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Abstract

Background: α-Amylase randomly hydrolyzes starch molecule to produce oligosaccharides of different chain
length. It is among the most significant hydrolytic enzymes used in industrial applications. Enzyme immobilization is
the simplest way to solve the stability problem of protein under industrial harsh conditions. Magnetic nano-particles
considered suitable for immobilization due to their unique characteristics. The polymer nanocarriers still the feature
of modifiable surfaces of carriers for further conjugation with biomolecule. This study aims to promote the immobilization
of Bacillus subtilis MK1 α-amylase using the statistical optimization of the chemical modification of the chitosan-magnetic
nano-magnetic particle beads and their ability to apply.

Results: B. subtilis MK1 α-amylase was successfully immobilized on chitosan-magnetic nano-particles using a method
combining the advantages of both physical adsorption and covalent binding. The beads were chemically modified using
polyethyleneimine (PEI) followed by glutaraldehyde (GA). Aminated beads by (PEI), activated beads by (GA), and
immobilized enzyme on activated beads were characterized using FTIR. Morphological examinations of the beads
surface before and after conjugation with the α-amylase enzyme were carried out using scanning electron microscope
(SEM). Chemical modification parameters of the beads were optimized using response surface methodology based on
central composite design. Statistical approach enhanced the immobilization yield (IY%) by 1.5-fold. The application of
immobilized enzyme in the baking process enhanced dough-raising about 2.3-fold and can be reused for 5 cycles with
100% activity.

Conclusions: Statistical methods are an important way to improve immobilization yield and efficiency. The ANOVA
data confirmed the fitness of the model which possessed R2 value (0.975) and the adjusted R2 value (0.940). The results
confirm the ability to reuse the immobilized enzyme in industrial processes.

Keywords: α-Amylase, Chitosan-magnetic nano-particles, Beads modification, Cross-linker, Central Composite design
© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

* Correspondence: dr_sa_ahmed@yahoo.com
1Chemistry of Natural and Microbial Products Department, National Research
Centre, Dokki, Cairo, Egypt
Full list of author information is available at the end of the article

http://crossmark.crossref.org/dialog/?doi=10.1186/s42269-020-00301-3&domain=pdf
https://orcid.org/0000-0002-0292-2741
http://creativecommons.org/licenses/by/4.0/
mailto:dr_sa_ahmed@yahoo.com


Abdella et al. Bulletin of the National Research Centre           (2020) 44:40 Page 2 of 13
Introduction
Enzymes have numerous characteristics, and they are
more preferable over chemical catalysts in many areas of
industry ranging from food to pharmaceuticals (Zdarta
et al. 2018). α-Amylase (EC 3.2.1.1) randomly hydrolyzes
α-1,4-glycosidic bonds in the interior of starch molecule
(Fig. 1) to produce branched and linear oligosaccharides
of different chain length (Simair et al. 2017; Frantz et al.
2019). Amylases are among the most significant hydro-
lytic enzymes that are used in various industrial applica-
tions including food production (fruit juice clarification,
bread, baking, and beer industries), textiles, detergents,
pharmaceutical, pulp and paper, ethanol, and biofuel
production (Yang et al. 2014; Tambekar et al. 2016;
Pandey et al. 2017; Frantz et al. 2019).
High stability of enzyme under industrial conditions is

considered an economic advantage due to low enzyme
loss. Enzyme immobilization is the simplest way to solve
the stability problem of protein and reduce the expensive
cost of applying them on an industrial scale (Ahmed et al.
2019a, 2019b). Also, immobilization improves enzyme
properties as activity, reduces the inhibition, increases sta-
bility, specificity to substrates, and avoids contamination
of product by enzyme (Ahmed et al. 2019a, 2019b).
Immobilization of enzymes can offer many benefits as

reusability and recovery from their products enhance
stability under both operational and storage conditions
(Souza et al. 2019). Enzymes immobilization on nano-
carriers results in stabilization of active conformation,
which enhances the interfacial reactions between the
enzyme active sites and its substrate. The nano-
environment surrounding enzyme molecules prevent
enzyme deactivation (Misson et al. 2015). Nano-
particles have high adsorption capacities, large specific
surface areas, high mobility in porous media because
of their specific functionality, surface area per unit
mass, and smaller size than the relevant pore spaces
Fig. 1 Schematic representation of starch (amylose and amylopectin) and
and the ease of modifying their surface functionality
(Swelam et al. 2019). Also, magnetic nano-particles as
Fe3O4, γ-Fe2O3, ZnO, and TiO2 are considered significant
carriers that enhance immobilization efficiency because
they have high stability and high electron conductivity.
Fe3O4 nano-particles are considered suitable for

