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Glucose obtained from rice bran by ultrasound-assisted
enzymatic hydrolysis

Glucosa obtenida de salvado de arroz por hidrélisis enzimatica
asistida por ultrasonido

P. Sfalcin', F. C. Lunelli?, T. P. S. Maleski? V. S. Foletto*, M. Souza®, E. ZimmermannS,
V. Dal Prd’, E. L. Foletto®, R. C. Kuhn" and M. A. Mazutti®

ABSTRACT

In this work ultrasound-assisted solid-state enzymatic hydrolysis of rice bran to obtain fermentable sugars was investigated. For this
purpose, process variables such as temperature, enzyme concentration and moisture content were evaluated during the enzymatic
hydrolysis with and without ultrasound irradiation. The enzyme used is a blend of amylases derived from genetically modified strains
of Trichoderma reesei. Kinetic of the enzymatic hydrolysis of rice bran at the constant-reaction rate period were measured. The best
results for the ultrasound-assisted enzymatic hydrolysis was obtained using 3 wt% of enzyme, 60°C and moisture content of 65 wt%,
yielding 0.38 g sugar/g rice bran, whereas for the hydrolysis in the absence of ultrasound the highest yield was 0.20 g sugar/g rice
bran using 3 wt% of enzyme, 60°C and moisture content of 50wt %. The use of ultrasound-assisted enzymatic hydrolysis of rice bran
was intensified, obtaining around 74 % more fermentable sugar than in the absence, showing that the use of ultrasound is a promising
technology to be used in enzymatic reaction as an alternative of process intensification.

Keywords: Ultrasound-assisted, enzymatic hydrolysis, rice bran, amylases.

RESUMEN

En este trabajo se investigd la hidrélisis enzimatica de salvado de arroz por ultrasonido para obtener glucosa. Se evaluaron variables
del proceso tales como la temperatura, la concentracion de enzima y la humedad para la hidrélisis enzimatica con y sin la apli-
cacion de la irradiacién ultrasénica. La enzima utilizada fue una mezcla de amilasa de Trichoderma reesei. Se evalué la cinética
de la hidrélisis enzimatica de salvado de arroz en el periodo constante de la velocidad de reaccién. Los mejores resultados para la
hidrolisis enzimatica con la aplicacién de ultrasonidos fueran utilizando 3% de enzima, 60° Cy 65% de humedad, el rendimiento
obtenido fue 0,38 g de az(icar/ g de salvado de arroz, mientras que el mas alto rendimiento de la hidrdlisis en ausencia de ultrasoni-
do fue 0,20 g de azicar / g de salvado de arroz utilizando 3 % de enzima, 60° C 'y 50% de humedad. El uso de ultrasonido mejora
la hidrélisis enzimatica permitiendo obtener 74 % mas aztcares fermentables que en la ausencia de ultrasonidos, lo que demuestra
que el uso de ultrasonido es una promisora tecnologia que se puede utilizar en las reacciones enzimaticas y como una alternativa
de intensificacion de procesos.

Palabras clave: Ultrasonido, hidrélisis enzimatica, salvado de arroz, amilasa.
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Introduction

Rice production for the 2010/2011 harvest in Brazil was
around 13.456 million tons. From this amount, 8.942 mi-
[lion tons were produced at state of Rio Grande do Sul
(RRI, 2015). This amount makes Brazil the 9th largest rice

producer worldwide (BMALFS, 2015) and the largest out
one from Asia. Rice bran and broken rice are major co-pro-
ducts in the milling of rice. Rice bran and, to a lesser extent,
broken rice contain valuable components such as starch
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GLUCOSE OBTAINED FROM RICE BRAN BY ULTRASOUND-ASSISTED ENZYMATIC HYDROLYSIS

(Shih, Champagne, Daigle & Zarins, 1999), which is a low-
cost alternative feedstock for biofuels production as bioe-
thanol. Rice bran can be seen as a potential starch-based
feedstock for conversion into fermentable sugars aiming
ethanol production (Saxena, Adhikari & Goyal, 2009). Effi-
cient and cost-effective hydrolysis of starch into monosac-
charides using enzymes is a challenge, and for this reason,
attention should be focused on this step.

