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Abstract

In this work, oven-dried, freeze-dried and spray-dried agaro-oligosaccharide powders 
were characterized to investigate their physicochemical and antioxidant properties. Agaro-
oligosaccharide powders were shown to exhibit high water solubility index (88.73 – 95.88%), 
water absorption capacity (0.96 – 2.57 g/g) and oil absorption capacity (0.40 – 0.45 g/g). Agaro-
oligosaccharide powders were shown to possess moderate DPPH radical scavenging activity 
(10.65 – 14.59%), ABTS radical scavenging activity (44 .47 – 65.61%) and ferric reducing 
antioxidant activity (0.165 – 0.353). Agaro-oligosaccharide powders were further characterized 
with respect to thermal and pH stability. Agaro-oligosaccharide powders were shown to exhibit 
high temperature resistance (≤ 100oC) and acid/alkaline resistance. 

Introduction

Galactan oligosaccharides have attracted 
substantial research interest in the past decades (Chen 
et al., 2005). Galactan oligosaccharides are well 
known dietary antioxidants (Yuan et al., 2005). Several 
oligosaccharides have thus developed into functional 
food ingredients and nutritional supplements 
(Barreteau et al., 2006, Qiang et al., 2009). Up to 
date, however, limited reports are available in the 
literature on agaro-oligosaccharide production. 
Agarose, a purified linear galactan polysaccharide 
isolated from marine algae, is the most preferred to 
agaro-oligosaccharide production (Chen et al., 2005; 
Saraswathi et al., 2011). Agarose is connected in a 
chain through α-(1-3) and β-(1-4) glycosidic bonds 
(Michel et al., 2006). Agarose is cleaved at α-(1-3) 
glycosidic bonds into agaro-oligosaccharide either 
through acid hydrolysis or enzymatic degradation 
(Michel et al., 2006, Saraswathi et al., 2011). 

Operational conditions can exert significant 
influence on oligosaccharide characteristics 
(Grabowski et al., 2006, Gulia et al., 2010). Drying 
operations is often considered the most important 
stage in dried powder productions, since it affects 
color and appearance as well as functionalities (Gulia 
et al., 2010, Suvarnakuta et al., 2011).  Several 
drying (e.g. air drying, drums drying, freeze drying 
and spray drying) technologies are available in dried 
powder production (Phisut et al., 2012). Each drying 
method has its own unique advantages and limitations; 
therefore, an appropriate drying technique must be 
carefully chosen. 

Spray drying is the most extended technique; 
it is rather simple and scalable method in dried 
powder production (Kha et al., 2010). Spray drying 
is applicable to heat sensitive, thermoplastic and/
or hygroscopic materials. Spray drying can give 
rise to dried powders, granules, or agglomerates at 
competitive requirement (Grabowski et al., 2006). 
In this research, three different drying (i.e., oven 
drying, freeze drying and spray drying) techniques 
were implemented in dried agaro-oligosaccharide 
production. Physicochemical analysis and antioxidant 
assay were conducted in dried agaro-oligosaccharide 
powders. 

Materials and Methods

Materials 
Agarose was purchased from Sigma-Aldrich Co. 

(St. Louis, USA). Celluclast 1.5L® (cellulase from 
Trichoderma reesei) was purchased from Novozymes 
A/S (Bagsvaerd, Denmark). Celluclast 1.5L had 700 
EGU/g cellulase activities. 

Hydrolysis reaction
In this experiment, agarose degradation was 

conducted using shake flask method. The hydrolysis 
reaction was conducted at a selected solid to liquid 
ratio (1: 100) and 5.0 wt. % enzyme loads. The reaction 
mixture was incubated at constant temperature 
(50 ± 2°C) for 24 hours. The reaction mixture was 
centrifuged, and the oligosaccharide hydrolysate was 
then dried using three different methods: oven drying, 
freeze drying and spray drying. 
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Drying process

Oven drying 
Oligosaccharide hydrolysate was oven-dried in 

a vacuum oven (Venticell, MMM, Einrichtungen, 
Germany) at 60oC until constant weight (24 hours). 
The dried oligosaccharide powders were sealed 
airtight and stored at 5°C until analyses.

Freeze drying 
Oligosaccharide hydrolysate was frozen in 

refrigerator at 4oC and then freeze-dried in a freeze 
dryer (Freezone Plus 6, Labconco, USA) at -40°C 
and 0.3 mPa until constant weight (72 hours). The 
dried oligosaccharide powders were sealed airtight 
and stored at 5°C until analyses.

Spray drying
Oligosaccharide hydrolysate was spray-dried in 

a pilot scale spray dryer (Büchi 190, Switzerland) 
at constant flow rate 15ml/min and inlet and outlet 
temperature 180 and 80°C. The dried oligosaccharide 
powders were sealed airtight and stored at 5°C until 
analyses.