immobilization due to their unique characteristics (small
size, super-paramagnetism, tailored surface chemistry,
low toxicity, biocompatibility, and biodegradability). The
magnetic Fe3O4 nano-materials are generally unstable
under acidic solutions and undergo leaching which leads
to reduction of its lifetime (Sojitra et al. 2017).
Furthermore, magnetic nano-particles coated with or-

ganic/inorganic molecules as polymers are more effect-
ive for the free functional groups present on the surface
due to providing a large number of active sites (Swelam
et al. 2019). The polymer nano-carriers still the feature
of modifiable surfaces of carriers for further conjugation
with biomolecule (Misson et al. 2015).
Chitosan is a natural polymer known as an ideal car-

rier for enzyme immobilization. It is cheap, non-toxic,
and has good (hydrophilicity, biocompatibility and adhe-
sion) and high affinity towards proteins (Bindu et al.
2018). In addition, amino groups of chitosan are useful
for conjugation with enzyme protein via cross-linking
agents such as glutaldehyde (Kuo et al. 2012).
Enzyme immobilization includes different methods

such as physical adsorption, entrapment, covalent bind-
ing, and cross-linking to solid carrier. Physical adsorp-
tion is the simplest immobilization method showing low
stability after repeated use due to the weak bonds
between enzyme and carrier surface as van der Waals
and hydrogen bonding.
However, the immobilization by covalent binding is

considered the most effective method because of increas-
ing the enzyme stabilities. Also, covalent immobilization
may be an encouraging procedure in establishing enzymes
mode of action of α-amylase
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and inhibiting their leakage because of the formation of
covalent bonds between enzyme and carrier surface
(Eskandarloo and Abbaspourrad 2018). A method was
developed that combines the advantages of both physical
adsorption and covalent bonding methods (Wang et al.
2015). The immobilization yield (IY%) is the key param-
eter since it represents the general output of the efficiency
of the immobilization process (Ahmed et al. 2008).
Response surface methodology (RSM) is a statistical

and mathematical mechanism used for constructing
models, designing experiments, and examining the
optimum conditions affecting the IY%. It was performed
through combination of some independent variables
involved in the experimental design for promoting the
IY of enzyme. Furthermore, RSM based on central
composite design (CCD) reduces the number of indi-
vidual experiments desired for providing information
on the interactions between different variables to de-
fine the most significant factors (Abdel Wahab and
Ahmed 2018).
In the current study, α-amylase enzyme was immobilized

onto chitosan-magnetic nano-particles (Ch-MNP) beads
using physical adsorption and covalent binding in order to
increase its activity and stability. Ch-MNP beads modifica-
tion to promote IY% was optimized using statistical
methods. Finally, the chitosan-magnetic nano-particles/
polyethyleneimine/glutaraldehyde/enzyme (Ch-MNP/PEI/
GA/Enz) was applied in the baking industry.
Materials and methods
Materials
Chitosan (Mw 50–90 kDa with DD of 80%) was supplied
from Sigma Chemical, Co., St. Louis, USA.
Polyethyleneimine (PEI, 50%, w/v), glutaraldehyde

