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1. Introduction 

Mesoporous silicas, one of the important ma-
terials for enzymes’ supports, have been used to 
immobilise free glucoamylase by applying various 
immobilisation methodologies. The materials pre-
pared from tetraethoxysilane and phenyltriethox-
ysilane had successfully encapsulated this enzyme 
where the product was used for many cycles in sol-
uble starch hydrolysis [1]. Functionalised ordered 
mesoporous silicas were also developed to support 
glucoamylase covalently to give the immobilised 
enzyme capable to hydrolyse soluble starch ef-
ficiently [2, 3]. Previously, Szymanska et al. [4] 
immobilised glucoamylase on functionalised me-
sostructured cellular foam (MCF) silica where the 
immobilised enzyme was used to saccharify the 
soluble starches.  

Saccharification of insoluble starches based-on 
the silica supports is not found yet. As ethanol and 
other chemicals can be made from the insoluble 
substrates via fermentation, saccharification of tap-
ioca starch using glucoamylase immobilised on the 
MCF silica is required as knowledge on the pro-
cess are needed to develop large-scale operations. 
Variation of the operational factors simultaneously 
through a factorial experimental design is consid-

ered as the correct way to deal with the factors [5]. 
Since optimisation of process is considered to be a 
step to define the optimum conditions by evaluat-
ing the interactions of the operational factors [6], 
to optimize the tapioca saccharification using the 
glucoamylase immobilised on the MCF silica, a re-
sponse surface methodology based-on Box-Behnk-
en design is herewith reported. The optimized 
results were used to measure the kinetics of the reac-
tion. Reusability of the immobilised glucoamylase 
was also evaluated under the optimized conditions. 

2. Experimental

2.1. Chemicals and biochemical  

Pluronic® P123 (435465), mesithylene (>98%), 
tetraethyl orthosilicate (>99%) and sodium ace-
tate (>98%) were purchased from Sigma Aldrich. 
Ammonium fluoride (>98%), HCl (37%), di-sodi-
um hydrogen phosphate dodecahydrate (>99%), 
D(+)-glucose monohydrate (>99%) and potassi-
um dihydrogen phosphate (>99%) were supplied 
by Merck Indonesia. Glucoamylase LYPH170122 
(30.000 U g-1) were imported from Xi’an Lyphar 
Biotech Co. Ltd. (China). Tapioca was bought 
from a supermarket. 
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2.2. Synthesis of MCF silica (9.2T-3D) 

A method developed by Hermida et al. [7] was 
used. 4 g Pluronic® P123 was dissolved in 70 mL 
of HCl (1.6 M) at ambient temperature in a flask. 
Then, 3.4 mL trimethylbenzene was added. The 
mixture was stirred at 750 rpm and 40 °C for 2 h. 
After 9.2 mL tetraethyl orthosilicate was put in. It 
was stirred at 1.000 rpm for 5 min and later kept 
in water bath for 20 h at 40 °C. 5 ml NH4F (46 mg 
per 5 mL) was inserted under slow stirring. The 
mixture was kept in water bath for 72 h at 80 °C. 
After 3 days, it was cooled to ambient temperature 
and filtered. The solids were dried at 100 °C for 
12 h. They were calcined at 300 °C for 30 min and 
continued at 500 °C for 6 h in order to obtain the 
MCF silica. 

2.3. Immobilisation process 

Immobilization of glucoamylase was conduct-
ed directly without pre-treatment. 60 mg enzyme 
was dissolved in 30 mL Sorensen phosphate buffer 
100 mM pH 5.5. Then, 500 mg MCF silica was 
added. The mixture was shaken at 100 rpm and 
30 °C in Medline BS-31 unit. After 5 h, the mix-
ture was filtered. Filtrate was kept in refrigerator 
before protein analysis was conducted, whilst res-
idue was washed with Sorensen buffer (3×50 mL) 
based on the immobilisation pH. The filtrate from 
the washing was also kept in refrigerator before the 
protein analysis. Residue was dried in desiccator at 
room temperature overnight. The dried immobil-
ised enzyme was stored in refrigerator. Amount of 
enzyme on support was calculated as follows:
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2.4. Enzyme specific activity 

Bernfeld method as described by Milosavic et 
al. [8] was used to determine activity of both free 
and immobilised enzyme. 4 g soluble starch was 
dissolved in 100 mL 0.05 M sodium acetate buffer 
pH 4.5 and homogenized. Then 25 mL of the solu-
tion was poured in two 100 Ml Erlenmeyer flasks 
where 50 mg immobilised enzyme was put into the 
first flask and 25 mg free enzyme was added into 
the second Erlenmeyer. Both Erlenmeyers were 
placed in water bath shaker at 60 °C and 140 rpm. 
Samples were withdraw every 5 min for 30 min. 
The samples were centrifuged at 1000 g for 3 min 
before DNS (dinitrosalicylic acid) analysis were 
conducted. One glucoamylase unit (U) was defined 
as the amount of enzyme, which released reducing 
carbohydrates equivalent to 1 µmole glucose from 
soluble starch in 1 min.

