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Abstract: Sago hampas composed of a high percentage of polysaccharides (starch, cellulose and
hemicellulose) that make it a suitable substrate for fermentation. However, the saccharification of
sago hampas through the batch process is always hampered by its low sugar concentration due to the
limitation of the substrate that can be loaded into the system. Increased substrate concentration in the
system reduces the ability of enzyme action toward the substrate due to substrate saturation, which
increases viscosity and causes inefficient mixing. Therefore, sequential-substrate feeding has been
attempted in this study to increase the amount of substrate in the system by feeding the substrate
at the selected intervals. At the same time, sequential-enzymes loading has been also evaluated to
maximize the amount of enzymes loaded into the system. Results showed that this saccharification
with sequential-substrate feeding and sequential-enzymes loading has elevated the solid loading
up to 20% (w/v) and reduced the amount of enzymes used per substrate input by 20% for amylase
and 50% for cellulase. The strategies implemented have enhanced the fermentable sugar production
from 80.33 g/L in the batch system to 119.90 g/L in this current process. It can be concluded that
sequential-substrate feeding and sequential-enzymes loading are capable of increasing the total
amount of substrate, the amount of fermentable sugar produced, and at the same time maximize
the amount of enzymes used in the system. Hence, it would be a promising solution for both the
economic and waste management of the sago hampas industry to produce value-added products via
biotechnological means.

Keywords: sago hampas; amylase; cellulase; substrate feeding; saccharification; biomass

1. Introduction

Sago palm, scientifically known as Metroxylon sagu, can be found in tropical Southeast
Asia. This plant grows healthily in the environment with an average temperature of
25 ◦C and an approximate humidity of 70% [1]. Its ability to thrive in a swampy area
and grow naturally without the need for pesticide or herbicide has made sago palm
cultivation increase in recent decades [2]. Approximately 90% of commercially grown
sago palm in Malaysia is in Sarawak, a state located in the east of Malaysia. Sago palm
became an important economic species and resource for this region as the production of
sago starch was reported to be approximately 15–25 tons/ha. The starch composition in
sago palm is the highest (25 tons/ha) as compared with other types of the plant such as
rice (6 tons/ha), corn (5.5 tons/ha), wheat (5 tons/ha) and potato (2.5 tons/ha) [3]. The
commercial production of sago starch was established in Malaysia in the 1970s and became
one of the most important industries in terms of its contribution to the export revenue [4].
Due to the upward trend in sago starch production, the amount of waste generated from
this industry has significantly increased due to the numerous of sago processing mills. The
industry of sago palm has generated an extensive amount of waste including sago bark,
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sago hampas and sago wastewater [5]. The polluting effects caused by these agro-wastes
have become the main concern and started to generate attention among the researchers
attempting to find a solution with a sustainable approach.

In Malaysia, the mass production of sago starch from 600 logs of sago palm per day
was 15.6 tons of woody bark, 237.6 tons of wastewater and 7.1 tons of starch fibrous sago
pith residue [6]. Starch fibrous sago pith residue or commonly known as sago hampas
composed of starchy and lignocellulosic components, which are 54.6% of starch, 31.7% of
cellulose and hemicellulose, and 3.3% of lignin [7]. The high polysaccharide content and low
lignin composition in sago hampas make this agricultural residue a promising feedstock
for fermentation operation. More importantly, there is no pretreatment required before the
saccharification process due to the low lignin content in sago hampas [8]. The pretreatment
process is one of the crucial and costly processes in the bioconversion of agricultural residue
into fermentable sugar before fermentation [9]. This process is important to reduce and/or
alter the lignin component, expose the internal structure of cellulose to be accessible by the
cellulase [10]. Eliminating this step from the whole process could save huge operational cost.
In addition, a high percentage of remaining starch in sago hampas can be easily hydrolysed
by amylase to produce fermentable sugar. Therefore, the utilization of sago hampas as
a raw material for fermentation operation could be cost-effective for the downstream
processing of sugar production and eventually for the production of fermentation-based
products, and at the same time, prevent the environmental pollution that is caused by the
underutilization of sago waste.

In the production of fermentable sugars from sago hampas, this material must be
gelatinized before saccharification. Gelatinization needs to be carried out to break down
the hydrogen bond in the sago starch, thus, allowing the amylase to attack the α-glycosidic
bond of the polysaccharides into glucose monomer [11]. Gelatinization is a simple process
that applies the heat to the starch in the presence of water. As a result, the water is gradually
absorbed and caused the starch granules to swell [12]. The addition of glucoamylase
(EC 3.2.1.3) with a debranching enzyme such as pullulanase (EC 3.2.1.41) is practically
useful as they can hydrolyse the α-1,6-glycosidic bond that links the polysaccharides chain
into branches [13]. The hydrolysis process of starch by amylase takes less than 24 h [14].
Meanwhile, to fully degrade the sago hampas into fermentable sugar, the cellulase is
also being used to degrade the cellulosic component. Cellulase is a mixture of enzymes
composed of endoglucanase (EC 3.2.1.4), exoglucanase (EC 3.2.1.91) and β-glucosidase
(EC 3.2.1.21) that act synergistically on the degradation of the β-glycosidic bond of cellulosic
component into glucose monomers [15].