There are several studies in specialized literature aiming
the selection/production of enzymes for cold hydrolysis of
starch as well as the obtainment of more efficient enzymes
(Lin, Xian, Zhang, Luo, Tang & Feng, 2011; Castro, Andrea,
Carvalho, Teixeira, Castilho & Freire, 2011; Castro, Castil-
ho & Freire, 2011) improvement in feedstock pretreatment
(Khanal, Montabo, Leeuwen, Srinivasan & Grewell, 2007;
Nikolic, Mojovic, Rakin, Pejin & Pejin, 2010) shortening
of fermentation time, lowering the enzyme dosages, im-
proving the overall starch hydrolysis (Rodriguez, Alameda,
Gallegos, Requena & Lopez, 2006) and integration of the
simultaneous saccharification and fermentation process
(Nikolic, Mojovic, Rakin, Pejin & Pejin, 2010; Ogbonna &
Okoli, 2010; Yingling, Zongcheng, Honglin & Li, 2011).

However, little attention has been paid in the design of in-
tensified enzyme-based processes for hydrolysis of starch.
An example of these processes is the use of a solid-state
enzyme reaction, which is defined as the reaction invol-
ving solids (rice bran) in absence (or near absence) of free
water; however, substrate must possess enough moisture to
support the action of the enzymes. The main advantage of
this procedure is the fact that the process is conducted in
the absence of a free aqueous phase, resulting in minimum
water consumption and thus a low production of effluent.
As the amount of water can be adjusted to a minimum
during the extraction of hydrolyzed sugars, the resulting
solution is more concentrated that traditional enzyme hy-
drolysis. On the other hand, there are also disadvantages
associated with mass-transfer. The reaction rates and mass
transfer have been improved by using ultrasound, which
can be considered as an auxiliary source of energy (agita-
tion and/or heating) in enzymatic reactions, through for-
mation of microbubbles during sonication treatments due
to cavitation phenomenon. The cavitation phenomenon
involves a localized increase of temperature and pressure
at the solid-solvent interface. It is known that ultrasound
pretreatment application may significantly increase the
conversion of starch materials into glucose as well as ove-
rall biofuel yield (Nikolic, Mojovic, Rakin, Pejin & Pejin,
2010). Furthermore, the potential of ultrasound irradiation
on increasing the enzyme activity has been shown (Leaes,
Lima, Miklasevicius, Ramon, Dal Pr4, Bassaco et al., 2013;
Souza, Mezadri, Zimmermann, Leaes, Bassaco, Dal Pra et
al., 2013)

Based on these aspects, the present work evaluates the
ultrasound-assisted solid-state enzyme hydrolysis of rice
bran to obtain fermentable sugars. For this purpose, pro-
cess variables such as temperature, enzyme concentration
and moisture content were evaluated during the enzymatic
hydrolysis of rice bran.
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Materials and Methods

Rice bran was obtained from a local processing factory (Pri-
mo Berleze, Santa Maria, Brazil). As soon as the samples
were received, they were maintained at a temperature of
-18°C. The composition of rice bran is (8.9 %) moisture,
(12.6%) protein, (15.5%) fat, (51%) carbohydrates and
(12%) ash. The enzyme was STARGEN™ 002, obtained
from Genencor (Brazil). This enzyme is an optimized blend
of amylases derived from genetically modified strains of
Trichoderma reesei. The 3.5 dinitrosalicylic acid was pur-
chased from Vetec.

The experiments were carried out in an ultrasonic bath
(Unique Inc., model USC 1800A, Brazil) equipped with a
transducer with longitudinal vibrations. The ultrasonic unit
has an operating frequency of 40 kHz and a maximum-ra-
ted electrical power output of 132 W. The ultrasonic trans-
ducer is fitted at the bottom of the bath horizontally along
the length of bath (surface area of 282.2 cm?).