2.5. Design of experiment (DOE) 

Saccharification of tapioca was optimised using 
Box Behnken Design (BBD). The design was pre-
pared and analysed using Design Expert® v. 6.0.6 
software. Three reaction factors were studied as 
described in Table 1. Dextrose equivalent value 
(DE) was set as response. 

2.6. BBD experimental procedure

30 mL 0.1 M sodium acetate buffer solution pH 
4.3–4.9 were placed in 100 mL Erlenmeyer flasks. 
Then tapioca starch was dissolved in each flask at 
concentration of 3% (w/v). 400 mg immobilised 
glucoamylase was added into the tapioca solution. 
The flasks containing the mixture were placed in 
water bath shaker where temperature and agitation 
speed were set at 65–75 °C and 130–150 rpm, re-
spectively, for 8 h. All experiments used operating 
conditions provided by DOE. Initial and final sam-
ple were collected and measured their DE value 
using DNS analysis. 

Table 1
The experimental factors and their levels

Factor Name Unit Type Low Actual High Actual Low Coded High Coded
A Buffer pH - Numeric 4.30 4.90 -1 +1
B Temperature °C Numeric 65.00 75.00 -1 +1
C Agitation Speed rpm Numeric 130.00 150.00 -1 +1

where C0 is initial free enzyme concentration 
(mg mL-1), Ct is final free enzyme concentration 
(mg mL-1), and V is reactor working volume (mL).  

(1)
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2.7. Determination of kinetics 

To determine kinetic constants of the sacchari-
fication process (Vmax, KM), the initial rate of reac-
tion was investigated by varying the concentration 
of tapioca starch in the range of 0.5–5.0% (w/v) in 
30 mL 0.1 M sodium acetate buffer pH 4.6. The pro-
cess was set at 70 °C and 140 rpm for 4 h. 400 mg 
of enzyme was added into the starch solution. Sam-
ples were withdraw every half an hour for the DNS 
analysis. The kinetic constants were evaluate using 
Chem SW Enzyme Kinetics!Pro. 

2.8. Reusability of immobilised enzyme 

Reusability of immobilized glucoamylase was 
performed in a batch reactor. The process was con-
ducted as follows: 3% (w/v) tapioca was dissolved 
in a 100 mL Erlenmeyer flask containing 30 mL 
0.1 M sodium acetate buffer pH 4.6. Then, 400 
mg immobilised glucoamylase was added in. The 
flask was placed in water bath shaker set at tem-
perature of 70 °C and agitation speed of 140 rpm 
for 8 h. Initial and final sample were collected for 
DE value measurements. After the saccharification 
process, the immobilised enzyme was filtered-off 
and washed with 0.1 M sodium acetate buffer pH 
4.6 (3×50 mL). The filtered immobilised enzyme 
was reintroduced into a fresh reaction medium and 
checked its performance. Activity of the immobil-
ised enzyme in the 1st run was identified as 100%. 
Activities obtained in other runs were compared 
with that of the 1st run. 

2.9. Estimation of protein and glucose

PierceTM BCA protein assay was used to esti-
mate protein content by the standard method pro-
vided by manufacturer. Hydrolysis of starch to glu-
cose was determined by the DNS analysis method. 
The enzyme contents and glucose samples were 
observed using spectrometer Shimadzu UV-VIS 
1800. 

2.10. Characterization (FTIR, SEM) 

Average cell pore size was evaluated using 
Barrett-Joyner-Halenda (BJH) method from the 
adsorption branch of the isotherm data. Average 
window pore size was evaluated using BJH meth-
od from the desorption branch. SBET was calculat-
ed using Brunauer-Emmett-Teller (BET) method. 
Samples (support and enzyme) were analyzed 

using Zeiss EVO field emission scanning electron 
microscope (SEM), equipped with an Oxford IN-
CAX act, energy dispersive X-ray (EDX) micro-
analysis system, to obtain SEM images and chem-
ical compositions. Further samples were observed 
using Frontier Perkin Elmer FTIR unit. 

