) was more suitable than method (A) for 

microencapsulation of FNJ with the selected probiotics. The probiotic bacteria in 

powder B showed better storage and digestion stability than bacteria in powder A. The 

FNJ was observed to have adverse effects on the viability of LP and LGG strains, 

however, this effect could be reduced with appropriate microencapsulation method. 

Compared to the LGG, the LP strain encapsulated separately in the freeze-dried FNJ 

powder exhibited better performance on resisting stress of SGF and SIF during 

digestion, and the adverse effects of FNJ on bacteria. Therefore, we concluded that the 

LP strain could be a possible probiotic for the FNJ microencapsulation.  
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Chapter 8  

Conclusions and future works 
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8.1. Conclusions 

Fermented noni juice (FNJ) is linked to a variety of health benefits, due to the 

presence of phytochemical compounds such as iridoids and polyphenols. However, the 

strong unpleasant odour adversely affects its acceptability and marketability. To 

improve consumers’ satisfaction with noni products, an appropriate powder derivative 

with desirable properties, functionalities and better sensory acceptability is desirable. 

Although hydrocolloids including maltodextrin (M1: 10-13 DE, M3: 17-20 DE) and 

gum acacia (GA) has been widely used as wall materials in microencapsulation of juices, 

their drying mechanism and drying behaviours when applied to aqueous juice systems 

have not been well investigated. This study, thus, provided fundamental knowledge in 

spray drying microencapsulation of FNJ, especially on the drying mechanism and 

mathematical modelling, as well as the properties, functionalities and odour 

characteristics of the spray-dried microcapsule/powder. In addition, the current study 

elucidated the feasibility to fortify the microencapsulated FNJ with selected probiotics, 

by evaluating the viability of bacterial cells in the microencapsulated powder after 

drying, during storage and through in-vitro digestion. This also expands the application 

of FNJ to functional foods to provide powders with multiple functionalities.  

 

Specifically, the single droplet drying (SDD) technique was firstly employed to 

investigate the drying mechanism of FNJ by studying the structure formation and 

properties of the particle formed, and to explore the drying behaviour and 

characteristics via Reaction Engineering Approach (REA) mathematical modelling. 

Results unfolded the drying mechanism and behaviour of spray-dried FNJ powders 

containing the above selected hydrocolloids, and predicted that M1 could serve as a 

suitable wall material based on the physicochemical properties of the particle produced 
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by M1. The drying behaviours and REA mathematical modelling produced results that 

gave significant importance for industrial scale-up of FNJ spray drying. Subsequently, 

pilot-scale spray drying of FNJ was conducted using a micro-fluidic-jet-spray-dryer 

(MFJSD), to investigate the physicochemical properties, microstructures, and bioactive 

stabilities of the spray dried microcapsules/powders. Results showed that hydrocolloid 

M1 (28%) was a promising wall material among the selected hydrocolloids, in 

agreement with the earlier SDD investigations. The microstructure and droplet-to-

particle formation process of the FNJ microcapsules varied depending on both the type 

and the concentration of wall materials. In addition, these spray-dried powders 

exhibited a high bioactive stability during spray drying and storage. Following the study 

of pilot-scale spray drying, investigation on the odour characteristic of FNJ and the 

volatile retention as affected by microencapsulation using spray drying and freeze 

drying were conducted. Results showed that hexanoic acid was a major volatile 

compound contributed to the sweat and pungent off-odour of FNJ. The volatile 

retentions in the microencapsulated powders were significantly impacted by the type of 

drying and the temperature of spray drying (p < 0.05). PCA analysis showed 

pronounced difference in the odour characteristics of the spray-dried and freeze-dried 

powder samples. Finally, the feasibility of microencapsulating the FNJ fortified with 

two types of Lactobacillus was studied, aiming to develop a novel functional ingredient. 

From the results, freeze drying of the FNJ and probiotics separately followed by mixing 

was a suitable method to give high retention of bacterial viability during storage and in-

vitro digestion. The Lactobacillus plantarum P8 was found to be a promising probiotic 

fortified with FNJ.   
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Compared to the results obtained from conventional spray dryer (Díaz et al., 2015; 

Fazaeli et al., 2012; Krishnaiah et al., 2012), the MFJSD used in current study produced 

microcapsules with uniform particle size, shape and morphology. This indicated that 

micro-fluidic-jet spray drying is ideal for up-scaling drying technique used to describe 

the properties and functionalities of spray-dried juice microcapsules. The results 

obtained from SDD investigation, including prediction of powder properties, crust 

formation characteristics and REA mathematical modelling of microcapsules, could be 

useful and applicable to spray drying microencapsulation of other fruit juices using 

similar hydrocolloids. In addition, the findings from current study could serve as a 

foundation for further investigation related to spray drying microencapsulation of fruit 

juices with low sugar content, such as cranberry juice, raspberry or vegetable juices. 

However, the major findings from this study including those from SDD and the pilot-

scale spray drying, are not necessarily transferable to fruit juices with high sugar content, 

such as sugarcane, litchi, mango and cherry. This is because the presence of high 

amounts of sugar could lead to significant different drying behaviours during SDD and 

pilot-scale spray drying, resulting in different powder properties and functionalities. 

 

8.2. Future work 

Based on current investigations, the following are the proposed future work: 

 Other potential promising wall materials such as octenyl succinate anhydrate (OSA) 

starch could be used to for spray drying microencapsulation of FNJ as comparison. 

 

 In-vitro digestion study of the spray-dried powder samples could be conducted to 

evaluate the bioactive stability during digestion.  
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 Sensory evaluation of FNJ and its microencapsulated powder could be conducted 

to evaluate the overall flavour characteristics of samples.  

 

 The mechanism of bacterial injury in the sample containing FNJ during freeze 

drying and in-vitro digestion could be studied via confocal laser scanning 

microscopy (CLSM).  

 

 Spray drying microencapsulation of FNJ fortified with selected probiotic cells could 

be studied to reduce the cost and improve the industrial application.  

 

 Some prebiotic wall materials such as inulin could be used to microencapsulate the 

FNJ and probiotics, to investigate the bacterial viability during drying and storage.  

 

 Single droplet drying technique could be employed to investigate the survival of the 

probiotics in FNJ droplets with different compositions during convective drying.  

 

  



199 

 

List of references 

Abdelwahed, W., Degobert, G., Stainmesse, S., & Fessi, H. (2006). Freeze-drying of 

nanoparticles: Formulation, process and storage considerations. Advanced drug 

delivery reviews, 58(15), 1688-1713. 

Abou Assi, R., Darwis, Y., Abdulbaqi, I. M., Khan, A. A., Vuanghao, L., & Laghari, 

M. H. (2017). Morinda citrifolia (Noni): A comprehensive review on its 

industrial uses, pharmacological activities, and clinical trials. Arabian Journal 

of Chemistry, 10(5), 691-707.  

Adhikari, B., Howes, T., Bhandari, B. R., & Troung, V. (2004). Effect of addition of 

maltodextrin on drying kinetics and stickiness of sugar and acid-rich foods 

during convective drying: Experiments and modelling. Journal of Food 

Engineering, 62(1), 53-68.  

