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Rice  flour  is  becoming  very  attractive  as  raw  material,  but there  is lack  of information  about  the  influence
of particle  size  on  its functional  properties  and  starch  digestibility.  This study  evaluates  the  degree  of
dependence  of the  rice  flour  functional  properties,  mainly  derived  from  starch  behavior,  with  the  parti-
cle  size  distribution.  Hydration  properties  of  flours  and  gels  and  starch  enzymatic  hydrolysis  of  individual
fractions  were  assessed.  Particle  size  heterogeneity  on  rice  flour  significantly  affected  functional  proper-
ties and  starch  features,  at room  temperature  and  also  after  gelatinization;  and  the  extent  of  that  effect
ice flour
article size
tarch damage
hysical properties
tarch hydrolysis

was  grain  type  dependent.  Particle  size  heterogeneity  on rice  flour  induces  different  pattern  in starch
enzymatic  hydrolysis,  with  the  long  grain  having  slower  hydrolysis  as indicated  the  rate  constant  (k).  No
correlation  between  starch  digestibility  and  hydration  properties  or  the protein  content  was  observed.
It  seems  that in  intact  granules  interactions  with  other  grain  components  must  be  taken  into  account.
Overall,  particle  size  fractionation  of rice  flour  might  be advisable  for selecting  specific  physico-chemical
properties.
. Introduction

Rice varieties are mostly designated to be consumed as intact
ernels, but lately a significant raise in the rice flour produc-
ion is observed (FAOSTAT, 2012) due to its employment in novel
oods such as baby and gluten-free based goods. Rice is mainly
omposed of starch (Champagne, Wood, Juliano, & Bechtel, 2006),
hich determines the eating quality of cooked rice (Moldenhauer,
ibbons, & McKenzie, 2006).

Rice grinding has been used as physical treatment to reduce
article size and obtain rice flour. However, although grinding is
ecessary to reduce particle size, it also entails damage to starch
ranules by the disruption of the granular structure (Level 5) of
tarch (Tran et al., 2011). The size of starch granules varies between
on-waxy and waxy, long and short-grain rice starches and it also
aries from cultivar to cultivar (Hoover, Sailaja, & Sosulski, 1996;
ani et al., 2012). Numerous studies have analyzed the effect

f mill type on the rice flour particle size distribution. Nishita
nd Bean (1982) were pioneers clarifying the impact of grind-

ng methods on rice flour properties and later on, higher water
inding capacity and swelling power were observed when inten-
ifying milling (Perdon, Siebenmorgen, Mauromoustakos, Griffin,
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& Johnson, 2001). It seems that the range of particle size distri-
bution is dependent on the mill used for grinding, and pin-milled
and hammer-milled flours show the lowest granulation (Nishita
& Bean, 1982). Moreover, the heat exposure of rice during grind-
ing could change flour characteristics, for example the content of
starch damage. Hammer and roller – milled flours had the high-
est value of starch damage, besides the highest flour temperature
after grinding. Kadan, Bryant, and Miller (2008) investigated the
characteristics of commercial long-rice flour ground in two steps
with a hammer-mill and a turbo mill, stating that current methods
used to make commercial rice flour do not produce uniform particle
size. Particle size heterogeneity significantly affects the physico-
chemical properties of the flours by increasing the surface area per
volume unit and also it can increase the bioavailability of macronu-
trients (carbohydrate, proteins) by raising the rate of digestion
which readily would affect human nutrition (Wondra, Hancock,
Behnke, & Stark, 1995). That fact has been confirmed in barley
and sorghum flour in which the kinetic of starch digestion by alfa-
amylase was dependent on the particle size of the flours (Al-Rabadi,
Gilbert, & Gidley, 2009). Considering that nutrient distribution in
grain fragments varies with particle size it is understandable and
expected that their functionality and processing performance vary
with the particle size. In fact, particle size fractionation by air

classification or sieving has been proposed as strategy for adding
value to coarsely milled grain like obtaining beta-glucan enriched
fractions from barley milling stream (Sundberg, Tilly, & Aman,
1995). Despite the potential of that strategy only sorghum and
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http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.06.002&domain=pdf
mailto:crosell@iata.csic.es
dx.doi.org/10.1016/j.carbpol.2013.06.002