3. Results and discussion

3.1. Immobilised glucoamylase 

Adsorption of the free glucoamylase on MCF 
silica (9.2T-3D) (SBET: 378 m2 g-1; Vpore: 2.12 cm3 
g-1; dcell: 235 Å; dwindow: 158 Å) gave the immobil-
ised enzyme with 82.06% (w/w) load. The load 
was quite high as the enzyme has lower size than 
the support (~ 80 Å). Compared with other enzyme 
supports, the immobilisation of glucoamylase on 
the MCF silica (9.2T-3D) produced a good result. 
Milosavic et al. [8–9] immobilised 16–19% (w/w) 
the free glucoamylase on poly(GMA-co-EGDMA). 
Later, Guo et al. [10] obtained 2.7–12% (w/w) 
loads of the glucoamylase on carboxyl magnetic 
nanoparticles (CMNPs). Other researchers found 
less than 30% (w/w) loads of the glucoamylase 
of polypropylene fibers, magnetic clay, magnetic 
chitosan and magnetic carbon nanotubes supports 
[11–14].

SEM analysis on the MCF silica (9.2T-3D) con-
firmed changes of the support surfaces from smooth 
(Fig. 1a) to rough (Fig. 1b). The figures compari-
son proved presence of the enzyme on the support. 
A further observation on the FT-IR spectrum of 
the MCF silica (9.2T-3D) as described in Fig. 2 
showed its vibrations at 1300 cm-1 and 850 cm-1 
with peak at 1061 cm-1 to indicate Si–O-Si stretch-
ing vibration. These vibrations were also observed 
on the immobilized enzyme, however, additional 
vibrations at 2020 cm-1 and 1900 cm-1 were found. 
The vibration observed at 1962 cm-1 confirmed 
the C≡N or C≡C bounds on the support surfaces 
[15]. Because glucoamylase is a protein consisting 
of a single polypeptide chain of amino acids, the 
1962 cm-1 vibration indicated the presence of pro-
tein on the support. 

The free and immobilised glucoaaylase used 
in the experiments were found to have the specif-
ic activity of 30.335.17 U g-1 and 1.856.78 U g-1, 
respectively. The specific activity reduction af-
ter the immobilisation process was frequently 
found because conformational changes on en-
zyme structures occurred so that some active sites 
are difficult to be accesses by substrates [16, 17]. 
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Compared with other results, the immobilised glu-
coamylase on MCF silica (9.2T-3D) has a better 
specific activity since the specific activity of this 
enzyme on poly(GMAco-EGDMA) was only 
1.100 U g-1 [8, 9], while the glucoamylase on Si-
bunit gave the value of 420–540 U g-1 [18]. 

 

Fig. 1. SEM images of supporting material (a) and 
glucoamylase on support (b).

 

Fig. 2. The FTIR spectra.

3.2. Statistical DOE 

Saccharification of tapioca was designed by 
combining 3 experimental factors with 3 levels 
based-on Box-Behnken Design (BBD). This de-
sign required 17 experimental runs as described in 
Table 2. Dextrose Equivalent (DE) were found in 
the range of 6.15–69.50% (w/w) where the high-
est result was produced at pH 4.3, temperature of 
70 °C and agitation speed of 130 rpm, whilst the 
lowest DE was obtained at conditions of pH 4.9, 
65 °C and 140 rpm. 

The sequential model sum of squares analysis 
concludes that the developed statistical quadratic 
model is significant in explaining relationship be-
tween the response and factors including the facto-
rial interactions during the process where the P>F 
value is < 0.0001. The model is not aliased and has 
a low standard deviation (i.e. 1.75%). It is defined 
as follows: 

DE = 9.655.35 + 702.28 (pH) + 191.51 
(temperature) + 18.97 (agitation speed) – 
55.55 (pH)2 – 1.21 (temperature)2 – 0.05 

(agitation speed)2 – 2.42 (pH × temperature) – 
0.37 (pH × agitation speed) – 0.04 

               (temperature × agitation speed)             (2)
  

Table 2 
Box-Behnken Design matrix

Run Independent Variables DE (% (w/w))
x1: 

Buffer 
pH

x2: 
(°C)

x3: 
Agitation 

Speed 
(rpm)