Aghbashlo, M., Mobli, H., Madadlou, A., & Rafiee, S. (2013). Influence of wall 

material and inlet drying air temperature on the microencapsulation of fish oil 

by spray drying. Food and Bioprocess Technology, 6(6), 1561-1569. 

Ahmad, A. N., Daud, Z. A. M., & Ismail, A. (2016). Review on potential therapeutic 

effect of Morinda citrifolia L. Current Opinion in Food Science, 8, 62-67. 

Alves, N. N., de Oliveira Sancho, S., da Silva, A. R. A., Desobry, S., da Costa, J. M. 

C., & Rodrigues, S. (2017). Spouted bed as an efficient processing for probiotic 

orange juice drying. Food Research International, 101, 54-60. 

Amelia, R., Wu, W. D., Cashion, J., Bao, P., Zheng, R., Chen, X. D., & Selomulya, C. 

(2011). Microfluidic spray drying as a versatile assembly route of functional 

particles. Chemical Engineering Science, 66(22), 5531-5540. 



200 

 

Anekella, K., & Orsat, V. (2013). Optimization of microencapsulation of probiotics in 

raspberry juice by spray drying. LWT-Food Science and Technology, 50(1), 17-

24. 

Arai, S., & Doi, M. (2012). Skin formation and bubble growth during drying process of 

polymer solution. The European Physical Journal E, 35(7), 57. 

Assi, R. A., Darwis, Y., Abdulbaqi, I. M., Vuanghao, L., & Laghari, M. (2017). 

Morinda citrifolia (Noni): A comprehensive review on its industrial uses, 

pharmacological activities, and clinical trials. Arabian Journal of Chemistry, 

10(5), 691-707. 

Bakowska-Barczak, A. M., & Kolodziejczyk, P. P. (2011). Black currant polyphenols: 

their storage stability and microencapsulation. Industrial Crops and Products, 

34(2), 1301-1309. 

Ballesteros, L. F., Ramirez, M. J., Orrego, C. E., Teixeira, J. A., & Mussatto, S. I. (2017). 

Encapsulation of antioxidant phenolic compounds extracted from spent coffee 

grounds by freeze-drying and spray-drying using different coating materials. 

Food Chemistry, 237, 623-631. 

Bamidele, O., Duodu, K., & Emmambux, M. (2019). Encapsulation and antioxidant 

activity of ascorbyl palmitate with normal and high amylose maize starch by 

spray drying. Food Hydrocolloids, 86, 124-133. 

Barbosa, J., Borges, S., Amorim, M., Pereira, M. J., Oliveira, A., Pintado, M. E., & 

Teixeira, P. (2015). Comparison of spray drying, freeze drying and convective 

hot air drying for the production of a probiotic orange powder. Journal of 

Functional Foods, 17, 340-351.  

Barbosa, J., & Teixeira, P. (2017). Development of probiotic fruit juice powders by 

spray-drying: A review. Food Reviews International, 33(4), 335-358. 



201 

 

BeMiller, J., & Whistler, R. (1996). Carbohydrates. Pages: 157-223 in: Food Chemistry. 

Fennema OR ed: Marcel Dekker, New York. NY. 

Bhandari, B. (2005). Spray drying-an encapsulation technique for food flavors. Drying 

of Products of Biological Origin, 513-533. 

Bhandari, B., Senoussi, A., Dumoulin, E., & Lebert, A. (1993). Spray drying of 

concentrated fruit juices. Drying Technology, 11(5), 1081-1092. 

Bicudo, M. O. P., Jo, J., de Oliveira, G. A., Chaimsohn, F. P., Sierakowski, M. R., de 

Freitas, R. A., & Ribani, R. H. (2015). Microencapsulation of jucara (Euterpe 

edulis M.) pulp by sray drying using different carriers and drying temperatures. 

Drying Technology, 33(2), 153-161.  

Borges, S., Barbosa, J., Silva, J., Gomes, A. M., Pintado, M., Silva, C. L., . . . Teixeira, 

P. (2016). A feasibility study of Lactobacillus plantarum in fruit powders after 

processing and storage. International Journal of Food Science & Technology, 

51(2), 381-388. 

Bramorski, A., Cherem, A. d. R., Marmentini, C. P., Torresani, J., Mezadri, T., & Costa, 

A. d. A. S. (2010). Total polyphenol content and antioxidant activity of 

commercial Noni (Morinda citrifolia L.) juice and its components. Brazilian 

Journal of Pharmaceutical Sciences, 46(4), 651-656. 

Bringas-Lantigua, M., Valdés, D., & Pino, J. A. (2012). Influence of spray-dryer air 

temperatures on encapsulated lime essential oil. International Journal of Food 

Science & Technology, 47(7), 1511-1517. 

Buffo, R., & Reineccius, G. (2000). Optimization of gum acacia/modified 

starch/maltodextrin blends for the spray drying of flavors. Perfumer & flavorist, 

25(4), 45-54. 

Burdock, G. A. (2016). Fenaroli's handbook of flavor ingredients: CRC press. 



202 

 

Burgain, J., Gaiani, C., Linder, M., & Scher, J. (2011). Encapsulation of probiotic living 

cells: From laboratory scale to industrial applications. Journal of Food 

Engineering, 104(4), 467-483.  

Burst, J. F. (1969). Diagenesis of Gulf Coast clayey sediments and its possible relation 

to petroleum migration. AAPG bulletin, 53(1), 73-93. 

Calderón-Oliver, M., Pedroza-Islas, R., Escalona-Buendía, H. B., Pedraza-Chaverri, J., 

& Ponce-Alquicira, E. (2017). Comparative study of the microencapsulation by 

complex coacervation of nisin in combination with an avocado antioxidant 

extract. Food Hydrocolloids, 62, 49-57.  

Calvo, P., Castaño, Á. L., Lozano, M., & González-Gómez, D. (2012). Influence of the 

microencapsulation on the quality parameters and shelf-life of extra-virgin olive 

oil encapsulated in the presence of BHT and different capsule wall components. 

Food Research International, 45(1), 256-261. 

Campos, F. M., Couto, J. A., Figueiredo, A. R., Tóth, I. V., Rangel, A. O., & Hogg, T. 

A. (2009). Cell membrane damage induced by phenolic acids on wine lactic 

acid bacteria. International Journal of Food Microbiology, 135(2), 144-151. 

Campos, R. C. d. A. B., Martins, E. M. F., de Andrade Pires, B., Peluzio, M. d. C. G., 

da Rocha Campos, A. N., Ramos, A. M., . . . Martins, M. L. (2019). In vitro and 

in vivo resistance of Lactobacillus rhamnosus GG carried by a mixed pineapple 

(Ananas comosus L. Merril) and jussara (Euterpe edulis Martius) juice to the 

gastrointestinal tract. Food Research International, 116, 1247-1257. 

Can Karaca, A., Guzel, O., & Ak, M. M. (2016). Effects of processing conditions and 

formulation on spray drying of sour cherry juice concentrate. Journal of the 

Science of Food and Agriculture, 96(2), 449-455. 