(GA, 50%, w/v), 3,5-dinitrosalicylic acid (DNS98%), and
sodium hydroxide 97% (Mw 40 g/mol) were obtained
from Sigma-Aldrich, Chemie GmbH, Riedstr. 2, D-
89555 Steinheim, Germany. Soluble starch 99% (Mw
342.3 g/mol) and potassium sodium tartrate (Rochelle
salt, 99%, Mw 282.23 g/mol) were obtained from
WINLAB, UK. Other chemicals were of analytical
grade.
Methods
Enzyme production
α-Amylase enzyme was produced under submerged fer-
mentation from isolated strain B. subtilis strain-MK1 as
reported in the previous work by Ahmed et al. 2019a,
2019b. The enzyme was partially purified using 60% (v/
v) ethanol precipitation; the precipitate was collected by
centrifugation, dried, weighed, and used for α-amylase
immobilization.
Preparation of chitosan-magnetic nano-particles (Ch-MNP)
beads
Magnetic nano-particles (Fe3O4) were prepared accord-
ing to Mehta et al. (2006) with some modifications. The
method depended on mixing ferric and ferrous ions in a
1:2 molar ratio in highly basic solution at elevated
temperature. In brief, iron (III) chloride hexahydrate
(0.0551mol) was dissolved in 150 mL of ammoniated
water while 0.0275 mol of iron (II) chloride tetrahydrate
was dissolved in 150 mL of ammoniated water. Then,
the two solutions were mixed in a 500 mL conical flask
and placed in a temperature-controlled water bath
equipped with a magnetic stirrer. A sodium hydroxide
aqueous solution (12.8 g in 120 mL of distilled water)
was then added with a flow rate of 10 mL/min while
continuously stirring at 80 °C, and the reaction was con-
tinued for 60 min under the same conditions. The result-
ing Fe3O4 particles were washed 3 times repeatedly with
500 mL of distilled water until neutral pH using mag-
netic field separation and finally kept in 150mL distilled
water in the fridge for further treatment.
Chitosan was dissolved in distilled water to produce

2% (w/v) solution then mixed with a solution of mag-
netic nano-particles (Fe3O4). After that, the polymer
solution was sprayed into cross-linking solution of
NaOH 5% (w/v), through a nozzle of 300 μm using
the Inotech Encapsulator. The prepared beads were
hardened in cross-linking solutions for 3 h. To modify
the gel beads for covalent immobilization of enzyme,
the gel beads were soaked in a solution of 4% (v/v)
polyethylenimine (PEI) at pH 9.5 for 3 h, followed by
soaking in glutaraldehyde (GA) 2.5% for 3 h, and after
washing, the gel beads was ready for immobilization
(Yuan et al. 2016).

Enzyme binding to activated beads
Partially purified α-amylase from B. subtilis strain-MK1
was immobilized by covalent binding on Ch-MNP. This
was performed by mixing 2 mL of the partially purified
α-amylase (200 U) with 1 g of the activated beads. The
mixture was left for 24 h at 4 °C, and then the beads
were washed twice with distilled H2O and were used for
enzyme assay (Abdel Wahab et al. 2018).

Determination of α-amylase activity
α-Amylase activity was done according to Sajjad and
Choudhry (2012) by mixing 0.5 ml of 1% soluble starch
in 0.1M phosphate buffer (pH 7.0) with 0.5 mL of the
partially purified enzyme or 0.2 g of immobilized enzyme
and was incubated for 30 min at 40 °C. The reaction was
stopped by adding 1 mL of dinitrosalicylic acid (DNS)
reagent and kept on boiling water bath for 10 min
(Miller 1959), and the color absorbance was read at 540
nm. One unit of enzyme activity (U) is defined as the
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amount of enzyme that liberated 1 μmol of reducing
sugar as glucose/min under assay conditions. All the ex-
periments were performed in triplicate, and the results
were expressed as mean values. Immobilization yield
(IY%) was calculated according to Wang et al. (2015) as
following:

IY %ð Þ ¼ I= A−Bð Þ � 100

where I is the total activity of immobilized enzyme, A is
the total activity offered for immobilization, and B is the
total activity of unbounded enzyme.
Fig. 3 Mechanism of polymeric gel beads activation and enzyme immobili
Optimization of beads modifications using statistical design
Response surface methodology (RSM) based on cen-
tral composite design (CCD) was used to determine
the optimum level of four important factors for beads
modification of Ch-MNP beads. These factors include
PEI percent (%) (W), PEI activation time (X), GA per-
cent (%) (Y), and GA activation time (Z). These fac-
tors were tested at three levels as, low (− 1), central
(0), and high (+ 1), resulting in experimental design
of 25 experiments with respect to mean of IY (%) of
α-amylase on Ch-MNP beads as response. The experi-
mental data were analyzed by the response surface re-
gression procedure to fit the second order polynomial
of the equation:

