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ABSTRACT: In the present study, the immobilization of free ( u

pectinase onto polystyrene resin beads via crosslinking with ‘@'N”l"'n H+”3N_®
glutaraldehyde was investigated. The immobilized pectinase was lsu\,n-.m‘...
characterized by Fourier transform infrared spectroscopy and Q—N:(‘—((‘II;);—(‘:N—@
confocal laser scanning microscopy. After optimizing the - l ~-

1100

pectinase shifted from 8.0 to 8.5 and the optimum temperature .
shifted from 45 to 60 °C, showing its improved stability to ..
temperature and pH compared with the free pectinase. The £
Michaelis—Menten constant K, value of free and immobilized " v o “x
pectinase was determined to be 1.95 and 5.36 mM, respectively.

The storage stability of immobilized pectinase was demonstrated with 36.8% of the initial activity preserved after 30 days at 25 °C.
The reusability of the immobilized pectinase activity was 54.6% of its initial activity after being recycled six times. Therefore, based
on the findings mentioned above, it can be inferred that this simple immobilization technique for pectinase appears to be promising
for industrial applications.

immobilization conditions, the optimum pH of immobilized Wl

10 60
Temperature (°C)

1. INTRODUCTION contamination of the resultant product.’ There are three
typical methods for immobilizing enzymes: binding to a
prefabricated support, entrapment in organic or inorganic
polymer beads, and cross-linking of enzymes.’ The sole and
direct immobilization of enzymes without cross-linkers on
supports might lead to the loss of enzyme activity due to the
lower mechanical stability.” Therefore, cross-linking the free
enzyme on a support is adopted for improving the mechanical
stability and activity of immobilized enzymes. The cross-
linking of soluble enzymes primarily employs the reaction of
free amine groups (—NH,) on the enzyme molecular chain
with a bifunctional cross-linker.” Glutaraldehyde (GA) has
bifunctional cross-linking aldehyde groups, and it is generally
used as the cross-linking agent as it is inexpensive and readily
available in commercial quantities. The reaction between free
amine groups and aldehyde groups can form a Schiff base.®
It should be noted that different supports, for instance,
Eupergit C,” diethylaminoethyl (DEAE) cellulose," silica
gel,'" molecular sieves,'” poly(methyl methacrylate)

Nowadays, enzymes as green biocatalysts have been widely
utilized in different fields such as biomedical production, food
chemistry, textiles, wastewater treatment, and pulping and
papermaking due to their higher selectivity to substrates,
higher catalytic efficiency, and mild reaction conditions.'
Pectinase, which possesses the ability to catalyze the
breakdown of pectic substrates, has been widely applied in
some industrial processes, such as plant fiber processing, coffee
fermentation, and treatment of industrial wastewater.” In
practical applications, usually the enzymes are used in a free
form. However, the soluble enzymes have some adverse
properties of lower stability, lower activity, lower resistance,
and non-reusability or continuous use.’ Improved reusability
and storage/operational stability mean reduced cost because
most enzymes have a higher price. The defects of free enzymes
mentioned above restrict their applications in industrial
processes.

In order to overcome the drawbacks of free enzymes, some
procedures such as immobilization, chemical modification, and .
protein engineering have been proposed on both laboratory Received:  August 13, 2021 (O :s
and industrial scales." The immobilization technique can Accepted:  November 9, 2021
overcome most defects of free enzymes, which may offer Published: November 18, 2021
improved recovery of enzymes for reuse and higher stability,
activity, selectivity, and resistance against inhibition.”> Also,
the immobilized enzyme can minimize or eliminate protein
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(PMMA) nanofibers,"* nano-Fe;O, particles,"* Fe;O, nano-
particless—PMMA films,"® ultra-thin 2D CuO nanosheets,'
calcium  alginate-coated polypyrrole/silver nanocomposites,'”
and hydroxyapatite-decorated ZrO,,"'® have various influences
on the properties of different immobilized enzymes. The
polystyrene (PS) resin, which has the distinct advantages of
high strength, high specific surface area, high stability against
heat and chemicals, low cost, and easy functional modification,
has been successfully utilized as a solid support in enzyme
immobilization with a high retention of activity.'”~>' The
enzyme can be immobilized on the cationic PS resin with
amine groups using GA as the crosslinker through the Schiff
reaction. Due to the less content of free —NH, groups on the
traditional cationic PS resin, the amount of immobilized
enzyme was very lower. In the present work, the PS resin
grafted with poly(methyl acryloyloxyethyl trimethylammo-
nium) chloride via atom transfer radical polymerization
(ATRP) was employed as the support to immobilize the free
pectinase. The ATRP reaction can provide more amine groups
on the PS resin and thus more cross-linking sites for GA. As a
result, the PS resin with a large particle size and high strength
was loaded with more pectinase molecules, and it can be
utilized as a column packing material in a continuous flow
system for separation or purification operations.