203 

 

Caparino, O. A., Tang, J., Nindo, C. I., Sablani, S. S., Powers, J. R., & Fellman, J. K. 

(2012). Effect of drying methods on the physical properties and microstructures 

of mango (Philippine 'Carabao' var.) powder. Journal of Food Engineering, 

111(1), 135-148.  

Carvalho, A. S., Silva, J., Ho, P., Teixeira, P., Malcata, F. X., & Gibbs, P. (2004). 

Relevant factors for the preparation of freeze-dried lactic acid bacteria. 

International Dairy Journal, 14(10), 835-847. 

Champagne, C. P., & Fustier, P. (2007). Microencapsulation for the improved delivery 

of bioactive compounds into foods. Current opinion in biotechnology, 18(2), 

184-190. 

Chan-Blanco, Y., Vaillant, F., Perez, A. M., Reynes, M., Brillouet, J.-M., & Brat, P. 

(2006). The noni fruit (Morinda citrifolia L.): A review of agricultural research, 

nutritional and therapeutic properties. Journal of Food Composition and 

Analysis, 19(6-7), 645-654. 

Che, L. M., Li, D., & Chen, X. D. (2012). Convective drying kinetics of single droplets 

of aqueous glucose. Drying Technology, 30(10), 1029-1036.  

Chen, Q., Bi, J., Zhou, Y., Liu, X., Wu, X., & Chen, R. (2014). Multi-objective 

optimization of spray drying of jujube (Zizyphus jujuba Miller) powder using 

response surface methodology. Food and Bioprocess Technology, 7(6), 1807-

1818. 

Chen, Q., McGillivray, D., Wen, J., Zhong, F., & Quek, S. Y. (2013). Co-encapsulation 

of fish oil with phytosterol esters and limonene by milk proteins. Journal of 

Food Engineering, 117(4), 505-512.  



204 

 

Chen, Q., Zhong, F., Wen, J. Y., McGillivray, D., & Quek, S. Y. (2013). Properties and 

stability of spray-dried and freeze-dried microcapsules co-encapsulated with 

fish oil, phytosterol esters, and limonene. Drying Technology, 31(6), 707-716.  

Chen, S., Xu, Y., & Qian, M. C. (2013). Aroma characterization of Chinese rice wine 

by gas chromatography-olfactometry, chemical quantitative analysis, and 

aroma reconstitution. Journal of Agricultural and Food Chemistry, 61(47), 

11295-11302. 

Chen, X., & Xie, G. (1997). Fingerprints of the drying behaviour of particulate or thin 

layer food materials established using a reaction engineering model. Food and 

Bioproducts Processing, 75(4), 213-222. 

Chen, X. D. (2008). The basics of a reaction engineering approach to modeling air-

drying of small droplets or thin-layer materials. Drying Technology, 26(6), 627-

639. 

Chen, X. D., & Lin, S. X. Q. (2005). Air drying of milk droplet under constant and 

time-dependent conditions. Aiche Journal, 51(6), 1790-1799.  

Chew, J. H., Fu, N., Gengenbach, T., Chen, X. D., & Selomulya, C. (2015). The 

compositional effects of high solids model emulsions on drying behaviour and 

particle formation processes. Journal of Food Engineering, 157, 33-40.  

Chew, J. H., Fu, N., Woo, M. W., Patel, K., Selomulya, C., & Chen, X. D. (2013). 

Capturing the effect of initial concentrations on the drying kinetics of high solids 

milk using reaction engineering approach. Dairy Science & Technology, 93(4-

5), 415-430.  

Chew, J. H., Liu, W. J., Fu, N., Gengenbach, T., Chen, X. D., & Selomulya, C. (2014). 

Exploring the drying behaviour and particle formation of high solids milk 

protein concentrate. Journal of Food Engineering, 143, 186-194.  



205 

 

Chew, J. H., Woo, M. W., Chen, X. D., & Selomulya, C. (2015). Mapping the shrinkage 

behavior of skim milk droplets during convective drying. Drying Technology, 

33(9), 1101-1113.  

Chin, S.-T., Nazimah, S. A. H., Quek, S.-Y., Man, Y. B. C., Rahman, R. A., & Hashim, 

D. M. (2010). Effect of thermal processing and storage condition on the flavour 

stability of spray-dried durian powder. LWT-Food Science and Technology, 

43(6), 856-861.  

Chin, S. T., Nazimah, S. A. H., Quek, S. Y., Man, Y. B. C., Rahman, R. A., & Hashim, 

D. M. (2008). Changes of volatiles' attribute in durian pulp during freeze-and 

spray-drying process. LWT-Food Science and Technology, 41(10), 1899-1905. 

Choi, S. M., Lee, D.-J., Kim, J.-Y., & Lim, S.-T. (2017). Volatile composition and 

sensory characteristics of onion powders prepared by convective drying. Food 

Chemistry, 231, 386-392. 

Chong, S. Y., & Wong, C. W. (2015). Production of spray-dried sapodilla (Manilkara 

zapota) powder from enzyme-aided liquefied puree. Journal of Food 

Processing and Preservation, 39(6), 2604-2611. 

Chronakis, I. S. (1998). On the molecular characteristics, compositional properties, and 

structural-functional mechanisms of maltodextrins: A review. Critical Reviews 

in Food Science and Nutrition, 38(7), 599-637. 

Chunhieng, M. (2003). Developpement de nouveaux aliments sante tropicale: 

application ala noix du Bresil Bertholettia excelsa et au fruit de Cambodge 

Morinda citrifolia. Ph. D. Thesis, INPL, France.   

Dalsgaard, P. W., Potterat, O., Dieterle, F., Paululat, T., Kühn, T., & Hamburger, M. 

(2006). Noniosides E-H, new trisaccharide fatty acid esters from the fruit of 

Morinda citrifolia (Noni). Planta Medica, 72(14), 1322-1327. 



206 

 

Daza, L. D., Fujita, A., Fávaro-Trindade, C. S., Rodrigues-Ract, J. N., Granato, D., & 

Genovese, M. I. (2016). Effect of spray drying conditions on the physical 

properties of Cagaita (Eugenia dysenterica DC.) fruit extracts. Food and 

Bioproducts Processing, 97, 20-29. 

De Prisco, A., & Mauriello, G. (2016). Probiotication of foods: A focus on 

microencapsulation tool. Trends in Food Science & Technology, 48, 27-39. 

Deng, S., Palu, A. K., West, B. J., Su, C. X., Zhou, B.-N., & Jensen, J. C. (2007). 

Lipoxygenase inhibitory constituents of the fruits of noni (Morinda citrifolia) 

collected in Tahiti. Journal of Natural Products, 70(5), 859-862.  

Deng, S., West, B., Palu, A., Zhou, B., & Jensen, C. (2007). Noni as an anxiolytic and 

sedative: A mechanism involving its gamma-aminobutyric acidergic effects. 

Phytomedicine, 14(7-8), 517-522. 

Deng, S., West, B. J., & Jensen, C. J. (2010). A quantitative comparison of 

phytochemical components in global noni fruits and their commercial products. 