The low sugar concentration always obtained from enzymatic saccharification is
usually not enough to initiate the fermentation process. This problem can be overcome
by increasing the insoluble solid load that will enhance the fermentable sugar production,
and thus, improve the efficiency of the downstream processing. However, increasing the
substrate concentration can reduce the hydrolysis yield due to the high viscosity, which
subsequently causes poor mixing and mass transfer [16,17]. In addition, the current process
also suffers from a high cost of enzymes used in the saccharification process, especially
cellulase. Therefore, the improvement of the enzymatic saccharification step is required
from an economic perspective and for process feasibility. The mixture of amylase and
cellulase used in the saccharification of sago hampas has been previously reported by
Husin et al. [7] for the production of biobutanol. It was found that the mixture of amylase
and cellulase produced higher fermentable sugar as compared to a single enzyme, either
amylase or cellulase alone. However, the process has been done in batch for simultaneous
saccharification and fermentation (SSF) to produce biobutanol. Although a high biobutanol
production yield was obtained, the low sugar concentration produced by this operation
can be improved.

Therefore, in this present study, saccharification with sequential-substrate feeding
and sequential-enzymes loading has been introduced with the aim of enhancing the
fermentable sugar production, and at the same time, maximize the usage of enzymes in
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the saccharification process. Sequential-substrate feeding is expected to provide sufficient
time for enzymes to digest solid material into soluble sugar components, thus improving
the capacity of the system to be loaded with a higher amount of substrate. Meanwhile,
sequential-enzymes loading is expected to maximize the amount of enzymes used in the
system, and technically reduce the cost of enzymes and make the process more feasible.

2. Materials and Methods

The experimental design of this study is shown in Figure 1. The sequential-substrate
feeding and sequential-enzymes loading were conducted in comparison with the batch
process. The process began when the gelatinized, dried and ground sago hampas mixed
with acetate buffer were added with the enzymes (amylase and cellulase). Sago hampas
in a total of 20 g/L was fed sequentially based on the feeding interval followed with the
study on the sequential-enzymes loading by loading amylase and cellulase at a different
amount. Saccharification was conducted at 60 ◦C, 150 rpm for 6 days or until a stationary
production of fermentable sugars was obtained. Then, to optimize the mixing process, the
effect of agitation speed was also conducted.

Figure 1. Schematic diagram of experimental work for enzymatic saccharification of sago hampas.

2.1. Substrate Preparation

Sago hampas supplied from River Link Sago Resources Sdn. Bhd. in Mukah, Sarawak
was sun-dried for 1–2 days to drain off the excess water naturally. Then, sago hampas
was gelatinised by boiling in 0.1 M of acetate buffer for 15 min. Then, the gelatinised sago
hampas was oven-dried at 60 ◦C for 24 h and subsequently ground to pass a 1 mm screen.
The moisture content of the dried samples was analysed to quantify the buffer to be added
prior to the enzymatic saccharification process.

2.2. Batch Saccharification

Batch saccharification was conducted following the methods by Husin et al. [7]. An
amount of 7% (w/v) of sago hampas was gelatinized in 100 mL of 0.1 M acetate buffer solu-
tion at pH 5.5 in comparison with 7% (w/v) of gelatinised, dried and ground sago hampas.
The saccharification was conducted by adding Dextrozyme 71.4 U/gsubstrate of amylase
(Novozymes, Bagsvaerd, Denmark) and 20 FPU/gsubstrate of Acremonium cellulase (Meiji
Seika Co, Japan) into the mixture. The saccharification process was performed at 60 ◦C and
150 rpm up to 144 h of incubation time. All the saccharification process was performed in
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shaker incubator (Labwit, ZHWY-1102C) and samples were drawn out for every 24 h for
the analyses.

2.3. Sacchatification with Sequential-Substrate Feeding and Sequential-Enzyme Loading

The strategies applied in this study were developed for optimising the feeding interval
of the gelatinised, dried and ground sago hampas as well as the amount of enzymes
loading. For this study, two sets of experiment were conducted, which are the enzymes
only initially loaded and the enzymes sequentially loaded according to the amount of
substrate feeding. Batch saccharification with the total substrate concentration of 20% (w/v)
with 71.4 U/gsubstrate and 20 FPU/gsubstrate of amylase and cellulase, respectively, was
performed as a control.