Physicochemical characterization

Water solubility index (WSI)
Water solubility index (WSI) was determined 

using shake-flask method. 0.5 g sample was 
suspended in 50 ml distilled water. The suspension 
was incubated at 60oC for 1 hour.  The suspension 
was centrifuged at 4,000 rpm for 30 min, and the 
insoluble residue was recovered and dried at 60oC 
until constant weight. Water solubility index (%) was 
calculated using following formula: 
 

 
Water absorption capacity (WAC)

Water absorption capacity (WAC) was determined 
using centrifugal method. 0.1 g sample was 
suspended in 10ml distilled water. The suspension 
was incubated at room temperature for 30 min. The 
suspension was centrifuged at 4,000 rpm for 30 min, 
and the supernatant was collected and measured in a 
graduated cylinder (10 ml). Water absorption capacity 
(g/g) was calculated using following formula: 

Oil absorption capacity (OAC)
Oil absorption capacity (OAC) was determined 

using centrifugal method. 0.1 g sample was suspended 
in 10ml oil (density = 0.92 g/ml). The suspension 
was incubated at room temperature for 30 min. The 

suspension was centrifuged at 4,000 rpm for 30 min, 
and the supernatant was collected and measured in a 
graduated cylinder (10 ml). Oil absorption capacity 
(g/g) was calculated using following formula: 

Color parameter 
Color parameters were determined using 

colorimeter (Minolta Chroma meter CR-300, USA). 
Sample was poured into a clear glass petri dish and 
color coordinate values (lightness, L*, redness, a*, 
and yellowness, b*) were recorded.

Antioxidant characterization

1, 1-diphenyl-2-picrylhydrazyl (DPPH) assay
DPPH radical scavenging activity was 

determined using 1, 1-diphenyl-2-picrylhydrazyl 
(DPPH) assay (Yang et al., 2006, Kong et al., 
2010). 0.5 ml oligosaccharide sample (10 mg/ml, in 
distilled water) was added to 2.5 ml DPPH reagent 
(0.2 mM). The reaction mixture was kept in dark 
at ambient temperature for 30 min. The absorbance 
was measured using a spectrophotometer at 517 nm. 
DPPH radical scavenging activity (%) was calculated 
using following formula:  

2, 2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic 
acid) (ABTS) assay

ABTS radical scavenging activity was determined 
using 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS) assay (Yang et al., 2006, 
Kong et al., 2010). 0.5 ml oligosaccharide sample 
(10 mg/ml, in distilled water) was added to 2.5 ml 
ABTS reagent. The reaction mixture was kept in dark 
at ambient temperature for 10 min. The absorbance 
was measured using a spectrophotometer at 735 nm. 
ABTS radical scavenging activity (%) was calculated 
using following formula: 

 
Ferric reducing antioxidant power (FRAP) assay

Reducing power was determined using ferric 
reducing antioxidant power (FRAP) assay (Barahona 
et al., 2011). 0.5 ml oligosaccharide sample (10 mg/
ml, in distilled water) was added to 2.5 ml FRAP 
reagent (TPTZ, FeCl3, acetate buffer in 10:1:1 ratio). 
The reaction mixture was kept in dark at ambient 
temperature for 10 min. The absorbance was measured 
using a spectrophotometer at 593 nm. Reducing 
power was calculated using following formula:  
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Results and discussions

Physicochemical properties
Three different drying (e.g. oven-drying, freeze-

drying and spray-drying) methods were applied 
to produce agaro-oligosaccharide powders. These 
drying methods were significantly influence the 
oligosaccharide characteristics. Water solubility 
is the most important determinant in food product 
development (Ahmed et al., 2011). In this experiment, 
water solubility index were varied in the range 
between 88.73 – 95.88 %. The highest solubility index 
was observed in spray dried oligosaccharide powders 
(P < 0.05). The highest solubility index is attributed 
to small amorphous aggregates. In most cases, spray 
drying at a high inlet temperature (180°C) can give 
rise to more soluble amorphous structure, and thus 
increase the dissolution rate. Spray drying at a high 
atomization speed can give rise to small particle size 
(Souza et al., 2009, Tee et al., 2012). 

Water and oil absorption is most desirable 
functional properties in food systems. Water and 
oil absorption can affect the texture and sensoric 
characteristics such as aroma, taste and mouth feel 
(Osundahunsi et al., 2003, Baljeet et al., 2010). In 
this experiment, water and oil absorption capacities 
were varied in the range between 0.96 – 2.57 and 0.40 
– 0.45 g/g. The highest absorption capacities were 
observed in freeze dried oligosaccharide powders 
(P < 0.05). The highest absorption capacities could 
attribute to porous coarse aggregates (Sanful et al., 
2013). In most cases, freeze drying can give rise to 
loose porous structure, and thus absorb more water 
molecule. Oven drying, on the other hand, can give 
rise to compact structure. 