2. RESULTS AND DISCUSSION

2.1. Optimization of the Pectinase Immobilization
Procedure. In the present study, the effect of GA
concentration, immobilization time, and immobilization
temperature on the immobilization efficiency was investigated
based on the activity of the immobilized enzyme. As shown in
Figure 1, the GA concentration in the immobilization process
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Figure 1. Effect of GA concentration on the activity of immobilized
pectinase (the reaction between GA and cationic PS resin at 30 °C for
3 h, and the reaction between GA and the enzyme at 45 °C for 2 h).

had a great impact on the activity of the immobilized enzyme.
The optimum GA concentration was found to be 1.0% under
the current conditions in terms of the enzyme activity. The
lower enzyme activity at a lower concentration (0.5%) was
mainly due to the fewer bonds between GA and the cationic
PS resin and subsequently between GA and the enzyme.
However, the higher GA concentrations led to the decrease of
the enzyme activity. As is known to all, the formation of Schiff
bases between GA and the enzyme is primarily responsible for
the immobilization behavior.® A study had found that higher
GA concentrations would result in the introduction of
pendant-GA-related molecules rather than crosslinks, which
led to the lower enzymatic activity.® The electrostatic bonds
between the amine groups of cationic PS and the carboxyl

31684

groups of the enzyme were also formed during the simple
adsorption besides the bonds between GA and the enzyme.”
These enzymes via electrostatic bonds might be covered by the
excessive GA molecules causing the decrease of the enzyme
activity.

Figure 2 shows that the highest value of enzyme activity was
obtained at the immobilization time of 2 h under the present

700.0 -

600.0 - _I__

500.0 4

400.0 A
300.0 4
200.0 A

Enzyme activity (U/g)

100.0 -

0.0 e

Time (h)

Figure 2. Effect of the immobilization time on the activity of
immobilized pectinase (the reaction between GA and the enzyme at
45 °C).

conditions. The enzyme activity was lower at a shorter contact
time (1 h), induced by the partial release of the immobilized
enzyme into the solution. At longer contact times (>2 h), the
decrease of the enzyme activity was mainly caused by the
enzymatic deactivation due to the conformational and surface
modifications resulting from GA.**

It can be found from Figure 3 that the enzyme activity
increased with increasing immobilization temperature within
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Figure 3. Effect of the immobilization temperature on the activity of
immobilized pectinase (the reaction for 2 h between GA and the

enzyme).

25—45 °C. A further increase of the temperature above 45 °C
resulted in the decline in the immobilized pectinase activity.
The lower enzyme activity was mainly induced by the inactivity
of enzyme molecules at lower temperatures. However, the
higher temperature above 45 °C would lead to the deactivation
of the free enzyme resulting in the lower activity of
immobilized pectinase. Consequently, 45 °C was chosen as
the optimal temperature for immobilizing pectinase onto the
cationic PS resin within the tested conditions.

2.2. Characterization of Free and Immobilized
Pectinase. 2.2.1. Fourier Transform Infrared Analysis of
the Cationic PS Resin and Free and Immobilized Pectinase.
The Fourier transform infrared (FTIR) spectra of the cationic
PS resin, free pectinase, and immobilized pectinase are shown
in Figure 4. Significant structural changes were observed from
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Figure 4. FTIR spectrum of the cationic PS resin and free and
immobilized pectinase.

the FTIR spectra. In the FTIR spectrum of the cationic PS
resin, the peak around 1603 cm ™}, the peak at 1668 cm™}, and
the peak at 1152 cm™! were, respectively, ascribed to the
aromatic C—C stretching vibration band, the O=C—O ester
bond stretching vibration band, and the C—N stretching
vibration band. The main component of an enzyme is an
amino acid, and the characteristic groups of pectinase are
—NH, and —COOH. An amine N—H stretching peak was
found around 3500 cm™". The —OH and —C=0 stretching
vibration bands of carboxyl groups were found around 2900
and 1637 cm ™, respectively. Schiff bases with the C=N bond
can be formed by the cross-linking reaction between GA and
the enzyme or cationic PS resin with amine groups.” The
stretching vibration band of C=N at 1647 cm™" was found in
the FTIR spectrum of immobilized pectinase. The peaks of C—
N and N—H in addition to C=N were also found in the
spectrum of the immobilized enzyme. The conclusion can be
drawn from the FTIR analysis that the free pectinase was
successfully immobilized onto the cationic PS resin.