4 rate P

b
a
a
fl
fl
c
w
M

n
t
w
t
m
d
f
o
r
e
h

2

2

f
s
w
w
f

2

2

f
d
t
C
(
f
>
4
(
(

2

m
M
L
a
s
d

2

w
w
(
w
g

r
S

22 E. de la Hera et al. / Carbohyd

arley have been targeted as cereals for improving digestibility
nd nutritional potential. Recently, de la Hera, Talegón, Caballero,
nd Gómez (2012) stated the influence of particle size of corn
our on gluten free bread performance concluding that coarser
ours (>180 �m)  provide breads with higher volume and softer
rumbs due to their ability to retain carbon dioxide during proofing,
hereas finer flours (<106 �m)  are more suitable for cakes (Hera,
artínez, Oliete, & Gómez, 2012).
In spite of the increasing consumption of rice flours, there are

o studies focussed on the effect of particle size distribution on
he physico-chemical properties and starch digestibility. Previous
orks characterized rice flour and checked the influence of par-

icle size but focussing on flour obtained from different grinding
ethods. The aim of this research was to evaluate the degree of

ependence of the rice flour functional properties, mainly derived
rom starch behavior, with the particle size distribution of rice flour
btained by sieving, namely flour properties and starch features
egarding enzymatic susceptibility. With that purpose two  differ-
nt rice cultivars were selected to determine the incidence of kernel
ardness in those properties.

. Materials and methods

.1. Materials

Two rice grain types, one short and one long, were purchased
rom the local market and ground in a hammer mill, 200 �m of
creen (LM 3100) (Perten Instruments, Hägersten, Sweden). Flours
ere sifted in a Bühler MLI  300B (Bühler AG, Uzwil, Switzerland)
ith screens of 80, 132, 150 and 180 �m during 15 min  to obtain 5

ractions.

.2. Methods

.2.1. Particle size and protein determination
Flours were analyzed following AACC method (AACC, 2012)

or protein (AACC, 46-30.01). Determinations were carried out in
uplicate. The particle size distribution was measured using a par-
icle size analyzer with laser diffraction Helos & Rodos (Sympatec,
lausthal-Zellerfeld, Germany). Short grain rice, fraction <80 �m
average 44 �m),  80–132 fraction (average 122 �m),  132–150
raction (average 143 �m),  fraction 150–180 (average 176 �m),
180 (average 340 �m).  Long grain rice, fraction <80 �m (average
8.55 �m),  80–132 fraction (average 125 �m),  132–150 fraction
average 147 �m),  150–180 fraction (average 171 �m),  and >180
average 316 �m).

.2.2. Determination of damaged starch content
The starch damage content in the flour samples was deter-

ined in accordance with the AACC method (AACC, 2012), by using
egazyme starch damage kit (Megazyme International Ireland

td., Co., Wicklow, Ireland). Absorbance was read at 510 nm in
 microplate reader BIOTEK EPOCH (Izasa, Barcelona, Spain). The
tarch damage was determined as percentage of flour weight on
ry basis. Three replicates were made for each sample.

.2.3. Flour hydration properties
The water holding capacity (WHC) defined as the amount of

ater retained by the sample without being subjected to any stress
as determined mixing flour (1.000 ± 0.005 g) with distilled water

10 ml)  and kept at room temperature for 24 h. The supernatant
as decanted. WHC  was expressed as grams of water retained per
ram of solid.
The swelling volume was determined following the method

eported by Gularte and Rosell (2011) with slight modification.
amples (1.000 ± 0.005 g) were placed in a graduated cylinder and
olymers 98 (2013) 421– 427

mixed with distilled water (10 ml), then kept at room temperature
for 24 h. The swelling volume was calculated by dividing the total
volume of the swollen sample and the original dry weight of the
sample.

The water binding capacity (WBC) defined as the amount of
water retained by the sample under low-speed centrifugation was
determined as described the standard method (AACC, 2010). Sam-
ples (1.000 ± 0.005 g) were mixed with distilled water (10 ml)  and
centrifuged at 2000 × g for 10 min. WBC  was expressed as grams of
water retained per gram of solid. Flour hydration properties were
analyzed in triplicate.

For the determination of oil absorption capacity (OAC), the
method of Lin, Humbert, and Sosulski (1974) was  followed. Briefly,
rice flour (100.0 ± 0.2 mg)  was  mixed with 1.0 ml  of vegetable oil.
The content was  stirred for 1 min with a wire rod to disperse the
sample in the oil. After a period of 30 min  in the vortex mixer, tubes
were centrifuged at 3000 × g and 4 ◦C for 10 min. The supernatant
was carefully removed with a pipette and tubes were inverted for
25 min  to drain the oil and the residue weighed (Wr). The oil absorp-
tion capacity was expressed as grams of oil bound per gram of the
sample on dry basis. Three replicates were made for each sample.
OAC was calculated by Eq. (1):

OAC (g/g) = Wr

Wi
(1)

where Wi was  the sample weight (g, db).