All reactions were carried out during 4 h, being evaluated
the kinetic releasing of fermentable sugar at 0, 0.5, 1.0,
1.5, 2.0, 3.0 and 4.0 h in duplicate. Taking into account
the difficulties on sampling the solid material, a new reac-
tion was started for each time and the whole content of the
bioreactor was sampled for sugar extraction. The reactions
were carried out using a beaker containing 20 g of rice bran
(dry basis). Before the reactions, temperature, moisture and
enzyme contents were adjusted to the appropriated values.
Sodium acetate buffer 0.TM pH 5.2 was used to adjust the
moisture content of rice bran, since this pH was conside-
red to be optimum for cellulase activity (Balsan, Astolfi,
Benazzi, Meireles, Maugeri, Di Luccio et al., 2012). The
influence of temperature (40-65 °C), enzyme concentration
(1-10wt %) and moisture content (50-80 wt %) were evalua-
ted in the presence and absence of ultrasound irradiation.
In the experiments without ultrasound the ultrasonic bath
was used as thermostatic bath.

After the hydrolysis, the fermentable sugars were extrac-
ted from the solid material using distilled water at solid to
liquid ratio of 0.1 (dry basis). The extractions were carried
out at 30°C under orbital shaker agitation of 150 rpm du-
ring 30 min. Afterwards, the solution was filtered by vacuum
filtration (Whatman qualitative filter paper, grade 1) and the
supernatant was used to determine the amount of reducing
sugars by the 3.5-dinitrosalicylic acid method (DNS) (Mi-
ller,1959). The results were expressed in terms of gram of
glucose equivalent (fermentable sugars) per gram of dry so-
lid material. The total amount of hydrolysable sugars of rice
bran was obtained by means of acid hydrolysis using HCI
2N under boiling for 30 min. Afterwards, the solution was
cooled and neutralized using NaOH 2N, determining the
total reducing sugar by the DNS method. The value obtai-
ned was used to calculate the efficiency of hydrolysis.

The kinetic evaluation used in this study was adapted from
the analysis of overall extraction curves during the super-
critical fluid extraction of bioactive compounds (Miller,
1959). Although the process are different, the overall ki-
netic of hydrolysis present similar profiles to the overall
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extraction curves in such a way that the parameters deter-
mined for fluid extraction of bioactive compounds can be
applied with few changes to kinetics of hydrolysis. Genera-
[ly, kinetic reaction curves are characterized by three time
periods: (1) a constant-reaction rate period (CRR); (2) a fa-
[ling-reaction rate period (FRR); and (3) a diffusion-contro-
lled reaction rate period (DCRR) (Pereira & Meireles, 2010).

Among the kinetic parameters that can be obtained from
overall kinetic curve, some of them are the more relevant
to compare the performance of two or more kinetics. In
this work, were only considered the catalytic constant for
the CRR period (k) that is obtained by the ratio between
the rate of hydrolysis of period and the amount of enzyme
used, presenting units of grams of fermentable sugar per
gram of enzyme per hour (g.g".h"); and the yield of the
CRR period and the efficiency of hydrolysis that was calcu-
lated taking into account the content of total hydrolysable
sugars obtained according to the procedure defined above.

Results and discussion

The effects of temperature were analyzed aiming to evalua-
te the hydrolysis performance. Experiments at temperatures
ranging from 40 to 65°C were carried out in the presence
and absence of ultrasound irradiation. The amylase con-
centration and moisture content were maintained constant
at 3wt% and 65 %, respectively. The reducing sugar con-
centration was used as indicator to evaluate the rice bran
hydrolysis performance. The results concerning the effects
of temperature on rice bran hydrolysis performance can be
observed in Figure 1.