Food Chemistry, 122(1), 267-270.  

Deng, S., West, B. J., Jensen, C. J., Basar, S., & Westendorf, J. (2009). Development 

and validation of an RP-HPLC method for the analysis of anthraquinones in 

noni fruits and leaves. Food Chemistry, 116(2), 505-508.  

Deng, S., West, B. J., Palu, A. K., & Jensen, C. J. (2011). Determination and 

comparative analysis of major iridoids in different parts and cultivation sources 

of Morinda citrifolia. Phytochemical Analysis, 22(1), 26-30.  

Desobry, S. A., Netto, F. M., & Labuza, T. P. (1997). Comparison of spray-drying, 

drum-drying and freeze-drying for β-carotene encapsulation and preservation. 

Journal of Food Science, 62(6), 1158-1162. 



207 

 

Dias, M. I., Ferreira, I., & Barreiro, M. F. (2015). Microencapsulation of bioactives for 

food applications. Food & Function, 6(4), 1035-1052.  

Díaz, D. I., Beristain, C. I., Azuara, E., Luna, G., & Jimenez, M. (2015). Effect of wall 

material on the antioxidant activity and physicochemical properties of Rubus 

fruticosus juice microcapsules. Journal of Microencapsulation, 32(3), 247-254.  

Dickinson, E. (2003). Hydrocolloids at interfaces and the influence on the properties of 

dispersed systems. Food Hydrocolloids, 17(1), 25-39. 

Dinda, B., Debnath, S., & Harigaya, Y. (2007). Naturally occurring secoiridoids and 

bioactivity of naturally occurring iridoids and secoiridoids. A review, part 2. 

Chemical and pharmaceutical bulletin, 55(5), 689-728. 

Dolly, P., Anishaparvin, A., Joseph, G., & Anandharamakrishnan, C. (2011). 

Microencapsulation of Lactobacillus plantarum (mtcc 5422) by spray-freeze-

drying method and evaluation of survival in simulated gastrointestinal 

conditions. Journal of Microencapsulation, 28(6), 568-574. 

Dordevic, V., Balanc, B., Belscak-Cvitanovic, A., Levic, S., Trifkovic, K., Kalusevic, 

A., . . . Nedovic, V. (2015). Trends in encapsulation technologies for delivery 

of food bioactive compounds. Food Engineering Reviews, 7(4), 452-490.  

Du, J., Ge, Z. Z., Xu, Z., Zou, B., Zhang, Y., & Li, C. M. (2014). Comparison of the 

efficiency of five different drying carriers on the spray drying of persimmon 

pulp powders. Drying Technology, 32(10), 1157-1166.  

Dussossoy, E., Brat, P., Bony, E., Boudard, F., Poucheret, P., Mertz, C., . . . Michel, A. 

(2011). Characterization, anti-oxidative and anti-inflammatory effects of Costa 

Rican noni juice (Morinda citrifolia L.). Journal of Ethnopharmacology, 133(1), 

108-115.  



208 

 

El Hadi, M. A. M., Zhang, F.-J., Wu, F.-F., Zhou, C.-H., & Tao, J. (2013). Advances 

in fruit aroma volatile research. Molecules, 18(7), 8200-8229. 

Fan, H., Fan, W., & Xu, Y. (2015). Characterization of key odorants in Chinese 

chixiang aroma-type liquor by gas chromatography-olfactometry, quantitative 

measurements, aroma recombination, and omission studies. Journal of 

Agricultural and Food Chemistry, 63(14), 3660-3668. 

Fang, Z., & Bhandari, B. (2010). Encapsulation of polyphenols – a review. Trends in 

Food Science & Technology, 21(10), 510-523. 

Fang, Z., & Bhandari, B. (2011). Effect of spray drying and storage on the stability of 

bayberry polyphenols. Food Chemistry, 129(3), 1139-1147.  

Fang, Z., & Bhandari, B. (2012). Spray drying, freeze drying and related processes for 

food ingredient and nutraceutical encapsulation. In encapsulation technologies 

and delivery systems for food ingredients and nutraceuticals (pp. 73-109): 

Woodhead Publishing. 

FAO/WHO, 2002. Report on Drafting Guidelines for the Evaluation of Probiotics in 

Food. London (Ontario, Canada), pp. 1–11. 

Farine, J.-P., Legal, L., Moreteau, B., & Le Quere, J.-L. (1996). Volatile components 

of ripe fruits of Morinda citrifolia and their effects on Drosophila. 

Phytochemistry, 41(2), 433-438. 

Fazaeli, M., Emam-Djomeh, Z., Ashtari, A. K., & Omid, M. (2012). Effect of spray 

drying conditions and feed composition on the physical properties of black 

mulberry juice powder. Food and Bioproducts Processing, 90(4), 667-675.  

Fennema, O. R. (1996). Water and ice. Food science and technology New York marcel 

dekker (pp. 17-94). 



209 

 

Fernandes, R. V., Borges, S. V., & Botrel, D. A. (2014). Gum 

arabic/starch/maltodextrin/inulin as wall materials on the microencapsulation of 

rosemary essential oil. Carbohydrate Polymers, 101, 524-532.  

Ferrari, C. C., Germer, S. P. M., & de Aguirre, J. M. (2012). Effects of spray-drying 

conditions on the physicochemical properties of blackberry powder. Drying 

Technology, 30(2), 154-163. 

Ferrari, C. C., Marconi Germer, S. P., Alvim, I. D., & de Aguirre, J. M. (2013). Storage 

stability of spray-dried blackberry powder produced with maltodextrin or gum 

Arabic. Drying Technology, 31(4), 470-478.  

Finney, J., Buffo, R., & Reineccius, G. (2002). Effects of type of atomization and 

processing temperatures on the physical properties and stability of spray-dried 

flavors. Journal of Food Science, 67(3), 1108-1114. 

Franks, F. (1994). Long-Term Stabilization of Biologicals. Bio/Technology, 12, 253.  

Fu, N., Woo, M. W., & Chen, X. D. (2011). Colloidal transport phenomena of milk 

components during convective droplet drying. Colloids and Surfaces B-

Biointerfaces, 87(2), 255-266.  

Fu, N., Woo, M. W., & Chen, X. D. (2012). Single droplet drying technique to study 

drying kinetics measurement and particle functionality: A review. Drying 

Technology, 30(15), 1771-1785.  

Fu, N., Woo, M. W., Lin, S. X. Q., Zhou, Z. H., & Chen, X. D. (2011). Reaction 

Engineering Approach (REA) to model the drying kinetics of droplets with 

different initial sizes – experiments and analyses. Chemical Engineering 

Science, 66(8), 1738-1747.  



210 

 

Fu, N., Woo, M. W., Moo, F. T., & Chen, X. D. (2012). Microcrystallization of lactose 

during droplet drying and its effect on the property of the dried particle. 

Chemical Engineering Research & Design, 90(1), 138-149.  

Fu, N., Woo, M. W., Selomulya, C., & Chen, X. D. (2013). Shrinkage behaviour of 

skim milk droplets during air drying. Journal of Food Engineering, 116(1), 37-

44.  