2.2.4. Gel hydration properties
Water absorption index (WAI) or swelling capacity and water

solubility index (WSI) of different rice flour fractions were deter-
mined following the method of Toyokawa, Rubenthaler, Powers,
and Schanus (1989), with slight modification as reported Rosell,
Yokoyama, and Shoemaker (2011). Briefly, flour (50.0 ± 0.1 mg)
sample was dispersed in 1.0 ml  of distilled water in an eppendorf
tube using a wire rod and cooked at 90 ◦C for 10 min in a water bath.
The cooked paste was cooled in an ice water bath for 10 min, and
then centrifuged at 3000 × g at 4 ◦C for 10 min. The supernatant was
decanted into an evaporating dish and the weight of dry solids was
recovered by evaporating the supernatant at 105 ◦C till constant
weight. Four replicates were made for each sample. Residues (Wr)
and dried supernatants (Ws) were weighed and WSI  or swelling
capacity, solubility index and swelling power (SP) were calculated
as follows:

WAI  (g/g) = Wr

Wi
(2)

WSI  (g/100 g) = Ws

Wi
× 100 (3)

SP (g/g) = Wr

Wi − Ws
(4)

where Wi was  the sample weight (g, db).
Values were the average from four replicates.

2.2.5. Amylose/amylopectin ratio
A change in the composition of linear or branched frac-

tions of starch can be indicated by a change in the ratio of
absorbance of iodine starch complexes at 630 and 520 nm (Sokhey
& Chinnaswamy, 1992). The ratio of amylose/amylopectin was
determined following the method described by Gujral and Rosell

(2004). Rice flour fraction (50.0 ± 0.1 mg) was  dispersed in 1.0 ml  of
distilled water in an eppendorf tube using a wire rod and cooked at
90 ◦C for 15 min  in a water bath. The cooked paste was  cooled in ice
water bath to room temperature, and then centrifuged at 3000 × g
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t 4 ◦C for 10 min. After removing the supernatant, the pasted sam-
les were defatted with methanol and 20 mg  of defatted sample
ere extracted with 1 M KOH for 2 min  and centrifuged for 5 min

t 16 000 × g. To 250 �l of the supernatant, 1.0 ml  of Lugol’s iodine
olution (2 g potassium iodide and 1.3 g of iodine in 100 ml  distilled
ater), and water (7.5 ml)  were added and then neutralized with

 M HCl. The solution was further diluted 10 times and absorbance
easured at 630 and 520 nm for amylose and amylopectin deter-
ination, respectively. Four replicates were performed for each

ample.

.2.6. Enzymatic starch hydrolysis
Starch hydrolysis was measured following the method

escribed by Gularte and Rosell (2011) with minor modifications.
riefly, for free sugars removal, flour sample (0.1 g) suspended in

 ml  of 80% ethanol was kept in a shaking water bath at 85 ◦C
or 5 min, and then centrifuged for 10 min  at 1000 × g. The pel-
et was incubated with porcine pancreatic �-amylase (10 mg/ml)
Type VI-B, ≥10 units/mg solid, Sigma Chemical, St. Louis, USA) and
myloglucosidase (3300 U/ml) (Sigma Chemical, St. Louis, USA) in
0 ml  of 0.1 M sodium maleate buffer (pH 6.0) in a shaking water
ath at 37 ◦C (0.25–16 h). Aliquots of 200 �l were withdrawn during
he incubation period. Aliquots were mixed with 200 �l of ethanol
96%) to stop the enzymatic reaction and the sample was  cen-
rifuged for 5 min  at 10000 × g and 4 ◦C. The precipitate was  washed
wice with 50% ethanol (100 �l) and the supernatants were pooled
ogether and kept at 4 ◦C for further glucose determination.

The remnant starch after 16 h hydrolysis was solubilized with
 ml  of 2 M KOH using a Polytron ultraturrax homogenizer IKA-
18 (IKA works, Wilmington, USA) during 1 min  at speed 3. The
omogenate was diluted with 8 ml  1.2 M sodium acetate pH 3.8
nd incubated with 100 �l amyloglucosidase (3300 U) at 50 ◦C for
0 min  in a shaking water bath. After centrifuging at 2000 × g for
0 min, supernatant was kept for glucose determination.

