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Abstract  

In this study, Scanning Electron Microscopy (SEM) is used to characterize the structure of ground and whole barley grain 
before and after the exposure to in vitro enzymatic digestion at different incubation times (0, 0.5, 1, 2, 6 and 24 h). SEM 
analysis showed that digestion started to take place in barley grain fragments after 0.5 h of incubation time. SEM indicated 
that complete starch digestion is dependent on grain fragment size in barley. Starch digestion seems to be completed after 
24 hours of digestion in small fragments of barley grains (<0.5 mm) which was not the case for larger fragment size 
(>1.0mm). In case of whole barley grain, SEM showed that alpha amylase was not capable of penetrating and diffusing 
through barley grain husk after 24 h of incubation. In conclusion, microscopic examination for in vitro digested milled and 
unprocessed barley fragments differ in particle size, indicating that the extent of starch digestion is dependent on fragment 
particle size.   
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1. Introduction 

Grains usually represent the main energy source in 
animal’s diets where starch represents the main nutrient 
components (Svihus et al., 2004). From a processing 
prospective, grains, such as barley, should be ground in 
order to facilitate further processing steps such as mixing 
and enhancing nutritive value by increasing digestibility 
(Al-Rabadi et al., 2009). Hammer mill is widely used in 
the feed industry in order to mill grains as it is 
characterized by high production capacity and lower 
maintenance requirements (Amerah et al., 2007). 
However, grains milled using hammer mill have been 
reported to produce wide variation in grain particle size 
(Audet, 1995).  Heterogeneity of particle size within 
milled grains has been reported to influence nutrient 
digestibility even when the average particle size was the 
same (Wondra et al., 1995). Within grain type, different 
grain fragment size, after being fractionated by sieving 
process,  have been reported to posses different surface 
area per unit mass and different chemical composition 
(Al-Rabadi et al., 2013). These factors have been reported 
to extensively influence the magnitude of starch digestion 
(Al-Rabadi et al., 2012).  Scanning electron microscopy 
(SEM) have been extensively used to track structural 
changes that occur into starch granules after being 
exposed to thermo mechanical treatments and amyloytic 
digestion (Srikaeo, 2008; Srikaeo  et al., 2006). The first 
objective of this study is to examine the influence of 

adding enzymes mixture (amylase, glucosidase, pepsin 
and proteases) in a sequence that mimic the digestion 
process in vivo with taking into consideration the 
heterogeneity of different size fragments of barley. A 
previous study reported that starch digestion of milled 
grains by alpha amylase is controlled by a diffusion 
process (Al-Rabadi et al., 2009). However, this study 
aims at confirming the capability of alpha amylase to 
diffuse through barley grain husk using SEM. 

2. Materials and Methods 

2.1. Barley Grain Milling 

Barely grains were milled using 4 mm hammer mill 
screen size when constant motor load was recorded. 
Ground  and whole barley  grains were collected and were 
sealed into plastic bags and stored at 4 ˚C until visual 
examination by using scanning electron microscopy and 
further being digested using in vitro starch digestibility 
method. 
2.2. In vitro Starch Digestibility 

In vitro starch digestion method was used as 
previously described by Al-Rabadi et al. (2009). In vitro 
digestion method was performed in a three-step enzymatic 
digestion to mimic digestion in the mouth, in the stomach 
and the small intestine in a closed system.  Different 
digestion times (0, 0.5, 1, 2, 6 and 24 h) were used to 
simulate digestion process in monogastric animals and 



 © 2014 Jordan Journal of Biological Sciences. All rights reserved - Volume 7, Number 3 200 

young ruminates before weaning. The zero hour digestion 
was started at the start of the small intestinal simulation 
step (where most of starch digestion take place). 
2.3. Scanning Electron Microscopy (SEM) 

Milled barley grains fragments (before and after 
digestion at different incubation times) were placed onto 
aluminium stubs with carbon tabs. Fragments then were 
sputter coated (10-15 nm layer) of platinum using an 
Platinum Sputter Coater (model EIKO IB-5). Digested 
and undigested barley fragments were examined in either 
a JEOL 6300 or JEOL 6400 field emission scanning 
electron microscope. Micrographs were chosen by taking 
many pictures (i.e., 5 to 10 pictures) for the selected 
samples to obtain representative Scanning electron 
micrographs. The selected sample contains many barley 
grain fragments on the carbon tabs. Comparable 
appearance was selected as a representative picture. Many 
pictures (6-10 pictures) were taken at different 
magnifications to find any main structural difference at 
both grain fragment size level and starch granule size 
level. 