2.2.2. Confocal Laser Scanning Microscopy Analysis. The
thiocarbamide of isothiocyanate can react with the amine
group of the enzyme protein forming a fluorescent complex. As
shown in Figure 5, the green fluorescence around the PS resin
microsphere surface was distinctly found after fluorescence
staining with isothiocyanate. This illustrates that the pectinase
was successfully immobilized onto the surface of the PS resin.

Figure S. Confocal laser scanning microscopy (CLSM) images of
immobilized pectinase.

Furthermore, it can also be found that the pectinase was
uniformly distributed on the surface of the PS resin through
the fluorescence intensity.

2.2.3. Effect of pH on Free and Immobilized Pectinase.
The effect of pH on the relative activity of free and
immobilized enzymes was assayed in the range of pH from
5.0 to 9.0. As shown in Figure 6, it was found that the optimum
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Figure 6. Effect of pH on the relative activity of free and immobilized
pectinase.

pH for free pectinase was 8.0. However, the cross-linked
pectinase showed an optimum pH of 8.5. Afterward, the
relative activity of both pectinases showed a gradual decreasing
trend. The relative activity of the immobilized enzyme was also
higher than that of the free enzyme at higher pH values,
suggesting that the immobilized enzyme has good alkaline
resistance. The slight change in the optimum pH of the
immobilized enzyme through cross-linking has been also
observed.””** The results may be attributed to the micro-
environmental phenomenon that the pectinase was bound to a
polycation support.”*

2.2.4. Effect of Temperature on Free and Immobilized
Pectinase. As shown in Figure 7, the optimum temperature for
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Figure 7. Effect of temperature on the relative activity of free and
immobilized pectinase.

free pectinase and immobilized pectinase was 45 and 60 °C,
respectively. The increased temperature generally induces an
increased rate of enzymatic reactions. However, when the
temperature exceeds a certain value, the protein would
denature and subsequently decrease the reaction rate and the
enzyme activity. These results suggest that the immobilized
pectinase had improved activity at higher temperatures. This
finding is considerably significant because it implies that the
immobilized enzyme can be utilized under high-temperature
conditions.
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2.2.5. Calculation of Kinetic Parameters. The kinetic
parameters of free and immobilized pectinase were calculated
from the Michaelis—Menten equation. The Michaelis—Menten
constant K| usually reflects the effective characteristics of the
enzyme and is affected by both the partitioning and diffusional
effects.”*”* In the current investigation, it is found that the K,
value of the immobilized enzyme increased from 1.95 to 5.36
mM in respect of the free form. Similar results were obtained
in the study by Lei and Bi, in which the pectinase was
successfully immobilized onto the amphiphilic block copoly-
mer poly(styrene-b-acrylic acid).”* The increased K, value
indicates that the affinity of immobilized pectinase for its
substrate was lower than that of free pectinase. This may be
induced by the substrate diffusional limits, steric hindrance of
the active sites by the support and GA, or the loss of pectinase
flexibility necessary for substrate binding.”**’

2.3. Storage Stability and Reusability of Immobilized
Pectinase. Storage stability is very important for enzymes in
practical applications. The enzyme is usually not stable when it
is stored in a free form which is expressed as the decrease of
the retained activity. As shown in Figure 8, the relative enzyme
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Figure 8. Storage stability of free and immobilized pectinase.

activity of both free and immobilized enzymes decreased with
the increase of storage time. The relative activity of the free
enzyme reduced more than that of the immobilized enzyme
after 7 days of storage at 25 °C and optimal storage pH. The
immobilized enzyme retained more than 70% activity
compared to 37% of the free enzyme after 15 days of storage
at 25 °C. The result suggests that the immobilization protocol
used in the current study can improve the enzymatic
endurance of high temperatures. Similar results were also
observed by a previous study, in which the pectinase was
immobilized onto an amphiphilic block copolymer poly-
(styrene-b-acrylic acid) and stored at 4 and 25 °C.”* However,
a lower enzymatic activity was observed at the high storage
temperature of 25 °C in respect of the storage temperature of 4
°C.