The glucose content was measured using a glucose oxidase-
eroxidase (GOPOD) kit. The absorbance was measured using an
poch microplate reader (Biotek Instruments, Winooski, USA) at
10 nm.  Starch was calculated as glucose (mg) × 0.9. Replicates
n = 2–4) were carried out for each determination.

Experimental data were fitted to a first-order equation (Goñi,
arcia-Alonso, & Saura-Calixto, 1997):

t = C∞
(

1 − e−kt
)

(5)

here Ct is the concentration of product at time t, C∞ is the concen-
ration at the end point, and k is the pseudo-first order rate constant.
lthough this equation requires the estimation of an accurate C∞, it
as useful because long reaction times were applied to determine

esistant starch after complete enzymatic hydrolysis. The plot of ln
(C∞ − Ct)/C∞] = −kt against t was used to estimate the slope that
orresponded to −k.

However, as recently suggested Butterworth, Warren, Grassby,
atel, and Ellis (2012), the linear plot of ln (dC/dt)  against t was also
epresented to calculate the slope (−k), and the intercept on the
-axis was used for calculating the ln(k C∞). This plot was used to
emonstrate if the data were of logarithmic form and the rate con-
tant remained unchanged along the whole hydrolysis reaction, as
ecommended Poulsen, Ruiter, Wisser, Jorgen, and Iversen (2003).

.2.7. Statistical analysis
Data were subjected to an analysis of variance (ANOVA) consid-

ring the flours individually, in order to study the differences

etween flours. Fisher’s least significant difference (LSD) test was
sed to describe means with 95% confidence. A correlation analysis
as also carried out. Statgraphics Plus V5.1 (Statpoint Technologies,
arrenton, USA) was used as statistical analysis software.
olymers 98 (2013) 421– 427 423

3. Results and discussion

3.1. Protein content, ratio of amylose/amylopectin and damage
starch

Rice flours from two different grain types were sifted into five
different particle size fractions (Table 1). Two types of rice grains
were selected due to their diverse properties greatly attributed to
variations in the amylose content (de la Hera, Talegón, et al., 2012).
Protein content and the ratio of amylose/amylopectin of the frac-
tions were determined to identify a possible trend with the particle
size. The smallest particle size in both grains showed the lowest
protein content. Furthermore, a steady increase of the protein con-
tent was observed when enhancing the particle size up to 180 �m
(Table 1). The highest particle size fraction from both grain types
did not follow that trend. Likely, there is a critical point for affecting
the molecular distribution of the grain components during milling.
This distribution could be due to the allocation of protein during
milling. Protein concentration is higher on the surface of milled
rice and decreases toward the center of the kernel (Champagne
et al., 2006). Therefore, harder and more vitreous zones in the ker-
nel would result in coarser particles which, in this case would have
greater protein content. Regarding the grain type, in the samples
tested the protein content was  significantly higher in the fractions
from short rice grain compared to their counterparts from long rice
grain.

The ratio of amylose/amylopectin for each fraction of both rice
grain types is shown in Table 1. A change in the ratio of absorbance
of iodine starch complexes at 630 and 520 nm,  for amylose and
amylopectin, respectively, indicates a change in the composition of
linear or branched fractions of starch molecules. With the excep-
tion of the smallest particle size fraction (<80 �m), fractions from
long rice grain showed significantly higher amylose/amylopectin
ratio than their counterparts from short grains, indicating higher
amylose content on those fractions, which agree with previous
findings (Qin-lu et al., 2011). Regarding the particle size, no gen-
eral trend could be observed, but it seems that low amylose content
was present in fractions with particles size ranged from 150 �m to
180 �m,  which, as was  mentioned above contained higher amount
of proteins.