2.3.1. Feeding Interval

Table 1 illustrates the strategies behind how the feeding interval was applied. The
saccharification process consists of five variables for the feeding interval, which are 0 (con-
trol), 6, 12, 24 and 36 h of interval time. The substrate was fed sequentially based on
the feeding interval that makes it the total substrate loading at 20% (w/v) with the 2%
(w/v) of the initial substrate for each variable except for the control. The substrate was fed
only up to 72 h and prolonged the incubation for another 3 days or until the stationary
production of fermentable sugar was obtained. The saccharification was performed with
two sets of experiments in order to make the comparison study where the first set was the
enzymes that only initially loaded while the second set was the enzymes that were loaded
sequentially to per g of substrate feeding.

Table 1. Feeding strategies for the feeding interval of sago hampas on the saccharification process.

Time Interval for
Substrate Feeding (h) Initial Substrate (%) Sequential-Substrate

Feeding (%)
Total Amount of Substrate

Feeding (%)

0 (control) 20 No substrate added

20
6 2 1.5

12 2 3
24 2 6
36 2 9

2.3.2. Enzymes Loading

The effect of enzymes loading were tested on the saccharification with the sequential-
substrate feeding for both amylase and cellulase, with five variables as illustrated in Table 2.
The optimal sequential-substrate feeding was 6% (w/v) fed sequentially at every 24 h of
interval time. The study was also performed with two sets of experiments: the first set was
the initially added enzymes only while the second set was the enzymes added sequentially
according to the substrate feeding.

Table 2. Variables for the enzyme loading of amylase and cellulase on the sequential-substrate feeding saccharification.

Time Interval for
Substrate Feeding and
Enzymes Loading (h)

Sequential-Substrate
Feeding (%)

Total Substrate
Loading (%)

Sequential-Enzymes Loading

Amylase (U/g) Cellulase (FPU/g)

24 6 20

7.1 5
14.3 10
71.4 15
142.9 20
285.7 25
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2.3.3. Agitation Speed

The effect of agitation speed was performed after the optimal conditions for sequential-
substrate feeding and sequential-enzymes loading were obtained. The agitation speeds
were set at 60, 90, 120, 150 and 180 rpm, and saccharification with no agitation was also
conducted as a control.

2.4. Analytical Procedures

The starch content was determined using iodine starch colorimetric methods by
Nakamura [18]. The lignocellulosic biomass of sago hampas were determined by its
three major components which are cellulose, hemicellulose and lignin using the standard
procedure of acid hydrolysis method and high performance liquid chromatography (HPLC)
from the National Renewable Energy Laboratory method, NREL/TP-510-42623 [19]. Total
extractives content were determined following the method by the National Renewable
Energy Laboratory method, NREL/TP-510-42619 [20]. The sugar monomers obtained by
saccharification were analysed by high performance liquid chromatography (HPLC) (Jasco,
Tokyo, Japan) equipped with a refractive index (RI) detector and a column (Shodex KS-801,
Tokyo, Japan) for ligand exchange chromatography. A 100% ultrapure water was used
as a mobile phase with a flow rate of 0.6 mL/min and the temperature of the column
was fixed at 80 ◦C using oven column [7]. A statistical analysis was conducted in order
to analyse the significant effect from each variable on saccharification process using an
analysis of variance (ANOVA) by Statistical Analysis Software (SAS) version 9.4 and
verified considering p < 0.05.

3. Results and Discussion
3.1. Characteristics of Sago Hampas

The composition of raw sago hampas was determined as shown in Table 3. The
characterization of sago hampas in this study has been evaluated in order to ensure the
quality of the substrate. All the values shown in the table are comparable to those reported
previously. Starch content in sago hampas was 56.0%, while the cellulose, hemicellulose
and lignin contents were of 20.7%, 11.2% and 3.1%, respectively. The value of starch content
in sago hampas depends on the quality of the extraction process conducted by the sago
mills [21]. Besides, both water and solvent extractives in sago hampas have a low value of
2.33% and 0.67%, respectively.