Fu, N., Woo, M. W., Selomulya, C., Chen, X. D., Patel, K., Schuck, P., & Jeantet, R. 

(2012). Drying kinetics of skim milk with 50 wt.% initial solids. Journal of 

Food Engineering, 109(4), 701-711.  

Fu, N., Wu, W. D., Wu, Z., Moo, F. T., Woo, M. W., Selomulya, C., & Chen, X. D. 

(2017). Formation process of core-shell microparticles by solute migration 

during drying of homogenous composite droplets. Aiche Journal, 63(8), 3297-

3310.  

Fu, N., Wu, W. D., Yu, M., Moo, F. T., Woo, M. W., Selomulya, C., & Chen, X. D. 

(2016). In situ observation on particle formation process via single droplet 

drying apparatus: Effects of precursor composition on particle morphology. 

Drying Technology, 34(14), 1700-1708. 

Fu, N., Zhou, Z., Jones, T. B., Tan, T. T., Wu, W. D., Lin, S. X., . . . Chan, P. P. (2011). 

Production of monodisperse epigallocatechin gallate (EGCG) microparticles by 

spray drying for high antioxidant activity retention. International Journal of 

Pharmaceutics, 413(1-2), 155-166. 

Gabas, A., Telis, V., Sobral, P., & Telis-Romero, J. (2007). Effect of maltodextrin and 

arabic gum in water vapor sorption thermodynamic properties of vacuum dried 

pineapple pulp powder. Journal of Food Engineering, 82(2), 246-252. 



211 

 

Gharsallaoui, A., Roudaut, G., Chambin, O., Voilley, A., & Saurel, R. (2007). 

Applications of spray-drying in microencapsulation of food ingredients: An 

overview. Food Research International, 40(9), 1107-1121.  

Gong, Z., Zhang, M., Mujumdar, A. S., & Sun, J. (2007). Spray drying and 

agglomeration of instant bayberry powder. Drying Technology, 26(1), 116-121. 

Goubet, I., Le Quere, J.-L., & Voilley, A. (1998). Retention of aroma compounds by 

carbohydrates: Influence of their physicochemical characteristics and of their 

physical state. A review. Journal of Agricultural and Food Chemistry, 46(5), 

1981-1990. 

Goula, A. M., & Adamopoulos, K. G. (2008). Effect of maltodextrin addition during 

spray drying of tomato pulp in dehumidified air: II. Powder properties. Drying 

Technology, 26(6), 726-737.  

Goula, A. M., & Adamopoulos, K. G. (2010). A new technique for spray drying orange 

juice concentrate. Innovative Food Science & Emerging Technologies, 11(2), 

342-351. 

Haffner, F. B., & Pasc, A. (2018). Freeze-dried alginate-silica microparticles as carriers 

of probiotic bacteria in apple juice and beer. LWT-Food Science and Technology, 

91, 175-179.  

Handscomb, C. S., & Kraft, M. (2010). Simulating the structural evolution of droplets 

following shell formation. Chemical Engineering Science, 65(2), 713-725. 

Haque, M. A., Adhikari, B., & Putranto, A. (2016). Predictions of drying kinetics of 

aqueous droplets containing WPI-lactose and WPI-trehalose by application of 

composite reaction engineering approach (REA). Journal of Food Engineering, 

189, 29-36. 



212 

 

Haque, M. A., Oliver, M. M. H., Putranto, A., & Adhikari, B. (2018). Drying and 

denaturation kinetics of Beta-Lactoglobulin during convective drying. Journal 

of Food Engineering, 237, 9-17. 

Har, C. L., Fu, N., Chan, E. S., Tey, B. T., & Chen, X. D. (2017). Unraveling the droplet 

drying characteristics of crystallization-prone mannitol  experiments and 

modeling. Aiche Journal, 63(6), 1839-1852. 

Har, C. L., Fu, N., Chan, E. S., Tey, B. T., & Chen, X. D. (2018). In situ crystallization 

kinetics and behavior of mannitol during droplet drying. Chemical Engineering 

Journal, 354, 314-326.  

Hashib, S. A., Rahman, N. A., Suzihaque, M., Ibrahim, U. K., & Hanif, N. E. (2015). 

Effect of slurry concentration and inlet temperature towards glass temperature 

of spray dried pineapple powder. Procedia-Social and Behavioral Sciences, 195, 

2660-2667. 

Hashim, H., Zubairi, S. I., Mustapha, W. A. W., & Maskat, M. Y. (2018). 

Characterizing the deacidification adsorption model of organic acids and 

phenolic compounds of noni extract using weak base ion exchanger. Journal of 

Chemistry, 2018, 1-10.  

Heinicke, R. (1985). The pharmacologically active ingredient of Noni. Bulletin of the 

National Tropical Botanical Garden, 15(1), 45-52. 

Hofman, D. L., Van Buul, V. J., & Brouns, F. J. (2016). Nutrition, health, and regulatory 

aspects of digestible maltodextrins. Critical Reviews in Food Science and 

Nutrition, 56(12), 2091-2100. 

Huang, C., Wei, Y.-X., Shen, M.-C., Tu, Y.-H., Wang, C.-C., & Huang, H.-C. (2016). 

Chrysin, abundant in Morinda citrifolia fruit water–EtOAc extracts, combined 

with apigenin synergisticallyi apoptosis and inhibited migration in human breast 



213 

 

and liver cancer cells. Journal of Agricultural and Food Chemistry, 64(21), 

4235-4245. 

Huang, E., Quek, S. Y., Fu, N., Wu, W. D., & Chen, X. D. (2019). Co-encapsulation of 

coenzyme Q10 and vitamin E: A study of microcapsule formation and its 

relation to structure and functionalities using single droplet drying and micro-

fluidic-jet spray drying. Journal of Food Engineering, 247, 45-55. 

Huang, S., Vignolles, M. L., Chen, X. D., Le Loir, Y., Jan, G., Schuck, P., & Jeantet, 

R. (2017). Spray drying of probiotics and other food-grade bacteria: A review. 

Trends in Food Science & Technology, 63, 1-17.  

Hur, S. J., Lim, B. O., Decker, E. A., & McClements, D. J. (2011). In vitro human 

digestion models for food applications. Food Chemistry, 125(1), 1-12. 

Ilić, I., Dreu, R., Burjak, M., Homar, M., Kerč, J., & Srčič, S. (2009). Microparticle size 

control and glimepiride microencapsulation using spray congealing technology. 

International Journal of Pharmaceutics, 381(2), 176-183. 

Ishwarya, S. P., & Anandharamakrishnan, C. (2015). Spray-freeze-drying approach for 

soluble coffee processing and its effect on quality characteristics. Journal of 

Food Engineering, 149, 171-180. 

Islam, A. M., Phillips, G. O., Sljivo, A., Snowden, M. J., & Williams, P. A. (1997). A 

review of recent developments on the regulatory, structural and functional 

aspects of gum arabic. Food Hydrocolloids, 11(4), 493-505.  

