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immobilized on modified PAN-beads
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In the present work, horseradish peroxidase (HRP) is utilized to be immobilized onto polyacrylonitrile based
beads (PAN-beads) for decolorization of Color Index (C. I.) Acid Orange 20 (AO20) in aqueous solution.
Sodium hydroxide and hydrochloric acid were used to treat PAN-beads to obtain carboxyl groups,
followed by being modified with ethanediamine to get more amino groups, and then were activated with
glutaraldehyde. The enzyme was immobilized onto the activated beads by covalent crosslinking.
Optimum factors for decolorization of AO20 were investigated both on free horseradish peroxidase (F-
HRP) and immobilized horseradish peroxidase (I-HRP), including pH values, H,O, amount, enzyme
amount, temperature and so on. Under optimum conditions, percent decolorization was about 90% or
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compared to |I-HRP, but reusability experiments clarified that I-HRP was cost-efficient as about 90%
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1. Introduction

In 1857, W. H. Perkin invented the first synthetic dye called
mauveine and put it into industrial production. Since then
more and more synthetic dyes have appeared and have been
widely used in industrial production sectors, such as textiles,
paper, plastics, printing, leather, cosmetics, pharmaceuticals,
and petrochemicals. But the wide usage of the various kinds of
dyes in industries has led to discharging effluents containing
dyes, rich in complex aromatic structures into the environment.
There are more than 10° kinds of commercially available dyes
with over 8 x 10° metric tons of dye stuff leaked and discharged
to industrial effluents,' and nearly half of these are azoic dyes.>
The dyes are hardly degraded in the environment because
oxidizing reagents, light and water can't damage their chemical
structure. The chemical structure is characterized by the azo
group N=N which is a chromophore, associated with an aux-
ochrome such as amine or hydroxyl groups. In natural degra-
dation processes, microorganisms decolor azo dyes by reductive
cleavage of azo bond under anaerobic conditions, leading to the
formation of mutagenic aromatic amines, and these
compounds become contaminants.>** When dye-containing
effluents are released into the water bodies, dyes are visible
pollutants at concentration of 0.005 mg L™, and the passage of
light decreases along with increasing the chemical oxygen
demand (COD). The azo dyes in the environment are toxic and
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was utilized to assess cytotoxicity of metabolites, and the result was acceptable.

potential carcinogens.? Considering the harm to humans’
health and environment, how to remove the synthetic dyes is
always an important challenge and many researchers have re-
ported their attempts, for example, Li and his co-workers used
activated carbon as absorbent to adsorb Acid Orange 7 ° and
Gokee et al. found the O;-H,0,-UV process could dispose the
wastewater of reactive dyeing of cotton fabric efficiently.*
Though physical and chemical methods have been employed in
many studies,”™* they have some noticeable weaknesses, for
instance, physical methods for color removal can't completely
dispel recalcitrant azo dyes so it needs subsequent disposal,
and chemical methods can degrade dyes but it needs to add
other reagents which may be produce secondary pollution. As
for activated sludge methods, it's not effective for dye
removal.**¢

Based on the situation above, enzyme-based methods are
more advantageous, which produce lower toxicity and make
minimal impact on ecosystem. In addition, during enzyme-
based treatment process there is not need high energy
requirements, difficult process control and rigorous pH,
temperature and ionic strength conditions. It is sufficient to use
enzyme-based treatments alone as the toxic compounds can be
transformed to less harmful compounds that means complete
degradation is not necessary."”>°

It is crucial to find a proper enzyme to degrade the dyes. It is
reported that peroxidases and laccases from plants or fungi
have the ability to oxidize dyes.**** Heme-containing peroxi-
dases possess similar amino acid sequences and similar cata-
Iytic activities, but are slightly different in subsequent reaction
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products and substrate specificities.>* In the terms of decoloring
or degrading the dyes, laccases and horseradish peroxidase
have been extensively studied.>>*

Horseradish peroxidase (HRP, EC 1.11.1.7) is an efficient,
environmentally friendly and widely-researched biocatalyst-
enzyme, which mainly exists in the roots of horseradish
plants. HRP is a monomeric heme-obtaining glycoprotein (44
kDa) having approximately 18% N-linked oligosaccharides with
function of two Ca®* ions to maintain enzyme conformation.?**
In the presence of HRP, hydrogen peroxide (H,O,) can oxidize
aromatic compounds or azo dyes without high temperature or
harsh chemical conditions. It has been proved by many
researchers that phenolic compounds and textile dyes can be
degraded or decolored by peroxidase, which has shown that
HRP plays an important role in the removal of aqueous phenols
and dyes.**”** Compared to another effective biocatalyst-laccase
(benzenediol: oxygen oxidoreductase, EC 1.10.3.2), HRP is more
economical to produce, inactivates slowly, or acts on a wider
variety of substrates.