As is well known, it is difficult for traditional free enzymes to
carry out continuous operation in industrial practice. The
reusability of the immobilized enzyme is very significant in the
economic aspect and gives the immobilized enzyme more
advantage than its free form. The residual activity of
immobilized pectinase after seven cycles is illustrated in Figure
9. It was observed that the immobilized enzyme retained more
than 54% of the original activity after the sixth cycle. The
decrease of the relative enzyme activity after recycling may be
due to the direct weak interactions between the enzyme and
the cationic PS resin through the adsorption mechanism, so
that some of the adsorbed pectinase was released during the

120 -
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60 -

40

Relative activity (%)

20 A

Cycle number

Figure 9. Reusability of immobilized pectinase.

washing procedure.”®™*" Besides, the cross-linked pectinase
may also be released during the washing procedure.

3. CONCLUSIONS

Immobilized enzymes have some advantages compared to free
enzymes in industrial practice. The PS resin with high
cationization was utilized as beads for immobilizing pectinase
via cross-linking GA. The large amount of cationic amine
groups within the PS resin provided more cross-linking sites
and thereby led to an increase in the activity of immobilized
pectinase. The immobilized pectinase was found to be more
tolerant to conditions of a higher pH and temperature. An
improvement of the storage stability and reusability was found
compared to the free form. The results show the practical
significance of using the immobilized pectinase due to the large
particle size and high strength of the PS resin.

4. MATERIALS AND METHODS

4.1. Materials. Pectinase (liquid, activity of 55 U/mL) was
provided by KDN Biotech Co., Ltd., Shanghai, China. The
cationic PS resin (average particle size, about 300 yum; specific
surface area, 16 m?/ g and content of free amine group, 2.7
mmol/g) was prepared in the laboratory through ATRP.
Analytical grade GA (1.0 wt %), pectin, phenol, anhydrous
sodium sulfate, potassium sodium tartrate, 3,5-dinitrosalicylic
acid (DNS), and p-galacturonic acid were purchased from
Innochem Co., Ltd., China.

4.2. Immobilization of Pectinase onto a Cationic PS
Resin. 0.1 g of cationic PS resin was added to 10 mL of GA
solution with different concentrations. The cross-linking
reaction between the cationic PS resin and GA was continued
for 3 h at the stirring rate of 120 rpm and 30 °C. Thereafter,
the cationic PS resin cross-linked with GA was washed with
ultrapure water to remove the excess GA. Immobilization of
pectinase on the cationic PS resin was subsequently conducted
as follows: 5 mL of free pectinase was mixed enough with the
cationic PS resin loaded with GA, and the cross-linking
reaction was continued for different times at different
temperatures at a stirring rate of 120 rpm. Finally, the PS
resin immobilized with pectinase was washed with ultrapure
water and filtered to remove unbound pectinase.

4.3. Activity Assay for Free and Immobilized
Pectinase. The activity of free/immobilized pectinase was
determined by measuring the amount of p-galacturonic acid
liberated from citrus pectin. 1 mL of free pectinase or 0.1 g of
immobilized pectinase was added to the reaction mixture
containing S mL 0.5% (w/v) pectin and 4 mL phosphate
buffer, 0.2 mol/L with pH 8.0 or pH 8.5. The reaction mixture
was incubated for 30 min under optimized conditions. One
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unit (1 U) of enzyme activity is expressed as the amount of
enzyme required to release 1 ymol of galacturonic acid per min
per milliliter or per gram under the assay conditions, as
quantified by the DNS method at 520 nm.*"**

4.4, Optimization of the pH and Temperature of Free
and Immobilized Pectinase. The activity was assayed
according to Section 4.3 at an optimum temperature in the
buffer with different pH values in order to optimize the pH. To
optimize the temperature, the activity was assayed according to
Section 4.3 at different temperatures in the buffer with an
optimum pH value. The relative activity is defined as the ratio
of the retained activity to the maximal activity of the enzyme.

4.5. Determination of Kinetic Parameters. Kinetic
parameters of free and immobilized pectinase were determined
through reaction with different concentrations of pectin (2.5—
20 and 5—25 g/L) at optimum pH values and temperatures.
The Michaelis—Menten constant (K,) values of free and
immobilized enzymes were calculated using the double
reciprocal plot of Lineweaver—Burk plots according to the
Michaelis—Menten equation.*

4.6. Storage Stability of Free and Immobilized
Pectinase. The storage stability of free and immobilized
pectinase was investigated by determining the relative activity
periodically. Both the enzyme preparations were stored at 25
°C for 30 days. The relative enzyme activity is expressed as the
ratio of the retained activity with respect to the activity of the
first day.