Starch, cellulose, hemicellulose and lignin are the major components of the sago
hampas while extractives are the minor components. Extractives in biomass are usually the
non-structural components, which can be extracted by water or other solvents. The solvents
can be ethanol, acetone, benzene, hexane, dichloromethane and toluene. The compounds
that are commonly extracted out from biomass are fats, waxes, phenolics, resin acids and
inorganic compounds. These non-structural components of biomass could potentially
interfere with the downstream analysis of the biomass sample. This may result in an
error on the structural sugar values where the hydrophobic extractives could inhibit the
penetration of the sample that directly caused incomplete hydrolysis [20]. Extractives could
also falsely result in high values of lignin when the unhydrolyzed carbohydrates condense
with the acid-insoluble lignin. Some studies reported that by removing these extractives,
it showed an improvement on the enzymatic digestibility and glucose yield, respectively.
Sago hampas has lower total extractives content (3.0%) as compared to other types of
biomass such as corn stover (13.5%) and Artemisia ordosica (7.78%) [22,23]. Therefore,
no pretreatment is required to remove the extractive, as this amount is not significantly
affecting the saccharification process. Based on this condition of sago hampas (a high
carbohydrate composition with low lignin and extractives content), this substrate has a
high beneficial advantage to be used as material for the fermentation feedstock.
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Table 3. Comparison of the composition of raw sago hampas with a different collection of sago hampas.

Sago
Hampas
Collec-

tion

Composition (%)

References
Starch Cellulose Hemicellulose Lignin Moisture

Extractives
Others

Water Solvent

Pusa,
Sarawak

49.5 26.0 14.5 7.5 n.d n.d n.d 2.5 [8]

Pusa,
Sarawak

58.0 23.5 8.2 6.3 n.d n.d n.d 2.3 [24]

Mukah,
Sarawak

58.0 21.0 13.4 5.4 4.7 n.d n.d 3.13 [25]

Mukah,
Sarawak

56.0 20.7 11.2 3.1 6.35 2.33 0.67 6.1 This
study

n.d indicates not determined.

3.2. Saccharification of Sago Hampas

To enhance the fermentable sugar production from sago hampas, several saccharifi-
cation strategies were carried out by identifying the effects of feeding interval, enzymes
loading and agitation speed. The saccharification process was performed by determin-
ing the effect of preparing a substrate under wet and dried conditions followed by the
sequential feeding of the dried substrate. Then, the effects of initially loaded enzymes and
sequentially loaded enzymes throughout the saccharification process were also evaluated.
The whole strategies were performed to determine the optimum conditions of the sacchari-
fication that can produce the highest fermentable sugar production with a low amount of
enzymes loading.

3.2.1. Effect of Wet and Dried Sago Hampas

Initially, this particular experiment was carried out to determine the substrate condi-
tion used throughout the saccharification process, either in wet or dried condition. This is
because in the early study of the saccharification of sago hampas, the sago hampas was
gelatinised before the saccharification process, and the gelatinised sago hampas was in the
wet condition. However, saccharification of sago hampas with sequential-substrate feeding
must be in the dried form to ensure the consistency of the substrate feeding throughout the
experiment. The gelatinization process was conducted before the saccharification process
due to a high starch content in sago hampas and due to the crystalline structure of the
starch. The crystallized structure of starch must be destroyed and change into the amor-
phous structure in order to make it susceptible to the enzyme action [21]. It works when
the substrate suspension is heated in the presence of water and swelling starch granules
break down the hydrogen and hydrophobic bonds [24].

In this study, the saccharification profiles of the wet and dried substrates (Figure 2)
show that there is no significant difference in the sugar produced from wet and dried
substrates, which produced 43.29 g/L (±2.54) and 46.23 g/L (±0.76) of sugar, respectively.
However, it can be seen from the graph that the saccharification rate of the wet substrate
is slightly faster as compared to the dried substrate with a slightly lower concentration
of sugar being produced. It was suggested that drying the temperature also plays an
important role in the characterization of sago starch in terms of drying kinetics and the
equilibrium of moisture content [26]. The wet substrate might be easily degraded by
amylase since the starch structure has been exposed with water, while dried substrates
sometimes need the structure to be accessible by the amylase.
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Figure 2. Effects of the wet and dried substrates used in the saccharification process of sago hampas
by the mixture of amylase and cellulase.

3.2.2. Effect of Feeding Interval

In this study, 20% (w/v) of the total substrate was saccharified with the added mixture
of Dextrozyme amylase (71.4 U/g) and Acremonium cellulase (20 FPU/g). However,
the high substrate concentration applied in the saccharification process might lead to
the high viscosity and subsequently reduced the reaction rate [27]. To saccharify a high
amount of substrate, sago hampas must be loaded sequentially throughout the process to
maintain the low level of viscosity and increase the accessibility of the enzymes towards
the substrate [28]. To examine the effect of feeding interval and the enzymes used, several
feeding intervals were conducted in two separate experiments, namely that of the only
initially loaded enzymes and enzymes sequentially loaded according to the substrate
feeding. All presented data are the means of triplicates ± S.D and stated using the Tukey’s
test with p < 0.05.