Though enzyme-catalyzed process has more advantages in
terms of handling effluents containing dyes, free enzymes have
drawbacks of low stability, low production yield and unreus-
ability.** Immobilized enzymes on solid supports could over-
come the limits above, which is capable of reusing immobilized
enzymes and, as a result, reduces the overall cost of enzymatic
waste.*”*® Immobilizing enzymes has many techniques, such as
entrapment, encapsulation, self-immobilization and covalent
binding of enzymes to solid support and so on, where covalent
cross-linking gives enzyme more rigid structure and reduces
protein unfolding, consequently makes enzymes significantly
more stable.’” Polyacrylonitrile (PAN) are widely used as sup-
porting materials of enzymes because of its good mechanical
stability and its active nitrile groups. Different PAN modifica-
tions can be used to improve its properties as catalyst supports.

Our work was designed to immobilize horseradish peroxi-
dase by covalent cross-linking with glutaraldehyde on poly-
acrylonitrile beads followed by the application of immobilized
HRP for the elimination of AO20 from waste water. To establish
an optimal operational process, some variables (pH, H,O,,
contact time, temperature, dye concentration) involved in the
oxidative process to remove AO20 from wastewater as well as the
reusability experiment was evaluated particularly. The enzyme
kinetic parameters (K, and Vy,,,) on the applied AO20 were also
calculated. In addition, the toxicity of HRP-treated samples was
evaluated using MTT cytotoxicity assay. MTT is the abbreviation
of methylthiazolyldiphenyl-tetrazolium bromide, and the suc-
cino dehydrogenase in mitochondria of living cells can make
exogenous MTT reduced to insoluable violet crystal - formazan.

2. Experimental
2.1 Materials and reagents

Polyacrylonitrile (PAN) was purchased from Heowns Biochem
Technologies LLC, China. C. I. Acid Orange (shown in Table 1),
hydrogen peroxide (H,0,), sodium hydroxide (NaOH), hydro-
chloric acid (HCI), phosphoric acid (H;PO,), ethylenediamine,
N,N-dimethylformamide (DMF), glutaraldehyde, guaiacol,
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coomassie brilliant blue G-250, ethanol, sodium dihydrogen
phosphate and disodium hydrogen phosphate were all obtained
from Sinopharm Chemical Reagents CO., Ltd. Horseradish
peroxidase (HRP) ((EC 1.11.1.7), >300 U mg ') and bovine
serum albumin (BSA) were purchased from Shanghai SANGON
Biological Engineering Co., Ltd, China. The aforementioned
chemicals were of analytical grade and were used without
further purification during follow-up study. Solutions were
confected with distilled water (prepared by Fuzhou University).
In this experiment, AO20 buffer solution was used to simulate
industrial wastewater containing an azo dye.

2.2 Preparation of PAN-based beads

The preparation of PAN-based beads was performed as follows.
2 g polyacrylonitrile was dissolved in 23 g DMF and was kept in
constant mechanical stirring until the solution became
a homogenous gel. The PAN-based beads were prepared by one-
step extrusion similar to that described by Nigma.** With the
help of a peristaltic pump, the homogenous gel was dropped
through a silicon tube into a beaker containing 200 mL of
distilled water. 10 cm dropping height was chose to avoid the
droplets sticking together and trailing. The obtained PAN-based
beads were spherical beads with the same size, and the diam-
eter of beads was about 3 mm. Then these beads were washed
three times using distilled water. Afterwards the PAN-beads
were filtrated and stored in the phosphate buffer (pH 7.4)
under 4 °C for further utilization.

2.3 Modifications of PAN-beads

This step of the modifications of PAN-based beads was aimed to
transform the nitrile group in PAN into amino or introduce
amino groups so that these PAN-based beads could crosslinked
with glutaraldehyde. Firstly, these beads were immersed in 100
mL of 12% (w) NaOH aqueous solution for 1 h at 50 °C, and the
nitrile groups in PAN were transformed into sodium carboxylate
groups. Secondly, they were washed with deionized water and
placed in 1 mol L™ HCI aqueous solution at room temperature
for 2 h,* and the sodium carboxylate groups were transformed
into carboxylic groups. Thirdly, the beads were immersed in
10% (v/v) solution of ethylenediamine for 1 h at room temper-
ature, a large number of amino groups were introduced and
C=N was formed at the moment. Lastly, the obtained beads
were washed thoroughly with deionized water to remove the
unreacted ethylenediamine and then rinsed with phosphate
buffer.