IY ¼ β0 þ ΣβiX i þ ΣβiiX i
2 þ ΣβijX iX j

where IY represents response, β0 is the interception
coefficient, βi is the coefficient of the linear effect, βii
is the coefficient of quadratic effect, βij is the coeffi-
cient of the interaction effect, and XiXj are the inde-
pendent variables which influence the response
variable (IY). All the experiments were performed in
triplicate, and the results were expressed as mean
values. The independent variables of the experimental
design were optimized and interpreted using the
(JMP) statistical software.
zation
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Statistical analysis of data
Statistical analysis of the model was carried out accord-
ing to the analysis of variance (ANOVA). The quality of
the fit of the polynomial model equation was assessed
by determining the R2 coefficient and the adjusted R2

coefficient. Also, the significance of statistical and re-
gression coefficient were checked with F test and P
value, respectively. The validation of the model was
checked by the comparison of experimentally obtained
data with the predicted values, and the prediction error
was calculated. Three-dimensional (3D) surface plots
and corresponding contour plots were constructed to
explain the effect of the independent variables on the
responses (IY).
Table 1 CCD experimental and predicted values of Ch-MNP/
PEI/GA/α-amylase immobilization yield

Run W: PEI [%] X: PEI
activation
time [h]

Y: GA [%] Z: GA
activation
time [h]

Immobilization yield
[%]

Actual Predicted

1 0 (4) 0 (3) 0 (2.5) + 1 (4) 64.2 63.2

2 + 1 (6) − 1 (2) − 1 (1) + 1 (4) 52.2 53.4

3 − 1 (2) 0 (3) 0 (2.5) 0 (3) 58 58.1

4 0 (4) 0 (3) 0 (2.5) 0 (3) 57 57.4

5 − 1 (2) − 1 (2) + 1 (4) + 1 (4) 57.7 58.1
Fourier transforms infrared (FTIR) spectroscopy analysis
The FTIR absorption spectra of Ch-MNP/PEI/GA
(beads), free α-amylase enzyme, and Ch-MNP/PEI/GA/
Enz (immobilized enzyme) were measured by FTIR spec-
troscopy attenuated total reflection (ATR) mode Bruker
VERTEX 70/70v model using the KBr disk technique.
This test was performed to detect the presence of the
new functional group and carbonyl group formed at all
different formulas. The reaction began by mixing 2% (w/
w) of the sample with dry KBr. The mixture was ground
into a fine powder using an agate mortar before it was
compressed into a KBr disk under a hydraulic press at
10,000 psi. Each KBr disk was scanned over a wave num-
ber range of 400–4000 cm−1, with a resolution of 4 cm−1,
and the characteristic peaks were recorded.
6 0 (4) + 1 (4) 0 (2.5) 0 (3) 51.8 53.4

7 − 1 (2) + 1 (4) − 1 (1) + 1 (4) 61.2 63

8 + 1 (6) + 1 (4) − 1 (1) + 1 (4) 59.1 57.9

9 0 (4) 0 (3) + 1 (4) 0 (3) 62.2 64.5

10 − 1 (2) − 1 (2) − 1 (1) + 1 (4) 56.5 56.4

11 0 (4) − 1 (2) 0 (2.5) 0 (3) 48.2 46.5

12 + 1 (6) − 1 (2) + 1 (4) − 1 (2) 73.8 73.3

13 − 1 (2) − 1 (2) − 1 (1) − 1 (2) 51.6 52.2

14 + 1 (6) + 1 (4) − 1 (1) − 1 (2) 62.1 63
Scanning electron microscope (SEM)
These investigations were performed in order to de-
scribe the morphological changes on the beads surface
before and after conjugation with the enzyme. Morpho-
logical examinations on the surface of Ch-MNP and
Ch-MNP/PEI/GA/Enz were carried out using scanning
electron microscopy (SEM, Quanta 250 FEG, accelerat-
ing voltage 200 V–30 kV, FEI Company, Thermo Fisher
Scientific).
15 + 1 (6) − 1 (2) − 1 (1) − 1 (2) 54.9 55.3