In Figure 1a the effects of temperature on the hydrolysis in
the absence of ultrasound treatment are compared. In prac-
tice, there is no difference in the yield of hydrolysis among
the temperatures studied, although the highest yield was
achieved at 60°C, with maximum hydrolyzed rice bran of
0.11 g sugar/g rice bran. The efficiency of hydrolysis ranged
from 20.8 to 23.7 % (Table 1).

The effects of temperature on the hydrolysis in the presence
of ultrasound treatment are shown in Figure 1b. It is shown
that a maximum increase in glucose concentration (0.38 g
sugar/g rice bran) was achieved after 4 h of the ultrasound
treatment at 60°C, leading to increase 74 % the amount of
reducing sugar released in the hydrolysis, when it is com-
pared to the case without ultrasound. For all temperatures
studied, the amount of reducing sugars released in the pre-
sence of ultrasound was always greater than in the absence,
although this difference was low for temperatures in the
range of 40-50°C, whereas for temperatures higher than
50°C significant differences in the kinetics were verified.

The efficiency of hydrolysis in the presence of ultrasound
ranged from 18.0 to 74.4%, with the highest value ob-
tained at 60°C. At low temperatures, the efficiency was
comparable to the hydrolysis in the absence of ultrasound.
However,, at temperatures of 60 and 65°C the efficiency
obtained in the presence of ultrasound was considerably
increased (Table 1).
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Figure 1. Effect of temperature on hydrolysis kinetics of rice bran ob-
tained in the absence (a) and presence (b) of ultrasound irradiation.
Enzyme concentration = 3 wt%; moisture content = 65 %.

The increase in the yield obtained at 60 and 65 °C could be
attributed to a decrease in the saturation constant in the Mi-
chaelis-Mentem equation (k ) and an increase in the maxi-
mum reaction rate (v__). Souza et al. (2013) determined the
parameters of Michaelis-Mentem equation for the enzyme
STARGEN™ 002 in the ultrasound and water baths for tem-
peratures of 35 and 65 °C and they verified that the value of
km in the ultrasound bath is practically constant with the
increase of temperature, whereas the maximum reaction
rate (v__) increases slightly. On the other hand, in the water
bath, the saturation constant decreases about 65 % its value
with the temperature, indicating that the enzyme affinity
to substrate was improved, whereas the maximum reac-
tion rate also increase about 190 % with the temperature.
Some researchers also defined the temperature of 60°C for
the ultrasound treatment. Nikolic et al. (2010) selected an
optimal duration of the ultrasound treatment of 5 min and
sonication temperature of 60°C for the corn meal lique-
faction. Whereas Sun et al. (2002) the optimum sonication
temperature was 60°C , but they investigated the effect of
ultrasound pretreatment (20 kHz; 20 min) on lignocellu-
losic material (wheat straw), which verified that applying
sonication in wheat straw resulted in an increasing yield of
hemicelluloses in comparison with the experiment perfor-
med without ultrasonic assistance.

Data on Figure 1 was used to determine the catalytic cons-
tant for the CRR period (k ), the yield of the CRR period
(Rge— Wt %) and the efficiency of hydrolysis and the results
obtained are presented in Table 1.
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Table 1. Influence of temperature on kinetic parameters of enzymatic
hydrolysis of rice bran obtained in the presence and absence of ultra-
sound irradiation to obtain fermentable sugars1.

Temperature kg 2 R re Efficiency

e (@8 h") (wi%) (%)

40 1.19 59.44 20.80

50 1.45 86.47 23.30

60 1.80 87.84 23.10

65 2.33 75.82 23.70
40-US 171 67.39 22.00
50-US 2.03 87.35 18.00
60-US 320 91.00 74.40
65-US 2.03 80.69 56.60

' Moisture content and enzyme concentration were maintained at 65
and 3 wt%, respectively.

2 The catalytic constant is expressed as gram of fermentable sugars
per gram of enzyme per hour.
US: ultrasound irradiation.