Observed Predicted

1 4.6 65 130 8.77 9.61
2 4.6 70 140 68.41 68.41
3 4.6 70 140 68.41 68.41
4 4.3 65 140 15.03 14.99
5 4.9 65 140 6.15 3.87
6 4.9 75 140 43.82 43.86
7 4.9 70 150 44.61 45.41
8 4.3 75 140 67.25 69.52
9 4.6 70 140 68.41 68.41
10 4.3 70 130 69.50 68.70
11 4.6 70 140 68.41 68.41
12 4.6 70 140 68.41 64.41
13 4.6 75 150 52.82 51.97
14 4.9 70 130 51.12 52.55
15 4.3 70 150 67.47 66.04
16 4.6 65 150 7.31 8.76
17 4.6 75 130 62.42 60.95

 

(a)

(b)
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The analysis of variance indicates that the 
model fits well and satisfactory. Coefficient of 
determination (R2) is 99.78%, while the adjusted 
and predicted R2 are 99.49% and 96.41%, respec-
tively. As the R2 are more than 95%, hence more 
than 95% of the actual data can be explained by 
the model [5]. Only 0.22% of the total variations 
were not described by the model. The R2 is accept-
able as the closer the R2 value to unity, the better 
the models fits the data [19, 20]. The predicted re-
sponses matched the experimental results reason-
ably well with the R2 of more than 95% (Fig. 3). 
Sebayang et al. [21] obtained the R2 of 99.14% in 
optimization of reducing sugar production from 
Manihot glaziovii starch using BBD. The optimi-
zation of polysaccharides hydrolysis using Central 
Composite Design (CCD) gave the R2 of 86.36–
96.94% [22–25]. Therefore, this model is applicable 
and reliable and can be used to simulate the process.

3.3. Mutual effects of factors 

Effects of the operational factors (x1-x3) are giv-
en in Table 3. Individually, pH (x1) and tempera-
ture (x2) showed significant effects on the process 
by changing the response highly as described in 
Fig. 4. A slight reduction (<5%) was found when 
pH was increased from 4.30 to 4.45, but further in-
creases reduced the DE quickly. The buffer pH that 
produced the highest DE was similar to the previ-
ous observations conducted by Milosavic et al. [8, 
9, 26] who concluded the optimum operational pH 
for the immobilised glucoamylase were 4.5. Tem-
perature factor increased the DE rapidly when it 
was changed from 65 °C to around 72 °C, howev-
er, reduction of DE values were obtained when fur-
ther temperature elevations were made. Although 
the agitation speed (x3) tended to decrease the re-
sponse, its effect was considered low and not sig-
nificant. The speeds up to 150 rpm were frequently 
found in the starches hydrolyses [21, 27, 28]. 

 

Fig. 3. The parity plot of the actual versus predicted DE.

 

Fig. 4. The individual factors and their interactions 
effects.

Table 3 
Summary of the factorial effects

Factor Effects
x1 High Antagonist Significant
x2 High Synergist Significant
x3 Low Antagonist Not Significant

x1x2 High Antagonist Significant
x1x3 Low Antagonist Significant
x2x3 High Synergist Significant

Three interactions were found. They are 
weighed significant and show relatively high ef-
fects except the second interaction (x1x3) (Fig. 4). 
The first interaction, pH and temperature (x1x2), 
gave the response as high as 66.19% at pH of 4.30-
4.75 and temperature of 69 to 75 °C. This interac-
tion produced the lowest DE of 16.33% obtained 
at the lowest operational temperature (65 °C) for 
the all employed pHs. The pH and agitation speed 
interaction (x1x3) resulted the maximum DE of 
66.19% at pH of 4.30–4.65 and agitation speed of 
130–150 rpm. The minimum DE given by this in-
teraction was 53.72%. The last interaction, the 
agitation speed and temperature (x2x3), developed 
the DE values the same as the first interaction. 
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The highest DE was obtained at the combination of 
the operating conditions at temperatures of around 
69.5–74.5 °C and agitation speed of 130–150 rpm, 
whilst the lowest result was produced at tempera-
ture of less than 66 °C and agitation speed of 130–
150 rpm.

3.4. Model Verification 

Examination must be performed to conclude 
that the predicted and experimental results pro-
duced at the optimum conditions are the same [29]. 
From the above description, the constraints used 
to obtain the optimum values for the saccharifica-
tion process using immobilised glucoamylase on 
MCF silica were pH (level: 4.6; range: 4.3–4.9), 
temperature (level: 70 °C; range: 65–75 °C), ag-
itation speed (level: 140 rpm; range: 130–150 
rpm), and DE (range: 6.15–69.50%). To verify the 
model, some proposed solutions for the optimum 
conditions were tested. The results are described 
in Table 4. The experimental DE are reasonably 
closed to the predicted values where most of them 
are lower than the modelling results. 3 out 5 ex-
perimental data show the relative errors of less 
than 5% (i.e. 0.204–3.107%), which are accept-
able as they are in the range of 95% confidence 
level. The other results have the errors of 8.226% 
and 9.297%, which are tolerable as errors around 
10–15% are considered good in the optimization 
processes [30]. These descriptions confirmed va-
lidity and adequacy of the predicted model. 