The incidence of particle size heterogeneity on starch damage is
shown in Table 1. Fractions from short rice grain showed a steady
decrease of the starch damage whilst particle size diminished. Con-
versely, that trend was  not evident within the fractions from long
rice grain, only the coarsest fraction showed significantly higher
amount of starch damage than the smallest fraction. Fractions from
short grain rice displayed greater values of starch damage than
their counterparts from long grain. Hasjim, Li, and Dhital (2012)
observed a positive relationship between the amount of starch
damage and the decrease in the opening size up to 132 �m of
hammer mill screen when studied long grain rice, and no rela-
tionship was  observed with smaller particle size. Those authors
forced the particle size reduction by modifying milling force, time
or screen size, promoting starch damage as particle size reduces.
However, it seems that a different picture is obtained when stud-
ied the properties of particle size heterogeneity, above all fractions
from short grain rice. When no differences in milling process exist,
starch damage changes pertaining particle size heterogeneity must
be explained by structural modifications in the grain. Considering
the hierarchical levels defined to explain the structural organiza-
tion of the cereal starches that comprise individual linear branches
of starch (Level 1), whole branched molecules (Level 2), semi-

crystalline lamellae (Level 3), growth rings (Level 4), individual
starch granules (Level 5), and starch granules interacting with
protein and cell-wall matrices (Level 6) (Tran et al., 2011), the
physical injury of the starch granules that facilitate the enzyme’s
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Table 1
Effect of particle size and rice variety on protein, starch damage and amylose/amylopectin ratio.

Type Particle size (�m) Protein (%) Ratio of amylose/amylopectin Starch damage (%)

Short grain <80 6.12 b 1.10 bc 7.59 ab
80–132 6.83 de 1.14 bc 7.91 bc

132–150 6.96 f 1.20 bcd 8.42 c
150–180 7.00 f 0.91 a 8.49 c

>180 6.87 de 1.11 bc 9.53 d

Long  grain <80 5.66 a 1.08 b 7.23 a
80–132 6.37 c 1.34 d 7.55 ab

132–150 6.37 c 1.35 d 7.50 ab
150–180 6.79 d 1.26 cd 7.32 ab

>180 6.41 c 1.32 d 7.91 bc
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ccessibility would be related to the breakage of Level 5 of starch
tructure with great contribution of the Level 6.

.2. Hydration properties of rice flour fractions

Hydration properties were significantly affected with the par-
icle size heterogeneity (Table 2), and that effect was  observed
n both types of flours, although in general, fractions from short
ice grain showed greater changes. In fact, WHC  increased with
ecreasing the particle size of the rice flour, but in long grain rice
nly significant differences where observed with the smallest par-
icle size fraction. It seems that a reduction in particle size resulted
n no effect (long grain) or steady increase (short grain) of WHC
p to a critical size (<80), after which further reduction of size

nduced stronger effect attributable to molecular and structural
hanges of grain components. A significant negative correlation
as obtained between the particle size and the WHC  (r = −0.7574,

 < 0.01). These results were expected, considering that greater
urface area is exposed to water molecules binding in fine parti-
les, inducing higher water intake. Swelling also showed significant
ncrease when reducing the particle size of the fraction (r = −0.8579,

 < 0.01) in both rice grain flours.
Water binding capacity values increased with the decrease in

he opening size of sieves in both grain types (r = −0.7557, P < 0.01).
omparing grain types, long grain fractions showed higher water
inding capacity than short grain counterpart fractions. Probably,

nternal structure of long grain (more vitreous than short grain)
trongly retains the absorbed water under stress conditions. A neg-
tive significant correlation was observed between WBC  and the
rotein content (r = −0.7790, P < 0.01), amylose/amylopectin ratio
r = −0.7983, P < 0.01) and starch damage (r = −0.7287, P < 0.001).
arrand (1972) affirmed that undamaged starch absorbs only 30%
ater at 30 ◦C, but damaged starch absorbs its own weight of water

t 30 ◦C. Nevertheless, it seems that differences observed in the
mount of starch damage in the different fractions were not large
nough to compensate differences on the hydration properties
ttributed to the increased surface area in line with reduced par-
icle size. Hence, it could be said that physical properties, particle
ize in this case, prevail over chemical composition (starch damage
nd protein content), and likely interactions between starch and
on-starch components affected hydration properties.

Oil absorption capacity was determined to measure the ability
f the flour protein to physically bind fat by capillary attraction.
AC values ranged from 0.556 g/g to 0.784 g/g, increasing while
article size decreased in short and long rice flours (r = −0.7827,

 < 0.01). Barely differences were distinguished due to the type of

ice grain. OAC showed an inverse significant correlation with pro-
eins (r = −0.7958, P < 0.01). It seems that particle size had large
nfluence on the oil absorption capacity. Probably, the force applied
uring milling and the sieving process affected molecularly the
 ≤ 0.05).

starch and proteins as occurred with cell wall components, that
decrease their abilities to bind water and oil (Mahasukhonthachat,
Sopade, & Gidley, 2010), enhancing the significance of particle size
in these processes of absorption.