Jafari, S. M., Assadpoor, E., He, Y., & Bhandari, B. (2008). Encapsulation efficiency 

of food flavours and oils during spray drying. Drying Technology, 26(7), 816-

835. 



214 

 

Jafari, S. M., Assadpoor, E., He, Y. H., & Bhandari, B. (2008). Encapsulation efficiency 

of food flavours and oils during spray drying. Drying Technology, 26(7), 816-

835.  

Janiszewska-Turak, E., Dellarosa, N., Tylewicz, U., Laghi, L., Romani, S., Dalla Rosa, 

M., & Witrowa-Rajchert, D. (2017). The influence of carrier material on some 

physical and structural properties of carrot juice microcapsules. Food Chemistry, 

236, 134-141.  

Janiszewska, E., Witrowa-Rajchert, D., Kidoń, M., & Czapski, J. (2013). Effect of the 

applied drying method on the physical properties of purple carrot pomace. 

International Agrophysics, 27(2), 143-149. 

Jayaraman, S. K., Manoharan, M. S., & Illanchezian, S. (2008). Antibacterial, 

antifungal and tumor cell suppression potential of Morinda citrifolia fruit 

extracts. International journal of integrative biology, 3(1), 44-49. 

Jensen, H., Grimmer, S., Naterstad, K., & Axelsson, L. (2012). In vitro testing of 

commercial and potential probiotic lactic acid bacteria. International Journal of 

Food Microbiology, 153(1-2), 216-222. 

Johnston, M., Hanlon, G., Denyer, S., & Lambert, R. (2003). Membrane damage to 

bacteria caused by single and combined biocides. Journal of Applied 

Microbiology, 94(6), 1015-1023. 

Kamiya, K., Tanaka, Y., Endang, H., Umar, M., & Satake, T. (2004). Chemical 

constituents of Morinda citrifolia fruits inhibit copper-induced low-density 

lipoprotein oxidation. Journal of Agricultural and Food Chemistry, 52(19), 

5843-5848.  



215 

 

Kamiya, K., Tanaka, Y., Endang, H., Umar, M., & Satake, T. (2005). New 

anthraquinone and iridoid from the fruits of Morinda citrifolia. Chemical and 

pharmaceutical bulletin, 53(12), 1597-1599. 

Kaushik, P., Dowling, K., Barrow, C. J., & Adhikari, B. (2015). Microencapsulation of 

omega-3 fatty acids: A review of microencapsulation and characterization 

methods. Journal of Functional Foods, 19, 868-881. 

Kent, R. M., & Doherty, S. B. (2014). Probiotic bacteria in infant formula and follow-

up formula: Microencapsulation using milk and pea proteins to improve 

microbiological quality. Food Research International, 64, 567-576. 

Kenyon, M. M. (1995). Modified starch, maltodextrin, and corn syrup solids as wall 

materials for food encapsulation (Chapter 4, pp. 42-50): American Chemical 

Society (ACS).    

Khanji, A. N., Michaux, F., Petit, J., Salameh, D., Rizk, T., Jasniewski, J., & Banon, S. 

(2018). Structure, gelation, and antioxidant properties of curcumin-doped casein 

micelle powder produced by spray-drying. Food & Function, 9(2), 971-981.  

Kim, S.-W., Jo, B.-K., Jeong, J.-H., Choi, S.-U., & Hwang, Y.-I. (2005). Induction of 

extracellular matrix synthesis in normal human fibroblasts by anthraquinone 

isolated from Morinda citrifolia (Noni) fruit. Journal of Medicinal Food, 8(4), 

552-555. 

Kingwatee, N., Apichartsrangkoon, A., Chaikham, P., Worametrachanon, S., 

Techarung, J., & Pankasemsuk, T. (2015). Spray drying Lactobacillus casei 01 

in lychee juice varied carrier materials. LWT-Food Science and Technology, 

62(1), 847-853. 

Knorr, D. (1998). Technology aspects related to microorganisms in functional foods. 

Trends in Food Science & Technology, 9(8-9), 295-306. 



216 

 

Krishnaiah, D., Bono, A., Sarbatly, R., Nithyanandam, R., & Anisuzzaman, S. (2015). 

Optimisation of spray drying operating conditions of Morinda citrifolia L. fruit 

extract using response surface methodology. Journal of King Saud University-

Engineering Sciences, 27(1), 26-36. 

Krishnaiah, D., Sarbatly, R., Mohan Rao, S. R., & Nithyanand, R. R. (2009). Optimal 

operating conditions of spray dried noni fruit extract using κ-carrageenan as 

adjuvant. Journal of Applied Sciences, 9(17), 3062-3067.  

Krishnaiah, D., Sarbatly, R., & Nithyanandam, R. (2012). Microencapsulation of 

Morinda citrifolia L. extract by spray-drying. Chemical Engineering Research 

& Design, 90(5), 622-632.  

Krishnan, S., Kshirsagar, A. C., & Singhal, R. S. (2005). The use of gum arabic and 

modified starch in the microencapsulation of a food flavoring agent. 

Carbohydrate Polymers, 62(4), 309-315. 

Krokida, M., & Philippopoulos, C. (2006). Volatility of apples during air and freeze 

drying. Journal of Food Engineering, 73(2), 135-141. 

Kuang, S. S., Oliveira, J. C., & Crean, A. M. (2010). Microencapsulation as a tool for 

incorporating bioactive ingredients into food. Critical Reviews in Food Science 

and Nutrition, 50(10), 951-968. 

Lacombe, A., McGivney, C., Tadepalli, S., Sun, X., & Wu, V. C. (2013). The effect of 

American cranberry (Vaccinium macrocarpon) constituents on the growth 

inhibition, membrane integrity, and injury of Escherichia coli O157: H7 and 

Listeria monocytogenes in comparison to Lactobacillus rhamnosus. Food 

Microbiology, 34(2), 352-359. 

Lallbeeharry, P., Tian, Y., Fu, N., Wu, W. D., Woo, M. W., Selomulya, C., & Chen, X. 

D. (2014). Effects of ionic and nonionic surfactants on milk shell wettability 



217 

 

during co-spray-drying of whole milk particles. Journal of Dairy Science, 97(9), 

5303-5314. 

Langrish, T., & Kockel, T. (2001). The assessment of a characteristic drying curve for 

milk powder for use in computational fluid dynamics modelling. Chemical 

Engineering Journal, 84(1), 69-74. 

Liapis, A. I., & Bruttini, R. (2014). Freeze Drying. Handbook of industrial drying, 259. 

Lin, S. X. Q., & Chen, X. D. (2002). Improving the glass-filament method for accurate 

measurement of drying kinetics of liquid droplets. Chemical Engineering 

Research and Design, 80(4), 401-410. 

Lin, S. X. Q., & Chen, X. D. (2007). The reaction engineering approach to modelling 

the cream and whey protein concentrate droplet drying. Chemical Engineering 

and Processing, 46(5), 437-443.  

Lin, Y.-L., Chang, Y.-Y., Yang, D.-J., Tzang, B.-S., & Chen, Y.-C. (2013). Beneficial 

effects of noni (Morinda citrifolia L.) juice on livers of high-fat dietary hamsters. 