16 − 1 (2) + 1 (4) + 1 (4) − 1 (2) 70.5 70.6

17 − 1 (2) − 1 (2) + 1 (4) − 1 (2) 61.2 61.2

18 0 (4) 0 (3) − 1 (1) 0 (3) 57.4 54.9

19 + 1(6) 0 (3) 0 (2.5) 0 (3) 61.8 61.6

20 0 (4) 0 (3) 0 (2.5) − 1 (2) 66.4 67.3

21 + 1 (6) + 1 (4) + 1 (4) + 1 (4) 67.3 68

22 + 1 (6) − 1 (2) + 1 (4) + 1 (4) 64.3 64.1

23 + 1 (6) + 1 (4) + 1 (4) − 1 (2) 81.6 80.5

24 − 1 (2) + 1 (4) − 1 (1) − 1 (2) 63.2 62.1

25 − 1 (2) + 1 (4) + 1 (4) + 1 (4) 65.9 64.2
Application of Ch-MNP/PEI/GA/enzyme in baking process
For studying application of immobilized α-amylase in
baking process, dough was prepared by using 50 g wheat
flour, 1.0 g baker’s yeast, 1.0 g Ch-MNP/PEI/GA/Enz
(200 U), and 5mL of H2O (Ahmed et al. 2016). Dough-
raising was observed carefully after incubation at room
temperature (~ 35 °C) for 2 h and was compared with
control (dough without enzyme). After each run, the
beads were washed with sodium phosphate buffer (0.1
M, pH 8.0) to remove any residual substrate and reused
to start a new run.
Results
Enzyme immobilization
Ch-MNP beads were chemically modified using PEI
followed by GA. B. subtilis MK1 α-amylase was success-
fully immobilized on activated Ch-MNP beads with high
immobilization yield 55% (Fig. 2). The activated beads
reacted with the enzyme molecule as shown in Fig. 3.
The reaction happened between the NH2 group found in
the enzyme protein molecule, and the free C=O group
located on GA forming C=N–bond.
Central composite statistical design (CCD) for
optimization of beads modifications
The CCD of the coded variables and the corresponding
experimental results of the IY% are displayed in Table 1.
By using a multi-regression analysis for the experimental
results, the predicted IY (%) of α-amylase was acquired
from the following second-order polynomial equation:
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IY %ð Þ ¼ 57:3542þ 1:7388W þ 3:4611X
þ4:7944Y−2:05Z−0:5562WX
þ2:2437WY−1:5187WZ−0:1312XY
−0:8187XZ−1:8187YZþ 2:4867W2

−7:4132X2 þ 2:3867Y2 þ 7:8867Z2

where I is the predicted IY (%); W, X, Y, and Z are the
code values of PEI percent (%), PEI activation time, GA
percent (%), and GA activation time, respectively.
The highest IY of α-amylase (81.6%) was obtained in

trail no.23 under optimizing conditions of 6% PEI, 4 h
PEI activation time, 4% GA, and 2 h GA activation time
as shown in Table 1. The ANOVA data is displayed in
Table 2 and confirmed the great significance of the
model which possessed F value of 27.914, low P value of
< 0.0001. According to the results, the value of R2 was
0.975, and the adjusted R2 was 0.940 which is close to R2

value. The estimation coefficients, standard errors, t test
values, and P values are illustrated in Table 3, and the
data displayed the significance of linear, interaction, and
quadratic terms. As shown in Fig. 4, the Pareto chart
interpreted that GA (%) possessed the most significant
influence flowed by PEI activation time and PEI (%) that
affected IY of α-amylase positively, whereas GA activa-
tion time exhibited negatively significant effect. The
closing between the actual values and predicted values
of IY indicated the good precision and validation of the
model (Fig. 5). The normality assumption was satisfied
as the residual plot approximated along a straight line as
Table 2 Analysis of variance (ANOVA) for CCD