Figure 3a illustrates the effect of the feeding interval of the substrate with the initially
loaded enzymes. This experiment was also compared with the control (without substrate
feeding), where 20% (w/v) of the total substrate was added at the beginning of the sac-
charification. From this study, it can be observed that the control produced more sugars
(80.33 g/L ± 0.02) as compared with the sequentially added substrate. The sequentially
loaded substrate did not show an impressive increment in sugar production, as the enzyme
activity might be alleviated throughout the process due to the lower substrate concentration
at the beginning [17]. This is because sequential substrate feeding was added with only 2%
(w/v) of substrate loading, whereby, a high amount of enzyme was initially added. Thus,
throughout the time, most of the enzyme activity reduced and could not provide sufficient
degradation capacity when the substrate was added over time. The extent of the inhibition
depends on the ratio of total enzyme to the total substrate. This could be explained by
the enzymes’ active sites not binding with sufficient substrate at the beginning. Then, the
produced sugars might occupy the empty enzyme active site and become an inhibitor
to the newly added substrate. In addition, it can be seen that the pattern for the control
showed that the saccharification can only be achieved until 48 h of incubation time. In com-
parison with the sequential-substrate feeding saccharification, the degree of hydrolysis was
observed until 96 h of incubation time. Even though the sugar production from the control
saccharification was higher than that of the sequential-substrate feeding saccharification,
the high substrates used became significant waste, as these cannot be further hydrolysed
by the enzymes. It seems that the enzyme–substrate complex has reached its maximum
saturation point which is most likely due to the jamming effect phenomenon caused by the
overcrowding of the substrate, with the enzyme and substrate obstructing one another [29].
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Figure 3. Effect of the feeding interval of the substrate in the saccharification process: (a) initially loaded enzymes only; and
(b) sequentially loaded enzymes according to substrate feeding.

Figure 3b shows the effect of the feeding interval with sequentially loaded enzymes
according to the substrate feeding. From the graph, it can be observed that the effect of
feeding interval on saccharification with the sequentially loaded enzymes produced more
fermentable sugars as compared with the control. From the graph, the degree of hydrolysis
for sequential-substrate feeding saccharification showed that it increases gradually up
to 120 h of incubation time with the addition of substrate compared with the control
that reached its maximum saturation point at 48 h of incubation time. The periodical
addition of substrate prolonged the process to produce more fermentable sugars [30]. In
the comparison with Figure 3a, there is about 34.51% of increment for sugar production. It
can also be observed that the viscosity is reduced and more runny solution can be observed.
Thus, a greater fermentable sugars yield was produced. This might be due to the rate of
reaction which is affected by the total number of enzymes as well as the concentration of
substrate loaded accordingly [31]. The result showed that the rate of saccharification did
not decrease with the increase in substrate concentration when the enzyme-to-substrate
ratio was kept constant. It can be concluded that the optimal interval feeding time for
sequential-substrate feeding with the sequential-enzyme loading was every 24 h, which
produced the highest sugar concentration of (95.37 g/L ± 0.93) with p < 0.05.

There are several studies reported about the crucial parameters that affect the enzy-
matic saccharification, and one of the parameters is substrate-related. In this present study,
the substrate concentration and feeding style have been discussed in terms of how they
affect the saccharification process. The substrate features such as the substrate size, lignin
structure and substrate pore surface area also play an important role in the accessibility
of the substrate to enzyme [32]. This is because the lignocellulosic biomass has a complex
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structural arrangement, thus, it is more difficult to hydrolyse as compared to starch-based
biomass. Most of the lignocellulosic biomass such as corn stover, switch grasses and forest
residue need to undergo a pretreatment process prior to saccharification. This is to ensure
that the lignin component was removed or reduced and/or altered to allow the interaction
of substrate to enzymes.

3.2.3. Effect of Enzymes Loading

To establish an economically feasible saccharification process, an appropriate amount
of enzyme used must be determined as an enzyme used in sugar production generally
contributes a significantly high cost in terms of the total operational cost of converting
biomass into value-added products [33]. In the previous experiment, the loaded enzyme
was 71.4 U/g of amylase and 20 FPU/g of cellulase with the interval feeding time at every
24 h. In this experiment on the effect of enzymes loading, there were five variables for
each enzyme range from 7.1 U/g to 285.7 U/g for amylase and 5 FPU/g to 25 FPU/g of
cellulase were examined. All presented data are the means of triplicates ± S.D and stated
using the Tukey’s test with p < 0.05.