Food Chemistry, 140(1-2), 31-38.  

Lin, Y., Kelly, A. L., O'Mahony, J. A., & Guinee, T. P. (2018). Effect of heat treatment, 

evaporation and spray drying during skim milk powder manufacture on the 

compositional and processing characteristics of reconstituted skim milk and 

concentrate. International Dairy Journal, 78, 53-64. 

Liu, W., Selomulya, C., Wu, W. D., Gengenbach, T. R., Williams, T., & Chen, X. D. 

(2013). On the formation of uniform alginate-silica microcomposites with 

ordered hierarchical structures. Journal of Food Engineering, 119(2), 299-307. 

Luana, N., Rossana, C., Curiel, J. A., Kaisa, P., Marco, G., & Rizzello, C. G. (2014). 

Manufacture and characterization of a yogurt-like beverage made with oat 



218 

 

flakes fermented by selected lactic acid bacteria. International Journal of Food 

Microbiology, 185, 17-26. 

Lum, A., Cardamone, N., Beliavski, R., Mansouri, S., Hapgood, K., & Woo, M. W. 

(2019). Unusual drying behaviour of droplets containing organic and inorganic 

solutes in superheated steam. Journal of Food Engineering, 244, 64-72.  

Madureira, A. R., Amorim, M., Gomes, A. M., Pintado, M. E., & Malcata, F. X. (2011). 

Protective effect of whey cheese matrix on probiotic strains exposed to 

simulated gastrointestinal conditions. Food Research International, 44(1), 465-

470. 

Martín, M. J., Lara-Villoslada, F., Ruiz, M. A., & Morales, M. E. (2015). 

Microencapsulation of bacteria: A review of different technologies and their 

impact on the probiotic effects. Innovative Food Science & Emerging 

Technologies, 27, 15-25. 

Minekus, M., Alminger, M., Alvito, P., Ballance, S., Bohn, T., Bourlieu, C., . . . 

Brodkorb, A. (2014). A standardised static in vitro digestion method suitable 

for food - an international consensus. Food & Function, 5(6), 1113-1124.  

Mishra, P., Mishra, S., & Mahanta, C. L. (2014). Effect of maltodextrin concentration 

and inlet temperature during spray drying on physicochemical and antioxidant 

properties of amla (Emblica officinalis) juice powder. Food and Bioproducts 

Processing, 92(3), 252-258. 

Moghaddam, A. D., Pero, M., & Askari, G. R. (2017). Optimizing spray drying 

conditions of sour cherry juice based on physicochemical properties, using 

response surface methodology (RSM). Journal of food science and technology, 

54(1), 174-184. 



219 

 

Mohd Zin, Z., Abdul Hamid, A., Osman, A., Saari, N., & Misran, A. (2007). Isolation 

and identification of antioxidative compound from fruit of mengkudu (Morinda 

citrifolia L.). International Journal of Food Properties, 10(2), 363-373. 

Monteagudo-Mera, A., Rodríguez-Aparicio, L., Rúa, J., Martínez-Blanco, H., Navasa, 

N., García-Armesto, M. R., & Ferrero, M. Á. (2012). In vitro evaluation of 

physiological probiotic properties of different lactic acid bacteria strains of 

dairy and human origin. Journal of Functional Foods, 4(2), 531-541. 

Mosquera, L. H., Moraga, G., & Martínez-Navarrete, N. (2012). Critical water activity 

and critical water content of freeze-dried strawberry powder as affected by 

maltodextrin and arabic gum. Food Research International, 47(2), 201-206. 

Motshakeri, M., & Ghazali, H. M. (2015). Nutritional, phytochemical and commercial 

quality of noni fruit: A multi-beneficial gift from nature. Trends in Food Science 

& Technology, 45(1), 118-129.  

Murali, S., Kar, A., Mohapatra, D., & Kalia, P. (2015). Encapsulation of black carrot 

juice using spray and freeze drying. Food Science and Technology International, 

21(8), 604-612. 

Negrão-Murakami, A. N., Nunes, G. L., Pinto, S. S., Murakami, F. S., Amante, E. R., 

Petrus, J. C. C., . . . Amboni, R. D. (2017). Influence of DE-value of 

maltodextrin on the physicochemical properties, antioxidant activity, and 

storage stability of spray dried concentrated mate (Ilex paraguariensis A. St. 

Hil.). LWT-Food Science and Technology, 79, 561-567. 

Nelson, S. C., & Elevitch, C. R. (2006). Noni: the complete guide for consumers and 

growers: PAR. 



220 

 

Nicoli, M. C., Anese, M., & Parpinel, M. (1999). Influence of processing on the 

antioxidant properties of fruit and vegetables. Trends in Food Science & 

Technology, 10(3), 94-100. 

Nicoli, M. C., Anese, M., Parpinel, M. T., Franceschi, S., & Lerici, C. R. (1997). Loss 

and/or formation of antioxidants during food processing and storage. Cancer 

Letters, 114(1-2), 71-74. 

Nualkaekul, S., & Charalampopoulos, D. (2011). Survival of Lactobacillus plantarum 

in model solutions and fruit juices. International Journal of Food Microbiology, 

146(2), 111-117. 

Nualkaekul, S., Deepika, G., & Charalampopoulos, D. (2012). Survival of freeze dried 

Lactobacillus plantarum in instant fruit powders and reconstituted fruit juices. 

Food Research International, 48(2), 627-633.  

Nunes, J. C., Lago, M. G., Castelo-Branco, V. N., Oliveira, F. R., Torres, A. G., Perrone, 

D., & Monteiro, M. (2016). Effect of drying method on volatile compounds, 

phenolic profile and antioxidant capacity of guava powders. Food Chemistry, 

197, 881-890. 

Oberoi, D. P. S., & Sogi, D. S. (2015). Effect of drying methods and maltodextrin 

concentration on pigment content of watermelon juice powder. Journal of Food 

Engineering, 165, 172-178. 

Osman, A., Shahidzadeh, N., Stitt, H., & Shokri, N. (2018). Morphological 

transformations during drying of surfactant-nanofluid droplets. Journal of 

Industrial and Engineering Chemistry, 67, 92-98.  

Ostroschi, L. C., de Souza, V. B., Echalar-Barrientos, M. A., Tulini, F. L., Comunian, 

T. A., Thomazini, M., . . . Favaro-Trindade, C. S. (2018). Production of spray-

dried proanthocyanidin-rich cinnamon (Cinnamomum zeylanicum) extract as a 



221 

 

potential functional ingredient: Improvement of stability, sensory aspects and 

technological properties. Food Hydrocolloids, 79, 343-351. 

Ouwehand, A. C., & Salminen, S. J. (1998). The health effects of cultured milk products 

with viable and non-viable bacteria. International Dairy Journal, 8(9), 749-758. 

Ozgen, M., Reese, R. N., Tulio, A. Z., Scheerens, J. C., & Miller, A. R. (2006). 

Modified 2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) method 

to measure antioxidant capacity of selected small fruits and comparison to ferric 

reducing antioxidant power (FRAP) and 2,2‘-diphenyl-1-picrylhydrazyl (DPPH) 

methods. Journal of Agricultural and Food Chemistry, 54(4), 1151-1157. 