3. Results and Discussion 

Scanning electron micrographs for milled raw barley 
samples by using 4 mm hammer mill screen size is shown 
in Figure 1. Milling process resulted in breaking barley 
grains into different levels of fragment sizes that ranged 
from very fine particles to quarter and half broken grains 
(Figure 1).  Previous studies showed that milling grains 
using hammer mill resulted in high heterogeneity in grain 
particle size distribution when compared with other 
milling equipments such as roller mill (Seerley et al., 
1988; Douglas et al., 1990; Audet, 1995). It can be also 
seen from Figure 1 that barley grains milled by using 
hammer mill produce spherical shape fragments. In his 
report, Kim (2002) reported that the hammer mill 
produces spherical shape grain fragments while the roller 
mill produces more rectangle grain fragments after 
milling.     

 The effect of alpha amylase on starch granules 
digestion, at different incubation  times (0, 0.5, 1, 2, 6 and 
24 h), using three enzymatic step models were examined 
(Figures 2, 3, 4, 5, 6, 7 and 8). As expected, there was no 
enzymatic activity on starch granules at 0 hour incubation 
time (Figure 2) although starch granules were exposed to 
salivary alpha amylase. It is hardly for any enzymatic 
digestion to take place on starch granules after 30 minutes 
of the incubation time (Figure 3). It has been previously 
shown that the enzymatic digestion by amylase is 
controlled by diffusion process through channels present 
on granules surface (Helbert et al., 1996) and this may 
suggest that starch digestion may take place inside starch 
granules. Magnitude of diffusion coefficient for amylase 
has been previously quantified in barley starch granules 
(1.7 x 10-7 cm2 s-1) (Al-Rabadi et al., 2009). Extant of 
starch digestion for different grain fragment size, ranging 
from 0.045-2.8 mm, have been reported to range from 23-
1%, respectively after a 30-minute incubation time (Al-
Rabadi et al., 2012).  

Enzymatic digestion by amylase started to take place 
on starch granules surface after one hour incubation time 

(Figure 4). However, enzymatic activity by alpha amylase 
does not seem to be associated with every starch granules. 
On the other hand, digestion by alpha amylase seems to 
be associated with every starch granules after 2 h of 
incubation time (Figure 5). A number of holes on starch 
granules resulted from enzymatic activity increased as the 
incubation time progresses (i.e., digestion 6 h) as shown 
in Figure 6. Integrity of oval shape structure of starch 
granules starts to disappear after 24 h of incubation time 
for large fragment size (>1mm) as shown in Figure 7. 
However, starch granules in smaller fragment size 
disappeared after a 24-h digestion time, as shown in 
Figure 8. Complete starch digestion was achieved for 
barley fragment. 

Figure 1. Raw milled barley grain fractions using 4 mm hammer 
mill screen size (heterogeneity of milled grain particle size range 
from very fine particles to half broken grains). Round oval shape 
particles indicated by black arrows. 

Figure 2. Undigested starch granules embedded in protein 
matrix. 

Figure 3. Digested starch granules after 0.5 h incubation time (no 
appearance for any enzymatic activity on starch granules). Image 
was taken from small fragment size (<0.5mm)). 
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Figure 4. Digested starch granules after 1 h incubation time 
(initial enzymatic activity (holes) on certain starch granules as 
indicated by arrow). Image was taken from small fragment size 
(<0.5mm)). 

Figure 5. Digested starch granules after 2 h incubation time 
(initial enzymatic activity (holes) on most starch granules). 
Image was taken from small fragment size (<0.5mm)) 

Figure 6.  Digested starch granule after 6 h incubation time 
(increase the number and size of digestion holes compared to 
starch granules digested at 2 h incubation time as indicated by 
black arrows). Image was taken from small fragment size (< 
0.5mm)). 