3.3. Gel hydration properties

Water uptake during thermal treatment, which involves starch
gelatinization and protein denaturation, was  assessed by determin-
ing the water absorption index or swelling capacity and swelling
powder (Table 3). The water absorption index was hardly affected
by the particle size, with the exception of the smallest fraction that
showed lower WAI, although the difference was only significant for
the short grain. The same tendency was  observed in the swelling
powder of the different fractions. Presumably, the level of starch
damage besides the interactions with non-starch components like
proteins and cell walls matrices affected the water uptake ability.
Kadan et al., 2008 also observed no differences in WAI  of rice flours,
obtained by different grinding methods (pin mill and Udy), hav-
ing particle size distribution over 100 �m.  Similar studies carried
out with sorghum concluded that particle size seems to be less
important than milling type regarding WAI  (Mahasukhonthachat
et al., 2010). It must be pointed out that in those studies the small-
est screen used was of 100 �m openings, but very fine particles
(under 100 �m)  seem to display different gel hydration behavior.
In fact, it has been reported that a reduction in the particle size
of barley was accompanied by a reduction in the water retention
capacity, presumably due to the breakdown of cellular structures
by milling, leading to the collapse of the cell wall matrix (Anguita,
Gasa, Martin-Orue, & Perez, 2006). In addition, the level of amylose
has been related to the swelling power of rice and achira starches
(Andrade-Mahecha, Tapia-Blacido, & Menegalli, 2012; Chung, Liu,
Lee, & Wei, 2011). Swelling is primarily an amylopectin property
and the amylose is mainly inhibiting it (Tester & Morrison, 1990)
but it seems that the presence of the other non-starch components
affects the swelling pattern of amylopectin and its ability to swell
might be hindered by the other structural constituents.

Water solubility index showed erratic behavior in both short
and long grain. WSI  in short grain did not show significant differ-
ences among fractions, neither in long grain type. Initially, it should
not expect that particle size heterogeneity influences the distri-
butions of soluble solids, and results seems to confirm it. Same
results were observed with sorghum and barley, where no rela-
tionship was observed between particle size distribution lower
than 250 �m and their water solubility index (Al-Rabadi, Torley,
Williams, Bryden, & Gidley, 2012). Nevertheless, when experi-

mental results were pooled together, it was  observed a positive
relationship between the amylose/amylopectin ratio and the water
solubility index (r = 0.8165, P < 0.001), likely due to the amylose
leached out during heating.
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Table 2
Particle size distribution effect on hydration properties of rice flour.

Type Particle size (�m) WHC  (g/g) Swelling (ml/g) WBC  (g/g) OAC (g/g)

Short grain <80 2.24 c 2.60 f 1.86 e 0.78 d
80–132 1.48 b 2.32 d 1.50 bc 0.66 c

132–150 1.35 ab 2.27 c 1.48 bc 0.62 abc
150–180 1.34 ab 2.20 b 1.35 ab 0.58 ab

>180  1.19 a 2.11 a 1.26 a 0.59 ab

Long  grain <80 2.04 c 2.50 e 2.13 f 0.77 d
80–132  1.40 ab 2.21 b 1.91 e 0.63 bc

132–150 1.31 ab 2.19 b 1.72 de 0.63 bc
150–180 1.24 ab 2.21 b 1.61 cd 0.59 ab

>180  1.26 ab 2.10 a 1.47 bc 0.56 a
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HC: water holding capacity; WBC: water binding capacity; OAC: oil absorption ca

.4. Starch enzymatic hydrolysis

Intact starch granules offer great resistance to enzymatic
ydrolysis, thus the possible damage suffered by starch granules
ue to mechanical process should be clearly visible in the kinetic
f enzymatic hydrolysis. The fraction of starch which undergoes
imited enzymatic hydrolysis is termed resistant starch (RS).