4.7. Reusability of Immobilized Pectinase. In order to
assess the reusability, the immobilized pectinase was utilized to
hydrolyze pectin in the buffer. The conditions used were the
same as those used for the pectinase activity assay. The
immobilized pectinase was washed with buffer and filtered after
each cycle. The relative enzyme activity is expressed as the
ratio of the retained activity after each cycle to the activity of
the original immobilized enzyme.

4.8. Characterization of the Cationic PS Resin and
Free and Immobilized Pectinase. The solution of free
enzyme was first freeze-dried. All the samples of freeze-dried
free enzyme, cationic PS resin, and immobilized enzyme were
vacuum-dried at 40 °C for 24 h. Thereafter, the dried samples
were each crushed with potassium bromide to obtain a fine
powder. Then, the chemical characterization of all the samples
was performed via FTIR spectroscopy using a Bruker VERTEX
80 spectrometer (Saarbriicken, Germany).

The PS resin immobilized with pectinase was first
fluorescent stained with fluorescein isothiocyanate at 37 °C
for 30 min. Then, the resin microspheres were washed with
deionized water three times. Finally, the resin sample was
suspended in 1 mL deionized water and used for CLSM
observation. The excitation wavelength was 488 nm, and the
wavelength range of received light was 500—600 nm.

B AUTHOR INFORMATION

Corresponding Author
Qingxian Miao — College of Material Engineering, Fujian
Agriculture and Forestry University, Fuzhou 350002, China;
State Key Laboratory of Biobased Material and Green
Papermaking, Qilu University of Technology, Shandong
Academy of Sciences, Jinan 250353, China; ® orcid.org/
0000-0001-7204-1168; Email: miaoqingxian@163.com

Authors

Chen Zhang — College of Material Engineering, Fujian
Agriculture and Forestry University, Fuzhou 350002, China

Shuai Zhou — College of Material Engineering, Fujian
Agriculture and Forestry University, Fuzhou 350002, China

Lingchao Meng — College of Material Engineering, Fujian
Agriculture and Forestry University, Fuzhou 350002, China

Liulian Huang — College of Material Engineering, Fujian
Agriculture and Forestry University, Fuzhou 350002, China

Yonghao Ni — College of Material Engineering, Fujian
Agriculture and Forestry University, Fuzhou 350002, China;
Limerick Pulp and Paper Centre, Department of Chemical
Engineering, University of New Brunswick, Fredericton, New
Brunswick E3B 5A3, Canada; © orcid.org/0000-0001-
6107-6672

Libui Chen — College of Material Engineering, Fujian
Agriculture and Forestry University, Fuzhou 350002, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c04374

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors are very grateful for the financial support from the
National Natural Science Foundation of China (grant no.
31770633), a Foundation of State Key Laboratory of Biobased
Material and Green Papermaking (grant no. KF201813), Qilu
University of Technology, and Shandong Academy of Sciences.

B REFERENCES

(1) Sheldon, R. A.; van Rantwijk, F. Biocatalysis for sustainable
organic synthesis. Aust. . Chem. 2004, 57, 281—289.

(2) Hoondal, G. S.; Tiwari, R. P.; Tewari, R.; Dahiya, N.; Beg, Q. K.
Microbial alkaline pectinases and their industrial applications: a
review. Appl. Microbiol. Biotechnol. 2002, 59, 409—418.

(3) Es, L; Vieira, J. D. G.; Amaral, A. C. Principles, techniques, and
applications of biocatalyst immobilization for industrial application.
Appl. Microbiol. Biotechnol. 2015, 99, 2065—2082.

(4) Inanan, T.; Tizmen, N.; Karipcin, F. Oxime-functionalized
cryogel disks for catalase immobilization. Int. J. Biol. Macromol. 2018,
114, 812—820.

(5) Gan, J; Bagheri, A. R; Aramesh, N,; Gul, I; Franco, M,;
Almulaiky, Y. Q,; Bilal, M. Covalent organic frameworks as emerging
host platforms for enzyme immobilization and robust biocatalysis-A
review. Int. J. Biol. Macromol. 2021, 167, 502—515.

(6) Sheldon, R. A. Enzyme immobilization: the quest for optimum
performance. Adv. Synth. Catal. 2007, 349, 1289—1307.