Figure 4a shows the effect of initially loading the enzyme while Figure 4b shows the
effect of the sequential-enzyme loading on the saccharification with the sequential-substrate
feeding. Based on Figure 4a, it can be observed that sugar production declined after 96 h
of incubation time. In addition, when the enzyme was initially loaded, the inhibitors
might have formed from the formation of the product, which subsequently caused the
competitive inhibition [34] whereby the substrate and inhibitors compete for the same
enzyme’s active site [35]. Competitive inhibition occurs in one of the enzymes, in this
case cellulase since it is considered the principle bottleneck for practical production from
lignocellulosic materials. This situation usually occurs with high substrate concentration
as the inhibitors limit the enzyme velocity in their biochemical reaction [36]. Thus, high
substrate concentration might escalate the possibility of enzyme inhibition caused by
product inhibitors. In addition, the availability of the enzyme’s active site is limited at high
substrate concentration due to the accumulation of excess substrate. Other factors that may
contribute to the low degree of polysaccharide conversion at high substrate concentration,
mainly because of the decrease within the reactivity of cellulosic material in the course
of hydrolysis, different kinds of enzyme inactivation, and the non-specific adsorption of
cellulolytic enzymes onto lignin [37]. From this study, the sugar production significantly
showed the difference between the various amounts of loaded enzymes.

Meanwhile, based on Figure 4b, it showed that the performance of hydrolysis was
increased with the sequentially added enzyme, as the ratio of enzyme to the substrate
used is one factor that affects the saccharification [38]. When comparing these two studies,
the effect of sequential-enzymes loading might reduce the inhibition of the product. In
addition, the saccharification process has been prolonged up to 120 h of incubation time.
However, after 120 h of incubation time, the efficiency of enzyme catalytic reaction has
deprived due to the prolonged incubation time, which probably because of the enzyme has
achieved its maximum enzyme thermal deactivation process after being exposed at high
temperature for a long time [39]. The enzymes’ reactivity is mostly associated with the
enzyme-related parameters. The maximum utilisation of enzymes during saccharification
is important because the enzymes represent the major contribution to the total cost of
the bioconversion of biomass to value-added products. The amount of enzyme loading
depends on the composition and structural arrangement of the substrate [40]. The effect
of sequential-enzyme loading has resulted in approximately a 43% increment in sugar
production as compared with the initially loaded enzymes. This study also showed that
sequential-enzyme loading with 10 to 20 FPU/g cellulase and 14.3 to 142.9 U/g amylase
did not significantly affect sugar production (p < 0.05). Hence, the presence of excess
enzymes was a waste, since it was usually underutilized and consequently leads to the
unnecessarily high cost in the saccharification process. Therefore, a low amount of enzyme
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loading (14.3 U/g of amylase with 10 FPU/g of cellulase) can be optimally used to produce
a high concentration of (112.48 g/L ± 1.26) with p < 0.05.

Figure 4. Effect of loading enzymes on the saccharification process: (a) initially loaded enzymes only; and (b) sequentially
loaded enzymes according to substrate feeding.

3.2.4. Effect of Agitation Speed

The effect of agitation speed has been evaluated in the range of 60–180 rpm together
with no agitation at the constant temperature of 60 ◦C for the saccharification of sequential-
substrate feeding and sequential-enzyme loading. The effect of agitation speed is important
to determine the relationship between the saccharification efficiency and liquid viscosity
of saccharification. This is because the liquid viscosity from the saccharification process
increases with the increase in the saccharification time since the substrate was added
sequentially throughout the process.

The trend of fermentable sugar production with different agitation speed for 6 days of
incubation is presented in Figure 5 As expected, saccharification with no agitation produced
the lowest sugar concentration of (88.38 g/L ± 1.52). Increasing the agitation speed from
60 to 150 rpm had significantly increased the sugar production to (119.9 g/L ± 0.32) with
p-value < 0.5. Agitation enhances the mass transfer rate during saccharification, thus
improving the hydrolysis process and increasing the conversion rate of the substrate into
fermentable sugars by the enzymes. It can also be observed that the agitation speed has a
moderate effect on saccharification. At a 180 rpm agitation speed, the fermentable sugar
production showed a slight reduction probably due to the shear stress or shear forces. It is
also reported that vigorous agitation speed could have aggravated cell damage, which in
turn led to the mechanical inactivation of the enzymes and contributed to the reduction
in enzyme stability. Thus, sugar production was suppressed. In typical saccharification,
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the agitation speed of 120–150 rpm was found to be optimum. Therefore, as for this study,
the agitation of 150 rpm can be considered most suitable for the saccharification of sago
hampas to produce fermentable sugars. Even though the agitation speed has a moderate
effect on saccharification, it still plays an important role in the cost-effective downstream
processing as it can reduce energy consumption.

Figure 5. Effect of agitation speed on the saccharification process. All data are the means of 3 replicates
± S.D. The different alphabet indicates significant difference at p < 0.05. The data were stated using
LSD test.