Color is an important appearance attribute in food 
products. Color is thus critical to product acceptance 
(Pedreschi et al., 2005). Lightness (L*), redness 
(a*) and yellowness (b*) were significantly different 
among the oligosaccharide samples (P < 0.05). The 
highest L* value (74.14) and lowest a* value (2.32) 
was observed in freeze-dried oligosaccharide powder. 
The highest L* value could attribute to minimal color 
deterioration. Freeze drying can retarded oxidation 
and other chemical reactions, and thus minimal color 
deterioration (Ratti et al., 2001). Meanwhile, the 
lowest L* value (64.90) and highest a* value (5.19) was 
observed in oven-dried oligosaccharide powder. The 
lowest L* value could attribute to color degradation. 
Oven drying can cause oxidative degradation, and 
thus lead to color change (turn into darker color).

Antioxidant activity

Oligosaccharide powders were further 
characterized to investigate their antioxidant 
activities. In this experiment, oligosaccharide powders 
were effective at reducing iron (III) and scavenging 
radical; therefore, oligosaccharide end groups (–OH 
groups) are thought responsible for their antioxidant 
activities (Tsao, 2010). The C-2 and C-6 hydroxyls are 
believed able to neutralize DPPH and ABTS radical, 
either through a single-electron transfer reaction or 
through a hydrogen atom transfer reaction. Ferric 
reducing antioxidant power (FRAP) were found in 
the range between 0.165 – 0.353. FRAP values were 
significantly difference between oven-dried, freeze-
dried and spray-dried oligosaccharide powders.  

DPPH radical scavenging activities were found 
in the range between 10.65 – 14.59 %. DPPH radical 
scavenging activities were not significantly different 
between freeze-dried and spray-dried oligosaccharide 
powders, while both were significantly higher than 
oven-dried oligosaccharide powder (P ≤ 0.05). 
Meanwhile, ABTS radical scavenging activities were 
found in the range between 44 .47 – 65.61%. The 
scavenging efficacies were significantly different (P 
< 0.05) between oven-dried, freeze-dried and spray-
dried oligosaccharide powders.  

Table 1. Solubility, water and oil absorption capacity 
Solubility (%) WAC (g/g) OAC (g/g)

Oven dried oligosaccharide 89.94 ± 1.72 1.91 ± 0.09 0.43 ± 0.06
Freeze dried oligosaccharide 88.73 ± 1.36 2.57 ± 0.53 0.45 ± 0.01
Spray dried oligosaccharide 95.88 ± 0.44 0.96 ± 0.01 0.40 ± 0.02

Table 2. CIELAB Color parameter 
Color parameter

L* a* b*
Oven dried oligosaccharide 64.90 ± 1.16 5.19 ± 0.13 9.57 ± 0.32
Freeze dried oligosaccharide 74.14 ± 1.61 2.32 ± 0.06 9.73 ± 0.10
Spray dried oligosaccharide 67.96 ± 0.53 5.09 ± 0.40 9.72 ± 1.03

Figure 1. Ferric reducing power (Each value represents 
the mean percentage ± SD from three independent 

experiments)

Figure 2. DPPH and ABTS scavenging activities (Each 
value represents the mean percentage ± SD from three 

independent experiments)
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In this experiment, ABTS radical scavenging 
activity was consistently higher than DPPH radical 
scavenging activities. ABTS method is therefore 
considered more reliable  than the DPPH method 
(Teow et  al., 2007).  In most cases, ABTS radical 
cation (ABTS•+) is reactive towards most antioxidants, 
and it is applicable to determine lipophilic and 
hydrophilic antioxidant capacities over a wide pH 
range (unlike DPPH, DPPH is sensitive to acidic pH) 
(Cano et al., 2000). 

Antioxidant stability
Oven-dried, freeze-dried and spray-dried agaro-

oligosaccharide powders were subjected to acid 
and heat treatments. Oligosaccharide powders were 
alkaline- and heat-stable, and thus easier to incorporate 
into foodstuffs such as bakery product and fermented-
milk product. In this experiment, scavenging activity 
was significantly (p < 0.05) enhanced through heat 
treatment; showed chain breaking activity was higher 
than those unheated oligosaccharide powder. High 
radical scavenging activity was observed at 100°C. 
High radical scavenging activity is attributed to brown 
pigment (reductant compound) formation throughout 
heating (Kusznierewicz et al., 2008). 

Radical scavenging activity was relatively stable 
across a pH range from 3.0 – 9.0. High radical 
scavenging activity was observed at pH 7.0 – 9.0. 
High radical scavenging activity is attributed to 
hydroxyl deprotonation at alkaline pH condition. 
Hydroxyl deprotonation is important to facilitate 
electron transfer reaction: ABTS+• + e → ABTS (Li 
et al., 2011).

Conclusion 

Drying techniques were shown to exert significant 

effect on oligosaccharide characteristic. Spray drying 
was most suitable method to produce high quality 
dried oligosaccharide powders, i.e. better functional 
and antioxidant properties. Both pH and heat 
treatment were shown to exert significant influence 
on the antioxidant activities.
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