(7) Quiocho, F. A, Richards, F. M. The enzymic behavior of
carboxypeptidase-A in the solid state. Biochemistry 1966, S, 4062—
4076.

(8) Damink, L. H. H. O.; Dijkstra, P. J.; Van Luyn, M. J. A; Van
Wachem, P. B,; Nieuwenhuis, P.; Feijen, J. Glutaraldehyde as a
crosslinking agent for collagen-based biomaterials. J. Mater. Sci.:
Mater. Med. 1995, 6, 460—472.

(9) Katchalski-Katzir, E.; Kraemer, D. M. Eupergit C, a carrier for
immobilization of enzymes of industrial potential. J. Mol. Catal. B:
Enzym. 2000, 10, 157—176.

(10) Karboune, S.; Archelas, A.; Furstoss, R.; Baratti, ].
Immobilization of epoxide hydrolase from Aspergillus niger onto
DEAE-cellulose: Enzymatic properties and application for the
enantioselective resolution of a racemic epoxide. J. Mol. Catal. B:
Enzym. 2008, 32, 175—183.

(11) Petri, A.; Marconcini, P.; Salvadori, P. Efficient immobilization
of epoxide hydrolase onto silica gel and use in the enantioselective

31687 https://doi.org/10.1021/acsomega.1c04374
ACS Omega 2021, 6, 31683—-31688


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qingxian+Miao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7204-1168
https://orcid.org/0000-0001-7204-1168
mailto:miaoqingxian@163.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chen+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuai+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lingchao+Meng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liulian+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yonghao+Ni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6107-6672
https://orcid.org/0000-0001-6107-6672
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lihui+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04374?ref=pdf
https://doi.org/10.1071/ch03291
https://doi.org/10.1071/ch03291
https://doi.org/10.1007/s00253-002-1061-1
https://doi.org/10.1007/s00253-002-1061-1
https://doi.org/10.1007/s00253-015-6390-y
https://doi.org/10.1007/s00253-015-6390-y
https://doi.org/10.1016/j.ijbiomac.2018.04.006
https://doi.org/10.1016/j.ijbiomac.2018.04.006
https://doi.org/10.1016/j.ijbiomac.2020.12.002
https://doi.org/10.1016/j.ijbiomac.2020.12.002
https://doi.org/10.1016/j.ijbiomac.2020.12.002
https://doi.org/10.1002/adsc.200700082
https://doi.org/10.1002/adsc.200700082
https://doi.org/10.1021/bi00876a041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00876a041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/bf00123371
https://doi.org/10.1007/bf00123371
https://doi.org/10.1016/s1381-1177(00)00124-7
https://doi.org/10.1016/s1381-1177(00)00124-7
https://doi.org/10.1016/j.molcatb.2004.11.001
https://doi.org/10.1016/j.molcatb.2004.11.001
https://doi.org/10.1016/j.molcatb.2004.11.001
https://doi.org/10.1016/j.molcatb.2004.12.001
https://doi.org/10.1016/j.molcatb.2004.12.001
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

hydrolysis of racemic para-nitrostyrene oxide. J. Mol. Catal. B: Enzym.
2008, 32, 219—-224.

(12) Diaz, J. F.; Balkus, K. J. Enzyme immobilization in MCM-41
molecular sieve. J. Mol. Catal. B: Enzym. 1996, 2, 115—126.

(13) Alshawafi, W. M.; Aldhahri, M.; Almulaiky, Y. Q.; Salah, N.;
Moselhy, S. S.; Ibrahim, I. H.; El-Shishtawy, R. M.; Mohamed, S. A.
Immobilization of horseradish peroxidase on PMMA nanofibers
incorporated with nanodiamond. Artif. Cells, Nanomed.,, Biotechnol.
2018, 46, S973—S981.

(14) Mohamed, S. A.; Al-Harbi, M. H.; Almulaiky, Y. Q.; Ibrahim, 1.
H.; El-Shishtawy, R. M. Immobilization of horseradish peroxidase on
Fe;O, magnetic nanoparticles. Electron. J. Biotechnol. 2017, 27, 84—90.

(15) Abdulaal, W. H.; Almulaiky, Y. Q.; El-Shishtawy, R. M.
Encapsulation of HRP enzyme onto a magnetic FeO Np-PMMA film
via casting with sustainable biocatalytic activity. Catalysts 2020, 10,
181.