The amount of resistant starch was below 4% in all the flour
ractions, and no correlation was observed with the particle size
nd neither with the type of grain (Table 4). The starch hydrol-
sis curves for short and long grain flours are showed in Fig. 1.
t was really evident that fractions from long grain rice under-

ent lower enzymatic hydrolysis, indicating minor susceptibility to
nzymes attack, likely attributable to amylose content differences.
hung et al. (2011) reported lower amount of rapidly digestible
tarch fraction in the rice starches from long grain which was
xplained due to the high amylose content since amylose in starch
ranules was resistant to digestion by enzymes. Differences among
nzymatic hydrolysis plots of flour fractions from short grain were
argely noticeable when particle size was higher than 150 �m,
isplaying slower hydrolysis when increasing the particle size.
onversely, fractions from long grain showed differences with par-
icle size distribution but without any direct relationship with the
article size. The slowest hydrolysis was detected for the range
32–150 �m particle size in the long type rice. Below that par-
icle size it was observed lower hydrolysis with the reduction of
article size and the opposite was detected with particles big-
er than 150 �m.  It has been reported that alfa-amylase affinity
or native starches is dependent on the particle size of starch,
ue to the enzyme feasibility for binding/absorption (Tahir, Ellis,
 Butterworth, 2010). As particle size decreases, the surface area
xposed to digestive enzymes increases, leading to an increased
ate of digestion (Bjorck, Granfeldt, Liljeberg, Tovar, & Asp, 1994;
i-Sunyer, 2002). When assessing the starch granules susceptibility

able 3
ffect of particle size on gel hydration properties of rice flours from different grain types.

Type Particle size (�m) W

Short grain <80 8
80–132 11

132–150 10
150–180 11

>180  10

Long  grain <80 9
80–132 11

132–150 10
150–180 11

>180  11

alues followed by different letters within each column indicate significant differences (P
AI: water absorption index; WSI: water solubility index; SP: swelling powder.
 ≤ 0.05).
.

to enzyme hydrolysis is reported that the surface area of gran-
ules and the degree of order of starch have important influences
on the initial rate at which native starch is digested by amylase
(Tahir et al., 2010). Present results indicate that having the same
size starches, the rest of the flour constituents are affecting the
hydrolysis rate. Starch hydrolysis curves were plotted to obtain the
rate constant fitting the values to a first-order equation and also
to LOS plots. Table 4 shows that the rate constants estimated by
the first order model agree well with the LOS plots, which is in
agreement with the results showed by Butterworth et al. (2012)
when determined the rate constants of different foods or starches.
Plots’ results indicated that samples consisted of unique popula-
tion regarding the rate of hydrolysis. The rate constants confirmed
that long grain underwent slower hydrolysis than samples from
short grains. Considering the degree of starch damage in each type
of grain, it seems that diffusion of enzymes through the starch
granule was not the rate-limiting factor, since no relationship was
observed between them; neither differences encountered in the
protein content. Differences in the content of protein associated to
the starch granule surface could influence the accessibility of the
alfa amylase but no relationship could be established between the
protein content and the rate constants. Tester and Karkalas (2006)
described that the larger granules the smaller is the surface area
to volume ratio and hence the potential surface to be attacked and
hydrolyzed by enzymes. However, that rule is not always followed
or it could be that there existed a critical particle size beyond which
the particle size would be no longer affecting the starch hydrolysis
rate. It occurred with sorghum in vitro starch digestibility, where
no significant differences were observed in the amount of starch
hydrolyzed in flour particles lower than 250 �m and larger par-

ticles showed a steady decrease in starch digestibility associated
to a reduction in the surface area exposed to enzymatic attack (Al-
Rabadi et al., 2012). Nevertheless, Mahasukhonthachat et al. (2010)
reported that in vitro digestion of cryo-milled sorghum follows

AI  (g/g) WSI  (g/100 g) SP (g/g)

.31 a 4.00 a 8.32 a

.43 b 8.74 ab 11.70 b

.86 b 4.62 ab 10.50 b

.24 b 7.74 ab 11.27 b

.17 b 3.92 a 9.82 b

.92 ab 3.53 a 10.59 b

.43 b 8.12 ab 12.53 b

.59 b 10.04 b 11.84 b

.25 b 5.65 ab 11.50 b

.37 b 5.22 ab 12.00 b

 ≤ 0.05).
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Table 4
Kinetic parameters extracted from first-order and LOS plots of different particle size fractions of rice flour.

k (min−1) by first order eq. k (min−1) by LOS C∞ (%) C∞ (%) by LOS Resistant starch (%)

Short grain
<80 0.045 0.043 92.53 96.46 2.30

80–132  0.033 0.033 92.31 95.24 3.80
132–150  0.047 0.045 94.76 99.17 2.25
150–180  0.027 0.026 88.52 91.25 3.68

>180  0.011 0.011 75.71 88.51 2.42

Long  grain
<80 0.034 0.033 75.04 77.45 2.15

80–132 0.024 0.023 84.89 87.76 2.30

fi
1
w
2
b
c

a
v

F
(

132–150  0.014 0.014 

150–180  0.019 0.018 

>180  0.016 0.015 

rst-order kinetics irrespective of the average particle size from
20 �m to 560 �m and the dependence of the digestion kinetics
ith the particle size was more accentuated by particle size below

70 �m.  Presumably, differences in the range of particle size could
e ascribed to the higher frictional heat induced by hammer mill

ompared to cryomills (Ngamnikom & Songsermpong, 2011).