Figure 7.  Digested starch granule after 24 h incubation time 
(increase the number and size of digestion holes). Image was 
taken from large fragment size (>1.0 mm)). 

Figure 8.  Absence of any starch granules after 24 h incubation 
time. Image was obtained from particles < 0.5mm. 

 It was found that the electron micrographic features of 
the granules after treatment with alpha amylase and 
glucosidase possesses synergistic influance (Matsubara et 
al., 2004). The synergetic influences by both enzymes 
were explained by Sun and Henson (1990) and Robertson 
et al. (2006). The ability of the alpha-glucosidases to 
breakdown glucosidic bonds other than alpha-1,4- and 
alpha-1,6- that are present at the granule surface can 
eliminate bonds which were barriers to digestion by 
alpha-amylases. In addition, the presence of protease in 
the current in vitro digestibility method may enhance 
indirectly the synergy influence of both alpha amylase 
and glucosidase by increasing the exposure of starch 
granules to enzymatic digestion. It has been reported that 
the interaction between protein and starch granules can 
decrease the exposure of raw starch granules to enzymatic 
digestion by alpha amylase (Rooney and Pflugfelder, 
1986). The interactions between the protein granules  
(size range 5–60 kDa) and starch may affect starch 
digestibility; it is important to take into consideration that 
protein digestion usually precedes starch digestion 
(Svihus et al., 2005). 

The size of the starch granules within grain type can 
influence the starch digestion process when examined 
using SEM. Large starches granules displayed massive 
degradation and were described by sever corrosion toward 
the radial axis of granule (Franco and Preto, 1992). On the 
other hand, small starch granules showed a surface 
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attrition and, later on, followed by solubilization (Franco 
and Preto, 1992).  The difference in the behavior of starch 
digestion between small and large particles could be 
attributed to many factors. A previous study showed that 
large and small starch granules possess different chemical 
compositions and endothermic properties and thus possess 
a different enzymatic response to digestion by alpha 
amylase (Szczodrak and Pomeranz, 1991). Chiotelli and 
Le Meste (2002) reported that large starch granules have a 
lower water affinity due to more compact structure (i.e., 
higher crystallinity) than small starch granules and this 
could increase their susceptibility to enzymatic hydrolysis 
by alpha amylase. In addition, small starch granules 

Figure 9. Cross section of whole barley grain after 24 h 
incubation time (barley grain husk is indicated by arrow). 

Figure 10. Absence of any enzymatic activity of whole barley 
grain . 

have a higher surface area to weight ratio and this may 
suggest that alpha amylase binding to starch granules and 
the potential hydrolysis would be higher compared to 
large starch granules when all other factors being the 
same (Tester et al., 2004).   

In this study, the presence of large fragment size of 
barley fragments and the absence of fiber digesting 
enzymes may inhibit the synergetic influence of both 
alpha amylase and glycosidase. To confirm the capability 
of both alpha amylase and glycosidase to diffuse through 
barley grain husk which is mainly composed of cellulose, 
hemicelluloses and lignin (Adrados et al., 2005). Whole 
barley grain was incubated into digestion solution for 24 h 
to investigate whether any enzymatic digestion can take 
place (Figure 9). As shown in Figure 10, no enzymatic 
digestion took place on starch granules after cutting the 

whole barley grains into two halves, which indicates that 
barley husks work as a strong barrier against enzymatic 
diffusion of both amylase and glycosidase. Large particles 
have been shown to survive ruminal attack and pass to 
small intestine for digestion (Owens et al., 1986). 

In conclusion, microscopic examinations for in vitro 
digested milled barley fragments differ in particle size and 
this indicates that the extent of starch digestion is 
dependent on fragment particle size (i.e., heterogeneity of 
particle size distribution). SEM for whole barley grain 
revealed that the presence of barley husk prevents any 
enzymatic diffusion and thus no starch digestion takes 
place.  
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