3.3. Comparison Study

This study demonstrated the enhancement of sugar production by conducting sacchar-
ification with sequential-substrate feeding and sequential-enzyme loading. The comparison
of different saccharification strategies in Table 4 shows that this saccharification strategy
significantly improved sugar production compared to other studies. It was 13.53% of sugar
increment which could be observed when comparing the normal saccharification with
sequential-substrate feeding. However, throughout the process, the normal saccharification
produced more suspended solution because of the high solid–liquid ratio at the beginning
of the saccharification. This highly viscous solution was caused by an ineffective heat and
mass transfer due to the solution not being mixed properly, and hence, the reduction in the
diffusion of the enzyme and end product [27].

In order to further enhance the fermentable sugar production, the rate of sacchari-
fication process needs to be increased. However, due to the high prices of commercial
cellulase, the addition of more enzymes is not the best option. Alternatively, the rate of
saccharification and fermentable sugar production can be accelerated by implementing a
new strategy of feeding for both substrate and enzymes. Therefore, the sequential-substrate
feeding and sequential-enzymes loading was implemented in this study. Surprisingly, the
small difference in the feeding strategies had significantly improved the sugar production
by 20.87% as compared to the process without sequential-enzyme loading. This approach
has also reduced the amount of enzyme used for both amylase and cellulase by 20% and
50%, respectively.
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Table 4. Comparison of sugar production between different strategies of saccharification using sago hampas as a substrate.

Study
Initial

Substrate
Concentration (g/L)

Total
Substrate Loading

(g/L)

Feeding Time
Interval

(h)

Enzyme Loading
(per g of the
Substrate)

* Sugar
Concentration

(g/L)
Amylase (U/g) Cellulase (U/g)

Batch saccharification
(wet substrate) 7 7 Null 71.4 20 43.29 ± 2.54

Batch saccharification
(dried substrate) 7 7 Null 71.4 20 46.23 ± 0.76

Batch saccharification (control) 20 20 Null 71.4 20 80.33 ± 0.02
Saccharification with

sequential-substrate feeding 2 20 Every 24 h 71.4 20 94.88 ± 2.59

Saccharification with
sequential-substrate feeding and

sequential-enzymes loading
2 20 Every 24 h 14.3 10 119.90 ± 0.32

* All data are the means of 3 replicates ± S.D.
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The effectiveness of the enzymatic hydrolysis for starch and lignocellulosic compo-
nents not only depends on the substrate concentration as a whole, but it also requires the
optimum synergistic action of the amylase and cellulase components towards the substrate.
Sago hampas mainly compose of starch residue (56.0%) and the starch itself is composed
of linear amylose and branched amylopectin. Therefore, glucoamylase (EC 3.2.1.3) with a
debranching enzyme, pullulanase (EC 3.2.1.41), was used for this study as it is an exo-acting
enzyme that mainly hydrolyses an α-1,4 and α-1,6 glycosidic bond from the non-reducing
ends of starch chains, which leads to the production of glucose. There are some studies
which reported that glucoamylase was able to enhance the efficiency of hydrolysis and
increase the substrate concentration at the active site of the enzyme catalytic centre by
binding to the raw starch granules and disrupt the surface structure of starch [41,42]. Mean-
while, the lignocellulosic components in this study were hydrolysed by cellulase, which
is composed of endoglucanase (EC 3.2.1.4), exoglucanase (EC 3.2.1.91) and β-glucosidase
(EC 3.2.1.21) that act synergistically on the degradation of a cellulosic component into
glucose monomers. During the saccharification, it is noted that the substrate level should
be high enough to provide a sufficient reaction between the enzymes and substrate. Thus,
in order to enhance the higher sugar production, it is must proportionally increase the rate
of reaction by adding more substrate. However, by relatively adding more substrate, it con-
tributes to the jamming effect due to enzymes needing to act on more portions of the starch
and lignocellulosic components [43]. Therefore, the feeding style of substrate and enzymes
must be studied in order to achieve the optimal reaction of saccharification. Hence, in this
study, the efficiency of saccharification has been improved when the sequential-substrate
and enzymes feeding was applied. The enzymes are able to work at their optimal level
when they are supplemented according to the amount of fed substrate, instead of being
added once at the beginning only.

The correlation between the analysed variables (substrate feeding, enzyme loading
and agitation speed) with the sugar production are conducted. From the correlation
screening, it can be seen that only enzymes loading was significantly affecting the sugar
concentration with p < 0.05. The strength of enzymes loading and sugar concentration
were associated with the R2 value of 0.92. This is explained that by the increasing enzymes
loading, which produces a higher sugar concentration. However, it should be noted that
a further increase in enzymes loading is not economically practical. Both the feeding
interval and agitation speed resulted in p > 0.05, where it does not give a significant
effect on the sugar concentration. The feeding interval showed an insignificant effect in
enhancing the sugar concentration, which might be due to the enzymes that engage with
the substrate and were not sufficient when the interval time of the substrate feeding was
too long. This will cause the alleviation of enzyme activity and result in the slowing down
of the reactions [44]. Agitation speed plays an important role for an effective mixing of
the substrate and enzymes. However, by increasing the agitation speed too much, there is
no significant effect on the sugar concentration, where the shear forces might occur and
lead to cell damage [45]. On top of that, the interaction of enzymes loading towards the
feeding interval was conducted and it showed that the coefficient of determination (R2)
was 0.96. The R2 value indicates that 96% of the variation in enzyme loading is explained
by the feeding interval. Thus, the digestibility of the enzymes toward the substrate was
improved as the enzymes were loaded based on the amount of substrate feeding.