Source Sum of squares Df Mean

Model 1290.78 14 92.198

W: PEI % 54.4272 1 54.427

X: PEI activation time 215.6272 1 215.62

Y: GA % 413.7606 1 413.76

Z: GA activation Time 75.645 1 75.645

WX 4.9506 1 4.9506

WY 80.5506 1 80.550

WZ 36.9056 1 36.905

XY 0.2756 1 0.2756

XZ 10.7256 1 10.725

YZ 52.9256 1 52.925

W2 15.7487 1 15.748

X2 139.9616 1 139.96

Y2 14.5075 1 14.507

Z2 158.4097 1 158.40

Error 33.0299 10 3.3030

C. Total 1323.8096 24

R2 = 0.975, Adj R2 = 0.940, significant (P ≤ 0.05), non-significant (P > 0.05)
Df degree of freedom
given in Fig. 6. The results reported in Fig. 7a–f of the
3D surface interactions investigated that figures of inter-
action terms (WY, WZ, and YZ) showed significant ef-
fect, while figures of interaction terms (WX, XY and XZ)
showed insignificant effect on IY of α-amylase. Finally,
optimization of beads modifications enhanced the IY by
1.5-fold compared with un-optimized.

Scanning electron microscope (SEM) characterization
Scanning electron microscopy showed the modification
which occurred during gel beads formation, activation,
and immobilization. A remarkable change in pore size
before and after immobilization is displayed in Fig. 8a–b.
Noticeable changes were recognized along the steps of
gel beads formation and accumulation of enzyme on the
gel beads surface after immobilization.

FTIR characterization
FTIR spectroscopic analysis of activated beads (Ch-
MNP/PEI/GA) (A), immobilized α-amylase on activated
beads (Ch-MNP/PEI/GA/Enz) (B), and free α-amylase
enzyme (C) were carried out in a range varied from
400–4000 cm−1. As seen in Fig. 9, the typical characteris-
tic absorption bands of modified activated chitosan
beads and free α-amylase enzyme in accordance with the
literature appeared. Activated beads showed two peaks,
one of them at 1730 cm−1 corresponding to the (C=O)
group of GA free end, and the second one is at 1650
cm−1 corresponding to the (C=N–) group that was
square F value P value Prob > F

6 27.914 < 0.0001* Significant

2 16.4782 0.0023* Significant

72 65.2825 < 0.0001* Significant

06 125.2686 < 0.0001* Significant

0 22.9020 0.0007* Significant

1.4988 0.2489

6 24.3872 0.0006* Significant

6 11.1734 0.0075* Significant

0.0834 0.7786

6 3.2473 0.1017

6 16.0236 0.0025* Significant

7 4.7680 0.0539

16 42.3743 < 0.0001* Significant

5 4.3922 0.0625

97 47.9595 < 0.0001* Significant



Table 3 Statistical analysis of CCD showing coefficients, t- values, P-values and standard errors