Patel, A. (2017). Probiotic fruit and vegetable juices-recent advances and future 

perspective. International Food Research Journal, 24(5), 1850-1857. 

Patel, K. C., Chen, X. D., Lin, S. X. Q., & Adhikari, B. (2009). A composite reaction 

engineering approach to drying of aqueous droplets containing sucrose, 

maltodextrin (DE 6) and their mixtures. Aiche Journal, 55(1), 217-231.  

Pawlus, A. D., & Kinghorn, A. D. (2007). Review of the ethnobotany, chemistry, 

biological activity and safety of the botanical dietary supplement Morinda 

citrifolia (noni). Journal of Pharmacy and Pharmacology, 59(12), 1587-1609.  

Pawlus, A. D., Su, B.-N., Keller, W. J., & Kinghorn, A. D. (2005). An anthraquinone 

with potent quinone reductase-inducing activity and other constituents of the 

fruits of Morinda citrifolia (Noni). Journal of Natural Products, 68(12), 1720-

1722. 

Perdana, J., Bereschenko, L., Fox, M. B., Kuperus, J. H., Kleerebezem, M., Boom, R. 

M., & Schutyser, M. A. (2013). Dehydration and thermal inactivation of 

Lactobacillus plantarum WCFS1: Comparing single droplet drying to spray and 

freeze drying. Food Research International, 54(2), 1351-1359. 



222 

 

Pereira, A. L. F., Almeida, F. D. L., Lima, M. A., da Costa, J. M. C., & Rodrigues, S. 

(2014). Spray-drying of probiotic cashew apple juice. Food and Bioprocess 

Technology, 7(9), 2492-2499. 

Phisut, N. (2012). Spray drying technique of fruit juice powder: Some factors 

influencing the properties of product. International Food Research Journal, 

19(4), 1297-1306. 

Pino, J. A. (2009). Advances in research on noni volatile compounds. International 

Journal of Noni Research, 1. 

Pino, J. A., Marquez, E., & Castro, D. (2009). Volatile and non-volatile acids of noni 

(Morinda citrifolia L.) fruit. Journal of the Science of Food and Agriculture, 

89(7), 1247-1249.  

Pino, J. A., Marquez, E., & Castro, D. (2010). Changes in volatile compounds during 

the fermentation/aging of noni fruit (Morinda citrifolia L.) by the ancient 

traditioanl process. Acta Alimentaria, 39(3), 337-342.  

Pino, J. A., Márquez, E., & Castro, D. (2009). Volatile and non-volatile acids of noni 

(Morinda citrifolia L.) fruit. Journal of the Science of Food and Agriculture, 

89(7), 1247-1249. 

Pitalua, E., Jimenez, M., Vernon-Carter, E., & Beristain, C. (2010). Antioxidative 

activity of microcapsules with beetroot juice using gum Arabic as wall material. 

Food and Bioproducts Processing, 88(2-3), 253-258. 

Potterat, O., Von Felten, R., Dalsgaard, P. W., & Hamburger, M. (2007). Identification 

of TLC markers and quantification by HPLC-MS of various constituents in noni 

fruit powder and commercial noni-derived products. Journal of Agricultural 

and Food Chemistry, 55(18), 7489-7494.  



223 

 

Putranto, A., Xiao, Z., Chen, X. D., & Webley, P. A. (2010). Intermittent drying of 

mango tissues: Implementation of the reaction engineering approach. Industrial 

& Engineering Chemistry Research, 50(2), 1089-1098. 

Quek, S. Y., Chok, N. K., & Swedlund, P. (2007). The physicochemical properties of 

spray-dried watermelon powders. Chemical Engineering and Processing, 46(5), 

386-392.  

Raja, K., Sankarikutty, B., Sreekumar, M., Jayalekshmy, A., & Narayanan, C. (1989). 

Material characterization studies of maltodextrin samples for the use of wall 

material. Starch-Stärke, 41(8), 298-303. 

Rajabi, H., Ghorbani, M., Jafari, S. M., Mahoonak, A. S., & Rajabzadeh, G. (2015). 

Retention of saffron bioactive components by spray drying encapsulation using 

maltodextrin, gum Arabic and gelatin as wall materials. Food Hydrocolloids, 

51, 327-337. 

Ranadheera, R. D. C. S., Baines, S. K., & Adams, M. C. (2010). Importance of food in 

probiotic efficacy. Food Research International, 43(1), 1-7.  

Razafimandimbison, S. G., McDowell, T. D., Halford, D. A., & Bremer, B. (2010). 

Origin of the pantropical and nutriceutical Morinda citrifolia L. (Rubiaceae): 

comments on its distribution range and circumscription. Journal of 

Biogeography, 37(3), 520-529.  

Reineccius, G. A. (2004). The spray drying of food flavors. Drying Technology, 22(6), 

1289-1324. 

Rivera-Espinoza, Y., & Gallardo-Navarro, Y. (2010). Non-dairy probiotic products. 

Food Microbiology, 27(1), 1-11. 

Rodríguez-Hernández, G. R., Gonzalez-Garcia, R., Grajales-Lagunes, A., & Ruiz-

Cabrera, M. A. (2005). Spray-drying of cactus pear juice (Opuntia 



224 

 

streptacantha): Effect on the physicochemical properties of powder and 

reconstituted product. Drying Technology, 23(4), 955-973.  

Rodríguez-Jimenes, G., Páramo-Calderón, D., Wall-Martínez, H., Robles-Olvera, V., 

Valerio-Alfaro, G., & García-Alvarado, M. (2014). Effect of process variables 

on spray-dried garlic juice quality evaluated by multivariate statistic. Food and 

Bioprocess Technology, 7(8), 2434-2442. 

Roos, Y., & Karel, M. (1991). Water and molecular weight effects on glass transitions 

in amorphous carbohydrates and carbohydrate solutions. Journal of Food 

Science, 56(6), 1676-1681. 

Rosenberg, M., Kopelman, I., & Talmon, Y. (1990). Factors affecting retention in 

spray-drying microencapsulation of volatile materials. Journal of Agricultural 

and Food Chemistry, 38(5), 1288-1294. 

Rozès, N., & Peres, C. (1998). Effects of phenolic compounds on the growth and the 

fatty acid composition of Lactobacillus plantarum. Applied microbiology and 

biotechnology, 49(1), 108-111. 

Rulkens, W., & Thijssen, H. (1972). The retention of organic volatiles in spray‐drying 

aqueous carbohydrate solutions. International Journal of Food Science & 

Technology, 7(1), 95-105. 

Sadek, C. l., Tabuteau, H., Schuck, P., Fallourd, Y., Pradeau, N., Le Floch-Fouéré, C. 
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Appendices 

Appendix 1 Specification of maltodextrin M1 (10-13 DE) sample 
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Appendix 2 Specification of maltodextrin M3 (17-20 DE) sample 
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Appendix 3 Specification of acacia gum sample 
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Appendix 4 Nutritional information of fermented noni juice sample 

 