In comparison with other studies, as shown in Table 5, a high substrate feeding
of 20 g/L can be fed in sequential-substrate feeding and fed-batch saccharification as
compared to batch saccharification, which is capable of the maximum load substrate
feeding at 5–9 g/L. Previous studies have reported the decreased efficiency of hydrolysis
when more than 9 g/L of solid substrate were used and this was due to product inhibition,
enzyme inactivation and the decrease in substrate reactivity [46]. In addition to that, in the
fed-batch saccharification [17], a similar situation was observed whereby a high increment
in sugar production was obtained as compared to batch saccharification. However, no
feeding strategy for enzyme loading was conducted. In comparison with the sequential-
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substrate-feeding and sequential-enzymes loading, fermentable sugar production from
sago hampas was significantly improved even at the low amount of loaded enzymes. It
shows that sugar production was affected by how the substrate and enzymes were fed. In
order to increase sugar production, the rate of reaction needs to be increased by increasing
the amount of substrate and enzymes in the system. However, a high solid–liquid ratio
could hinder the effective heat and mass transfer and thus limit the diffusion of enzymes
and the formation of end products. Therefore, the efficient saccharification process was
dependent on the synergistic feeding of the substrate and enzymes.

Table 5. Comparison of sugar production by various substrates, the amount of enzyme used and different saccharifi-
cation operations.

Saccharification Operations Substrate
Concentration (g/L)

Enzyme Used per g of
Substrate

Sugar
Concentration (g/L) References

Batch saccharification 5 g/L oil palm empty
fruit bunch

0.1 g/mL crude
cellulase cocktail 12 g/L glucose [47]

Batch saccharification 5 g/L oil palm empty
fruit bunch 15 FPU/mL celluclast 31 g/L reducing sugars [48]

Batch saccharification 9 g/L sago
hampas

71.4 U/g Dextrozyme
amylase + 20 FPU/g

Acremonium cellulase

66.9 g/L
reducing sugars [7]

Fed-batch saccharification 20 g/L Jerusalem
artichoke stalks 20 FPU/g cellulase 83.7 g/L glucose [17]

Saccharification with
sequential-substrate feeding and

sequential-enzymes loading

20 g/L sago
hampas

14.3 U/g Dextrozyme
amylase + 10 FPU/g

Acremonium cellulase

119.90 g/L
glucose ± 0.32 This study

The properties of the biomass usually affected by their structure that make the hy-
drolysis difficult to be carried out with a higher substrate feeding. Some of the biomass
with high lignin content usually needs to undergo pretreatment and this increases the
total cost of bioconversion. The downstream processing usually occurs with a high cost
of production. However, this cost can be reduced by minimizing the enzyme usage and
maximizing the amount of substrate used. Enzymatic saccharification with a sequential-
substrate feeding and sequential-enzymes loading was proven to be a promising strategy
for efficient and economical saccharification. This present study is possible to implement
on a large-scale processing production. It is suggested to study the proper technology that
can be integrated with the present study in order to ensure the feasibility of the process.

4. Conclusions

Sago hampas has been notably known as a promising substrate for the production of
fermentation-based products due to its high content of polysaccharides and the low lignin
composition. In this study, the saccharification of sago hampas into fermentable sugar has
been enhanced by implementing the feeding strategies of the substrate and the enzymes
together with the effect of agitation speed. It can be concluded that the sequential-substrate
feeding at 6 g/L for every 24 h increased the sugar production by 16% as compared to
the batch process. Meanwhile, saccharification with sequential-substrate feeding and
sequential-enzymes loading produced a high sugar concentration of 119.90 g/L, and at the
same time reduced the amount of amylase from 71.4 U/gsubstrate to 14.4 U/gsubstrate and
cellulase from 20 FPU/gsubstrate to 10 FPU/gsubstrate used in the process. Findings from this
research suggest that the potential of sequential-substrate feeding and sequential-enzyme
loading can be used as an alternative in improving the saccharification process of other
types of substrates in order to obtain a significantly higher amount of fermentable sugar
derived from biomass.
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