Table 4 
Predicted and experimental results 

at the optimum conditions

pH Temp. 
(°C)

Agi-
tation 
Speed
(rpm)

DE (%)
Predicted Experi-

mental
Error

4.6 70 140 68.41 68.55 0.14
4.3 70 150 66.04 64.05 -1.99
4.6 65 130 8.78 8.63 -0.15
4.6 75 150 51.97 48.02 -3.95
4.9 70 130 52.55 48.08 -4.47

3.5. Steady State Kinetics 

Formation of reducing sugars during initial re-
action rate observations at various tapioca starch 
concentrations (1–5 mg mL-1) is illustrated in Fig. 5. 
All employed concentrations almost have the same 
reaction rates during 4 h. DE values were less than 

20% (w/w) (all concentrations) in the first 30 min. 
After 90 min, DE were tripled to 40.34–48.43% 
(w/w) proving that the active sites of the enzyme 
was not difficult to be accessed by the starch. Slow 
increases in DE were found after the process run for 
2 h. Approximately 50% (w/w) DE was obtained af-
ter 150 min.

The kinetics constants, KM and Vmax, were de-
termined by using the Michaelis-Menten model as 
described in Eq. 2. Both constants were analysed 
using Hanes-Woolf plot (Eq. 3) because this plot 
gives low deviations from true KM and Vmax [31]. 
The errors resulted by the plot are distributed more 
evenly than Linewaver-Burk and Eadie-Hoftsee 
plot [32]. 

 

Fig. 5. Progress of DE during initial rate measurements.
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active sites [33]. From the plot, it is found that the 
maximum reaction rates of the saccharification pro-
cess catalyzed by the immobilised enzyme (Vmax) is 
0.07 mg mL-1 min-1. However, the free enzyme 
gives the Vmax of 0.10 mg mL-1 min-1. The lower 
Vmax emphasizes that reduction of the enzyme ac-
tivity relates to the change of the enzyme structure 
and difficult access to the enzyme active sites [3].

3.6. Reusability study 

Kalburcu et al. [34] described that reusability of 
an enzyme immobilised on a matrix is a must for 
large-scale operations. Hence, a study on repeated 
uses of the immobilised glucoamylase on MCF sil-
ica (9.2T-3D) was conducted to know its activity 
after many saccharificarion processes as shown in 
Fig. 7. It was observed that the immobilised en-
zyme activity decreased rapidly to 68.83% after 
the second cycle. The gradual decreases continued 
where the enzyme had activity of ± 50% after 5 cy-
cles. The last observation found that its activity de-
creased to 21.52% after 10 cycles. Demirkan et al. 
[35] found the enzyme activity as high as 38% after 
6 cycles. Later, Ashly et al. [36] summarized that 
the immobilised amylase had 20% activity after 10 
times used in the process. Reductions in the immo-
bilised glucoamylase activity were mainly caused 
by treatment of the enzyme after the reaction was 
conducted where the immobilised enzyme must be 

Fig. 7. Reusability of glucoamylase immobilised on 
MCF silica (9.2T-3D).

  

Fig. 6. The Hanes-Woolf plot (A: Free enzyme; B: 
Immobilised enzyme).

washed several times with the buffer solutions that 
caused enzyme leaching from the support [35, 36].

4. Conclusions

In conclusion, the enzymatic saccharification 
of tapioca starch using glucoamylase adsorbed 
on surfaces of MCF silica (9.2T-3D), which had 
the specific activity of 1.856.78 U/g, was investi-
gated. The statistical design of experiment using 
Box-Behnken response surface method with 3 op-
erational factors gave the DE values in the range 
of 6.15–69.50% (w/w). The proposed polynomi-
al quadratic model is acceptable where the R2 is 
99.78%. The justification confirmed the model va-
lidity and adequacy. Its predicted values matched 
the observed values reasonably well. pH and tem-
perature are considered significant and give high 
effects on the DE. All interactions show their 
significancy on the developed model. The saccha-
rification using the immobilised enzyme gave the 
KM and Vmax of 14.23 mg mL-1 and 0.07 mg mL-1 
min-1, respectively, which differed highly with the 
kinetic constants developed by the free glucoam-
ylase and indicated the reduction of the substrate 
access to the enzyme active sites. 
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