(16) Aldhahri, M.; Almulaiky, Y. Q.; El-Shishtawy, R. M, Al-
Shawafi, W. M,; Salah, N.; Alshahrie, A.; Alzahrani, H. A. H. Ultra-
thin 2D CuO nanosheet for HRP immobilization supported by
encapsulation in a polymer matrix: characterization and dye
degradation. Catal. Lett. 2021, 151, 232—246.

(17) Almulaiky, Y. Q.; Al-Harbi, S. A. Preparation of a calcium
alginate-coated polypyrrole/silver nanocomposite for site-specific
immobilization of polygalacturonase with high reusablility and
enhanced stability. Catal. Lett. 2021, 1-35.

(18) Almulaiky, Y. Q.; Khalil, N. M.; El-Shishtawy, R. M.; Altalhi, T.;
Algamal, Y.; Aldhahri, M.; Al-Harbi, S. A,; Allehyani, E. S.; Bilal, M,;
Mohammed, M. M. Hydroxyapatite-decorated ZrO2 for a-amylase
immobilization: Toward the enhancement of enzyme stability and
reusability. Int. J. Biol. Macromol. 2021, 167, 299—308.

(19) Li, B,; Chen, Y.; Chen, X; Liu, D.; Niu, H.; Xiong, J.; Wu, J;
Xie, J.; Bai, J.; Ying, H. A novel immobilization method for nuclease P
1 on macroporous absorbent resin with glutaraldehyde cross-linking
and determination of its properties. Process Biochem. 2012, 47, 665—
670.

(20) Li, B. B,; Chen, Y.; Cao, Z.; Niu, H. Q.; Liu, D.; He, Y.; Chen,
X. C; Wu, J. L;; Xie, J. J.; Zhuang, W.; Ying, H. J. Reversible, selective
immobilization of nuclease Plfrom a crude enzyme solution on a
weak base anion resin activated by polyethylenimine. J. Mol. Catal. B:
Enzym. 2014, 101, 92—100.

(21) Liu, K; Zhao, G.; He, B.; Chen, L.; Huang, L. Immobilization
of pectinase and lipase on macroporous resin coated with chitosan for
treatment of whitewater from papermaking. Bioresour. Technol. 2012,
123, 616—619.

(22) Martino, A; Pifferi, P. G.; Spagna, G. Immobilization of j-
glucosidase from a commercial preparation. Part 2. optimization of
the immobilization process on chitosan. Process Biochem. 1996, 31,
287-293.

(23) Almulaiky, Y. Q.; El-Shishtawy, R. M.; Aldhahri, M.; Mohamed,
S. A; Afifi, M,; Abdulaal, W. H.; Mahyoub, J. A. Amidrazone modified
acrylic fabric activated with cyanuric chloride: A novel and efficient
support for horseradish peroxidase immobilization and phenol
removal. Int. J. Biol. Macromol. 2019, 140, 949—958.

(24) Lei, Z; Bi, S. Preparation and properties of immobilized
pectinase onto the amphiphilic PS-b-PAA deblock copolymers. J.
Biotechnol. 2007, 128, 112—119.

(25) Liy, J.-F; Liu, H.; Tan, B,; Chen, Y.-H.; Yang, R.-J. Reversible
immobilization of K. fragilis B-galactosidase onto magnetic poly-
ethylenimine-grafted nanospheres for synthesis of galacto-oligosac-
charide. J. Mol. Catal. B: Enzym. 2012, 82, 64—70.

(26) Ortega, N.; Perez-Mateos, M.; Pilar, M. C; Busto, M. D.
Neutrase immobilization on alginate-glutaraldehyde beads by covalent
attachment. J. Agric. Food Chem. 2009, 57, 109—115.

(27) Pal, A.; Khanum, F. Covalent immobilization of xylanase on the
surface of alginate-glutaraldehyde beads decrease the “catalytic
efficiency” but provides “low temperature stabilization” effect. Process
Biochem. 2011, 46, 1315—1322.

(28) Arica, M. Y,; Bayramoglu, G. B. Invertase reversibly
immobilized onto polyethylenimine- grafted poly(GMA—MMA)

31688

beads for sucrose hydrolysis. J. Mol Catal. B: Enzym. 2006, 38,
131-138.

(29) Olson, A. C.; Stanley, W. L. Lactase and other enzymes bound
to a phenol-formaldehyde resin with glutaraldehyde. J. Agric. Food
Chem. 1973, 21, 440—445.

(30) Sheldon, R. A. Enzyme immobilization: the quest for optimum
performance. Adv. Synth. Catal. 2007, 349, 1289—1307.