The k., increased with temperature in both presence and
absence of ultrasound. However, the increase was more
pronounced with ultrasound, which intensified the enzy-
matic hydrolysis in the step of constant-reaction rate pe-
riod. In general, the time-span of constant-reaction rate
period in the absence of ultrasound was higher than in the
presence (data not tabled, but verified in Figure 1), leading
to similar yield of the CRR period (R ) in both cases. The
lower time-span of CRR for hydrolysis in the presence of
ultrasound is probably occurring because the cavitation
improves the mass transfer in the system, facilitating the
access of enzyme to starch. As a consequence, the reaction
rate is faster than in the absence of ultrasound irradiation.
This is confirmed by analyzing catalytic constant for the
CRR for the hydrolysis under ultrasound, which was always
greater than in the absence, and also on yield of CRR pe-
riod (RCRR), where similar values were obtained for both
cases. However, the time-span of CRR period in the absen-
ce of ultrasound was longer than the one in presence.

The hydrolysis performance was also evaluated taking into
account the effects of amylase concentration. Different
amylase concentrations, ranging from 1 to 10 (wt%), were
analyzed through similar experiments in the presence and
absence of ultrasound irradiation. In such experiments,
the temperature was maintained constant at 60°C and the
moisture content at 65wt%. Figure 2 presents the results
concerning the hydrolysis of rice bran in function of amyla-
se concentration in the absence (Figure 2a) and presence
(Figure 2b) of ultrasound irradiation. As can be seen in Figu-
re 2a, a slight variation in hydrolysis yield was observed af-
ter 2 h of reaction. The highest hydrolysis yields were achie-
ved using amylase concentration of 1 and 3 %, in which the
hydrolyzed substrate amount were quite similar for both
experiments. Thus, the amylase concentration of 3% was
preferred because it leads to an efficiency of hydrolysis of
74.4% (Table 2), which is about 3.2 times higher than that
obtained in the absence of ultrasound irradiation. In this
condition, the maximum hydrolyzed rice bran was 0.38 g
sugar/g rice bran under ultrasound-assisted hydrolysis (Fi-
gure 2b). The use of ultrasound during the hydrolysis makes
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possible to increase the yield in about 40%, independent
of enzyme concentration used.
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Figure 2. Effect of temperature on hydrolysis kinetics of rice bran ob-
tained in the absence (a) and presence (b) of ultrasound irradiation.
Enzyme concentration = 3 wt%; moisture content = 65 %.

Data of Figure 2 was used to determine the catalytic cons-
tant for the CRR period (k_,), the yield of the CRR period
(Rege — Wt%) and the efficiency of hydrolysis; the results
obtained are presented in Table 2. The k., decreased with
enzyme concentration in both presence and absence of ul-
trasound. However, the k ., in the presence of ultrasound
were always higher than in the absence. The yield of CRR
(Rege) period in the absence of ultrasound presented similar
values, independent of enzyme concentration used, whe-
reas in the presence the best results were obtained using 3
and 5wt % of enzyme.

The results concerning the rice bran hydrolysis as function of
moisture content are shown in Figure 3. From Figure 3a (ab-
sence of ultrasound irradiation), it is observed an increase in
reducing sugars at moisture content (50%) and a reduction
on the amount of reducing sugars in high content moistu-
re (80%). This difference corresponds to a variation about
100% on the efficiency of hydrolysis (Table 3), indicating
that low moisture content is better for solid-state enzymatic
hydrolysis of rice bran. On the other hand, the ultrasound-as-
sisted enzymatic hydrolysis did not followed the same ten-
dency, as can be seen in Figure 3b. The best hydrolysis yield
was obtained with 65 % of moisture content (dry basis), whe-
reas for the other tested moisture contents (50, 70 e 80 %)
the amount of hydrolyzed substrate was practically constant,
yielding around 0.15 g sugar/g rice bran after 4 h.
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Table 2. Influence of enzyme concentration on kinetic parameters of
enzymatic hydrolysis of rice bran obtained in the presence and absen-
ce of ultrasound irradiation to obtain fermentable sugars1.