Table 4 also displayed the values for C∞ experimentally obtained
nd the ones estimated from LOS plots. Again, results agree
ery well when using different equations for fitting the data.
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ig. 1. Effect of particle size distribution on the enzymatic starch hydrolysis kinetics.
A) Short grain rice and (B) long grain rice.
77.18 84.48 2.50
74.62 78.44 2.33
90.86 97.93 3.80

Divergences were observed in the fractions with higher particle
size (>180 �m)  and those with particle size comprised between 132
and 150 �m.  Very good agreement was observed by Butterworth
et al. (2012) when compared different foods and starches. Different
trend of C∞ was  observed in the two types of grains. In the short
grain, fractions with particle size higher than 132 �m showed a
progressive reduction in the C∞ with the increase in the particle
size; whereas no variation in this parameter was observed at lower
particle size. Conversely, in long grain only the highest particle size
fraction showed significant higher C∞.

Significant relationships were observed between the hydration
properties and the enzymatic hydrolysis parameters, particularly
between the constant rate from the pseudo-first order plot and
the WHC  (r = 0.6341, P < 0.05) and swelling (r = 0.6679, P < 0.05). The
same was  observed with the constant rate obtained from the LOS
plots. This relationship could be easily understood considering that
enzyme diffusion and accessibility within the starch granule sur-
face, which likely follows the same interstitial places than water
molecules.

4. Conclusion

Particle size heterogeneity on rice flour significantly affects
functional properties and starch features, at room temperature and
also after gelatinization; and the extent of that effect is grain type
dependent. Generally, rice flour hydration properties increase with
the reduction of particle size, but results suggest that there is a
critical size (<80), after which further reduction of size induced
stronger effect attributable to molecular and structural changes
of grain components. Hence, hydration properties are significantly
dependent on particle size distribution besides the interactions
between starch and non-starch components. Particularly, a signif-
icant negative correlation was  obtained between the particle size
and the WHC  (r = −0.7574, P < 0.01), swelling (r = −0.8579, P < 0.01),
water binding capacity (r = −0.7557, P < 0.01), and OAC (r = −0.7827,
P < 0.01). These results were expected, considering that greater
surface area is exposed to water molecules binding in fine parti-
cles, inducing higher water intake. Regarding the constituents of
the flour, a negative significant correlation was  observed between
WBC  and the protein content (r = −0.7790, P < 0.01) and starch
damage (r = −0.7287, P < 0.001). OAC showed an inverse signifi-
cant correlation with proteins (r = −0.7958, P < 0.01). Particle size
heterogeneity on rice flour induces different pattern in starch enzy-
matic hydrolysis, which was  grain type dependent. Long grain rice
underwent lower enzymatic hydrolysis, indicating minor suscep-
tibility to enzymes attack.
When trying to understand the correlation between physical
properties and enzyme susceptibility of the starch granules, signifi-
cant relationships were observed between the hydration properties
and the enzymatic hydrolysis parameters, particularly between



rate P

t
(
t
p
t
T
a
l
a
o
o
f
d
t
r

A

i
E
V

R

A

A

A

A

A

B

B

C

C

F

F

G

G

E. de la Hera et al. / Carbohyd

he constant rate from the pseudo-first order plot and the WHC
r = 0.6341, P < 0.05) and swelling (r = 0.6679, P < 0.05). It seems
hat in intact granules, there is no a clear relationship between
article size and hydrolysis rate, some other factors like interac-
ions with other grain components must be taken into account.
he unique significant relationships were observed between the
mylose/amylopectin ratio and the constant rate therefore the
ower susceptibility to enzymes attack of long grain rice might be
ttributable to amylose content differences. Considering the degree
f starch damage in each type of grain, it seems that diffusion
f enzymes through the starch granule was not the rate-limiting
actor, since no relationship was observed between them; neither
ifferences encountered in the protein content. Nevertheless, fur-
her studies will be undertaken to go deeper in the structure of the
ice starch for explaining its hydrolysis behavior.
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