(31) Miller, G. L. Use of dinitrosalicylic acid reagent for
determination of reducing sugar. Anal. Chem. 1959, 31, 426—428.

(32) Wu, R;; He, B,; Zhang, B,; Zhao, G.; Li, J.; Li, X. Preparation of
immobilized pectinase on regenerated cellulose beads for removing
anionic trash in whitewater from papermaking. J. Chem. Technol.
Biotechnol. 2014, 89, 1103—1109.

(33) Kumar, S; Haq, L; Prakash, J; Raj, A. Improved enzyme
properties upon glutaraldehyde cross-linking of alginate entrapped
xylanase from Bacillus licheniformis. Int. J. Biol. Macromol. 2017, 98,
24-33.

https://doi.org/10.1021/acsomega.1c04374
ACS Omega 2021, 6, 31683—-31688


https://doi.org/10.1016/j.molcatb.2004.12.001
https://doi.org/10.1016/s1381-1177(96)00017-3
https://doi.org/10.1016/s1381-1177(96)00017-3
https://doi.org/10.1080/21691401.2018.1522321
https://doi.org/10.1080/21691401.2018.1522321
https://doi.org/10.1016/j.ejbt.2017.03.010
https://doi.org/10.1016/j.ejbt.2017.03.010
https://doi.org/10.3390/catal10020181
https://doi.org/10.3390/catal10020181
https://doi.org/10.1007/s10562-020-03289-7
https://doi.org/10.1007/s10562-020-03289-7
https://doi.org/10.1007/s10562-020-03289-7
https://doi.org/10.1007/s10562-020-03289-7
https://doi.org/10.1007/s10562-021-03631-7
https://doi.org/10.1007/s10562-021-03631-7
https://doi.org/10.1007/s10562-021-03631-7
https://doi.org/10.1007/s10562-021-03631-7
https://doi.org/10.1016/j.ijbiomac.2020.11.150
https://doi.org/10.1016/j.ijbiomac.2020.11.150
https://doi.org/10.1016/j.ijbiomac.2020.11.150
https://doi.org/10.1016/j.procbio.2012.01.008
https://doi.org/10.1016/j.procbio.2012.01.008
https://doi.org/10.1016/j.procbio.2012.01.008
https://doi.org/10.1016/j.molcatb.2013.12.021
https://doi.org/10.1016/j.molcatb.2013.12.021
https://doi.org/10.1016/j.molcatb.2013.12.021
https://doi.org/10.1016/j.biortech.2012.07.074
https://doi.org/10.1016/j.biortech.2012.07.074
https://doi.org/10.1016/j.biortech.2012.07.074
https://doi.org/10.1016/0032-9592(95)00066-6
https://doi.org/10.1016/0032-9592(95)00066-6
https://doi.org/10.1016/0032-9592(95)00066-6
https://doi.org/10.1016/j.ijbiomac.2019.08.179
https://doi.org/10.1016/j.ijbiomac.2019.08.179
https://doi.org/10.1016/j.ijbiomac.2019.08.179
https://doi.org/10.1016/j.ijbiomac.2019.08.179
https://doi.org/10.1016/j.jbiotec.2006.09.002
https://doi.org/10.1016/j.jbiotec.2006.09.002
https://doi.org/10.1016/j.molcatb.2012.06.001
https://doi.org/10.1016/j.molcatb.2012.06.001
https://doi.org/10.1016/j.molcatb.2012.06.001
https://doi.org/10.1016/j.molcatb.2012.06.001
https://doi.org/10.1021/jf8015738?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf8015738?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.procbio.2011.02.024
https://doi.org/10.1016/j.procbio.2011.02.024
https://doi.org/10.1016/j.procbio.2011.02.024
https://doi.org/10.1016/j.molcatb.2005.12.006
https://doi.org/10.1016/j.molcatb.2005.12.006
https://doi.org/10.1016/j.molcatb.2005.12.006
https://doi.org/10.1021/jf60187a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf60187a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.200700082
https://doi.org/10.1002/adsc.200700082
https://doi.org/10.1021/ac60147a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac60147a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jctb.4223
https://doi.org/10.1002/jctb.4223
https://doi.org/10.1002/jctb.4223
https://doi.org/10.1016/j.ijbiomac.2017.01.104
https://doi.org/10.1016/j.ijbiomac.2017.01.104
https://doi.org/10.1016/j.ijbiomac.2017.01.104
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