Enzyme concentration K eq 2 Rere Efficiency

(Wt %) (g.g"h") (Wt %) (%)

1 7.06 92.1 26.8

3 1.80 87.84 23.0

5 1.26 91.43 315

10 0.85 75.32 36.4

1-US 20.49 63.38 51.6

3-US 3.20 91.00 74.4

5-US 1.99 86.17 435

10-US 2.22 74.63 71.4

' Moisture content and temperature were maintained at 65 wt% and
60 °C, respectively.
2 The catalytic constant is expressed as gram of fermentable sugars
per gram of enzyme per hour.
US: ultrasound irradiation.
Data of Figure 3 was used to determine the catalytic cons-
tant for the CRR period (k_,), the yield of the CRR period
(Regr— Wt %) and the efficiency of hydrolysis; the results ob-
tained are presented in Table 3. In a general way, the k . in
the presence of ultrasound were always higher than in the
absence, conform previously verified. Concerning the yield
of CRR period (RCRR), the highest values were obtained at
moisture content of 65 wt% for both, presence and absence
of ultrasound irradiation.
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Figure 3. Effect of moisture content on hydrolysis kinetics of rice bran
obtained in the absence (a) and presence (b) of ultrasound irradiation.
Enzyme concentration = 3 wt%; temperature = 60°C.

Table 3. Influence of moisture content on kinetic parameters of enzy-
matic hydrolysis of rice bran obtained in the presence and absence of
ultrasound irradiation to obtain fermentable sugars1.

Moisture content Kerg 2 RCRR Efficiency
(wt %) (g.g".h") (wt %) (%)
50 2.04 78.50 40.0
65 1.80 87.84 22.0
70 2.78 59.11 37.9
80 1.68 63.75 22.0
50-US 1.69 84.28 28.9
65-US 3.20 91.00 74.4
70-US 4.43 94.12 31.1
80-US 3.67 77.15 37.2

Enzyme concentration and temperature were maintained at 3wt%
and 60°C, respectively.

The catalytic constant is expressed as gram of fermentable sugars
per gram of enzyme per hour.

US: ultrasound irradiation.

In a general way, the ultrasound intensified the sugar relea-
sing, contrary to the idea that highly reactive intermedia-
tes could severely damage or at least, inactivate complex
structures of the enzyme proteins, leading to low yield of
hydrolysis. According to Adewuyi and Deshmane (2015),
the formation of highly reactive intermediates did not affect
the long term catalytic/activity of dissolved enzyme ma-
cromolecules in any significant way, because there is the
possibility of enzyme macromolecules to be detained into
a cavitation bubble and to encounter the highly reactive
intermediates created by the collapsing bubbles should be
very low.

Conclusions

This study evaluated the feasibility of ultrasound-assisted
enzymatic hydrolysis at solid-state of rice bran to produce
reducing sugar. The best results for the ultrasound-assisted
enzymatic hydrolysis was obtained using 3 wt% of enzy-
me, 60°C and moisture content of 65wt%, yielding 0.38
g sugar/g rice bran, whereas for the hydrolysis and in the
absence of ultrasound the highest yield was 0.20 g sugar/g
rice bran using 3 wt% of enzyme, 60°C and moisture con-
tent of 50wt%. The catalytic constant for the CRR period
was always higher in the presence of ultrasound, indica-
ting that the ultrasound intensified the enzymatic hydroly-
sis in the step of constant-reaction rate period. The use of
ultrasound-assisted enzymatic hydrolysis of rice bran was
intensified, obtaining around 74% more reducing sugars
in presence than in the absence of ultrasound irradiation,
showing that the use of ultrasound is a promising techno-
logy to be used in enzymatic reaction as an alternative of
process intensification.
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