Term Coefficient estimate Std Error t ratio P value Prob > F VIF

Intercept 57.3542 0.78473 73.09 < 0.0001* 1

W: PEI % 1.7389 0.42836 4.06 0.0023* 1

X: PEI activation time 3.4611 0.42836 8.08 < 0.0001* 1

Y: GA % 4.7944 0.42836 11.19 < 0.0001* 1

Z: GA activation time − 2.05 0.42836 − 4.79 0.0007* 1

WX − 0.5562 0.45435 − 1.22 0.2489 1

WY 2.2437 0.45435 4.94 0.0006* 1

WZ − 1.5187 0.45435 − 3.34 0.0075* 1

XY − 0.1312 0.45435 − 0.29 0.7786 1

XZ − 0.8187 0.45435 − 1.80 0.1017 1

YZ − 1.8188 0.45435 − 4.00 0.0025* 1

W2 2.4867 1.13883 2.18 0.0539 1.9789

X2 − 7.4132 1.13883 − 6.51 < 0.0001* 1.9789

Y2 2.3867 1.13883 2.10 0.0625 1.9789

Z2 7.8867 1.13883 6.93 < 0.0001* 1.9789
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produced from the reaction with GA (curve A). While
immobilized enzyme on beads give broader peak at
3457 cm−1, pointed to increasing NH2 group’s concen-
tration (curve B). When comparing with free α-amylase
enzyme (curve C), we can notice that the characteristic
peaks of enzyme, at 3434 cm−1 and at 1117 cm−1, are
found in curve (B).
Application of Ch-MNP/PEI/GA/Enz in baking process
As shown in Fig. 10, treated dough with 1 g beads of
Ch-MNP/PEI/GA/Enz enhanced dough-raising about
2.3-fold as compared to the control (without enzyme).
Ch-MNP/PEI/GA/Enz could be easily separated from
the dough and reused for 5 consecutive cycles with
100% residual activity.
Fig. 4 Pareto chart of CCD for the most significant variables affecting α-am
Discussion
Immobilized enzyme is required for the development of
industrial applications in order to minimize the cost of
the biocatalyst. As shown in Fig. 2, α-amylase from B.
subtilis MK1 was immobilized on Ch-MNP/PEI/GA
beads and exhibited 55% IY. Ahmed et al. (2018) re-
ported that α-amylase was immobilized on phosphosili-
cate glass with lower IY (27.9%). The activated beads
reacted with the enzyme molecule as shown in Fig. 3.
The reaction happened between the NH2 group found in
the enzyme protein molecule and the free C=O group
located on GA (the cross-linker) forming C=N– bond as
reported by Yuan et al. (2016). Magnetic nano-particles
have unique properties as high affinity to proteins and
ability to be chemically modified with reactive functional
groups (Atacan et al. 2016). Misson et al. (2015)
ylase immobilization yield



Fig. 5 CCD for the relation between actual and predicted α-amylase immobilization yield
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reported that, polymeric nano-carrier can be fabricated
easily in nanometer scale with a large surface area in the
range of 30–500 nm.
Statistical optimization of carrier modification by CCD

of the coded variables and the corresponding experimen-
tal results of the IY% are displayed in Table 1. It was
found that, trail no.23 gives the highest IY of α-amylase
(81.6%) at optimizing conditions of 6% PEI, 4 h PEI acti-
vation time, 4% GA, and 2 h GA activation time. Lower
result was obtained by Ahmed et al. (2018) after statis-
tical optimization of the immobilization conditions
(79.9% IY). Hassan et al. (2019) found that lower con-
centration of PEI (1%) and GA (0.5) was suitable to acti-
vate κ-carrageenan gel beads.
The analysis of variance (ANOVA) was performed to

examine the effectiveness of the quadratic model equa-
tion for the immobilization as presented in Table 2. The
low probability value (Prob > F or P value ≤ 0.05) and F
value proved that the model is potent and highly
Fig. 6 The relation between predicted and residual values of α-amylase im
significant. The ANOVA data confirmed the great sig-
nificance of the model which possessed F value of
27.914 and low P value of < 0.0001, and there is only
0.01 % chance that this value might occur due to noise.
Furthermore, the determination coefficient (R2) evalu-
ated the fineness of the model where the R2 value be-
comes nearer to 1.0. According to the results, the R2

value was 0.975 indicating that 97.5 % of the response
variability could be analyzed by the statistical model. A
regression model, with R2 (0.975) was considered to have
very high correlation (Jaya et al. 2010). Also, the adjusted
R2 value was 0.940 and closer to R2 value which demon-
strated the suitability of this model. On the other hand,
the estimation coefficients, standard errors, t test values,
and P values are illustrated in Table 3, and the data dis-
played the significance of linear, interaction, and quad-
ratic terms. The data indicated that, linear terms (W, X,
Y, Z), interaction terms (WY, WZ, YZ), and quadratic
terms (X2, Z2) were significant (P ≤ 0.05), while
mobilization yield



Fig. 7 The 3D surface plots representing interaction between factors affecting IY of α-amylase. a PEI percent and PEI activation time. b PEI
percent and GA percent. c PEI percent and GA activation time. d PEI activation time and GA percent. e PEI activation time and GA activation
time. f GA percent and GA activation time
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interaction terms (WX, XY, XZ) and quadratic terms (W2,
Y2) were insignificant (P > 0.05). As shown in Fig. 4 the
Pareto chart interpreted that GA (%) possessed the most
significant influence flowed by PEI activation time and
PEI (%) that affected IY of α-amylase positively, whereas
GA activation time exhibited negatively significant effect.
The validation of the model was achieved from the closing
between the actual and predicted IY values as presented in
Fig. 5. The normality assumption was satisfied as the re-
sidual plot approximated along a straight line as given in
Fig. 6. Demonstrating the fitness and influence of CCD
statistical model to optimize beads modification condi-
tions for α-amylase immobilization agrees with the
findings of Singh et al. (2015). The 3D response surface
plots supply an explanation of the interaction between
two factors while preserving the other variables at zero
level as observed in Fig. 7a–f. The 3D surface interactions
determined the optimum levels of independent variables
that gave maximum immobilization yield of α-amylase
and also revealed the significance of these interactions.
Finally, optimization of beads modifications enhanced the
IY by 1.5-fold compared with un-optimized.
Scanning electron microscopy showed the modifica-

tion that happened before and after enzyme conjugation
(immobilization). As shown in Fig. 8 a and b, a remark-
able change in pore size can be recognized as the gel



Fig. 8 Scanning electron microscope (SEM) showed the difference in pore size of activated Ch-MNP beads (a) and Ch-MNP/PEI/GA/Enz (b)
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beads exhibited pores before coupling with enzyme mol-
ecule. While after immobilization, the enzyme particles
were accumulated on the bead surfaces and the pores
were decreased in size and tend to disappeared (Ahmed
et al. 2018). The changes in morphology of composites
in SEM structural analysis indicate their interaction as
pointed by Nasir et al. (2017).
FTIR spectroscopic analysis determined the typical char-

acteristic absorption bands of activated beads (Ch-MNP/
PEI/GA) (A), immobilized α-amylase on activated beads
(Ch-MNP/PEI/GA/Enz) (B), and free α-amylase enzyme
Fig. 9 FT-IR of activated beads (Ch-MNP/PEI/GA) (A), immobilized enzyme
(C). As displayed in Fig. 9, activated beads showed two
peaks, one of them at 1730 cm−1 corresponding to the (C=
O) group of GA free end, and the second one is at 1650
cm−1 corresponding to the (C=N–) group that was pro-
duced from the reaction with GA (curve A). Whereas, Ch-
MNP/PEI/GA/Enz gives broader peak at 3457 cm−1,
pointed to increasing NH2 group’s concentration (curve
B). When comparing with free α-amylase enzyme (curve
C) we can notice that, the characteristic peaks of enzyme,
at 3434 cm−1 and at 1117 cm−1, are found in curve (B).
From these data, it was revealed that the processes of
(Ch-MNP/PEI/GA/Enz) (B) and free enzyme (C)



Fig. 10 Application of immobilized α-amylase and its reusability for dough-raising in bakery (R1, R2, R3, R4, R5 and R6) and control without α-
amylase addition (C)
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amination, activation, and immobilization were successful.
These results were in agreement with the results obtained
by other published results (Yuan et al. 2016). Díaz-Her-
nández et al. (2018) reported that the change in intensity
as well as the displacement of the NH2, C–O, and Fe
bands after cross-linking suggests the formation of cova-
lent bonds between enzymes and the magnetic beads.
From characterization steps, FTIR and SEM, it was con-
cluded that the process of activation and immobilization
takes place successfully as pointed by Hassan et al. (2019).
By applying immobilized α-amylase (Ch-MNP/PEI/

GA/Enz) in baking process it was found that, Ch-MNP/
PEI/GA/Enz enhanced dough-raising about 2.3-fold as
compared to the control (without enzyme) as shown in
Fig. 10. Also, Ch-MNP/PEI/GA/Enz could be reused for
5 consecutive cycles with 100% residual activity. The re-
sults pointed to the possibility of safely using of Ch-
MNP/PEI/GA/α-amylase enzyme for application in the
baking industry. This result might be due to reducing
the staling rate of the crumb and increasing the bread
volume by α-amylase (Kaltsa et al. 2013).

Conclusion
α-Amylase was successfully immobilized on chitosan-
magnetic nano-particles (Ch-MNP/PEI/GA) with high IY%.
SEM and FTIR studies confirm the linkage between Ch-
MNP/PEI/GA beads and the α-amylase enzyme. Optimized
conditions using statistical methods (CCD) enhanced IY%
from 55 to 81.6%. The highest IY of α-amylase was
obtained at 6% PEI for 4 h activation time and 4% GA for 2
h activation time. The ANOVA data confirmed the great
significance of the model which possessed F value of
27.914. Also, the adjusted R2 value was 0.940 and closer to
R-square value which demonstrated the suitability of this
model which improved IY% by 1.5-fold compared to un-
optimized process. The Ch-MNP/PEI/GA/Enz is suitable
for application in baking industry and enhanced dough-
raising about 2.3-fold as compared to the control.
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