2.4 Glutaraldehyde activation and horseradish peroxidase
immobilization

The modified beads were immersed in 10% (v/v) solution of
glutaraldehyde for 60 min at 4 °C. Then, the beads were thor-
oughly washed with distilled water and phosphate buffer. After
that the beads were kept in the solution of horseradish perox-
idase (1 mg mL ") for 24 h at 4 °C. Finally, the resulting beads
were washed with distilled water thoroughly once again. After
immobilization, the color of the initial white beads were turned
into brownish red, but almost no changes in the sizes of the
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Table 1 Characteristics of C. |. Acid Orange 20
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Properties Value
Molecular formula C,6H11N,NaO,S
CAS 523-44-4
N=——=N
o
Molecular structure | |
O—-S8
Na’ | |
e} OH
Molecular weight 350.32
Chromophore Diazo
Amax 488 nm

beads. The immobilized beads were stored in phosphate buffer
(0.1 M, pH 7.0) at 4 °C.

2.5 Characterization of the beads

2.5.1 Scanning electron microscopy (SEM). Before scan-
ning the initial/immobilized beads were dried and sputter-
coated with nanogold under vacuum for electrical conduc-
tivity. SEM was applied to characterise the surface morphology
of initial/modified/immobilized beads, and the changes on the
surface of PAN-beads were observed clearly.

2.5.2 Energy dispersive spectrometer (EDS). SEM-EDS is
one of the most widely used microscopic analysis instrument.
On the basis of SEM, by combination with EDS, microchemical-
analysis of the two kinds of beads was performed.

2.5.3 Fourier transform infrared spectroscopy-attenuated
total reflection spectra (FTIR-ATR). FTIR was conducted to
characterize the surface chemical groups of the initial/
modified/immobilized beads.* FTIR-ATR was recorded using
an attenuated total reflectance technique with a spectrometer in

the range of 4000-400 cm ™.

2.6 Measuring methods of protein loading and horseradish
peroxidase activity

The total amount of protein bound with the modified beads was
determined by the method of Coomassie light blue staining
assay (also called Bradford assay).”> The amount of immobilized
enzyme were obtained by subtracting the amount of enzyme
determined in the residual solutions and washings from the
total amount of protein. The tested solution was determined at
595 nm. A calibration curve was obtained using BSA as
a standard.*

The activity of HRP denoted as the decomposition rate of
H,0, by HRP, with guaiacol as hydrogen donor, was determined
colorimetrically by measuring the rate of color development at
470 nm and at 25 °C.* In this assay, HRP needed to be dissolved
in 0.1 M sodium phosphate buffer at pH 6.0. The reaction
mixture was prepared as follows: 0.1 M sodium phosphate buffer
(pH 6.0) was placed in a 50 mL beaker, adding 28 uL guaiacol,
and stirred on the heated magnetic stirrer until guaiacol was
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completely dissolved. When the before-mentioned solution
cooled, 19 pL 30% (v/v) H,O, was added and mixed uniformly
and then stored in the refrigerator. When measuring the absor-
bance, 3 mL reaction mixture and 1 mL HRP solution (1 mL 0.1 M
sodium phosphate buffer (pH 6.0) for the control group) would
be mixed together and then measured at 470 nm every 30 s for
5 min. The activity of immobilized HRP was calculated by sub-
tracting the amount of activity determined in the residual solu-
tions and washings from the total amount of activity.

2.7 Optimization of AO20 oxidation by immobilized HRP (I-
HRP) and free HRP (F-HRP)

The assay was conducted to obtain an optimum condition for
the removal of AO20 in aqueous phase using PAN-based
immobilized HRP. Some crucial factors vastly impacted the
removal of AO20: pH value, contact time, the amount of
immobilized HRP, H,0, amount, dye concentration, tempera-
ture. To obtain the optimization of AO20 oxidation by immo-
bilized HRP must obtain the optimum values of above-
mentioned factors. The experiments were carried out equip-
ped with a constant temperature oscillation incubator. The
effects of pH on the dye removal ability of the immobilized and
free enzymes were determined using the pH range 3.0-10.0 at
25 °C, in more detail, the percent dye removal for F-HRP was
determined in buffer solutions of pH 3, 5, 6.5, 7, 7.5, 8,9 and 10,
and the percent dye removal for Il HRP was determined in buffer
solutions of pH 3, 4, 5, 6, 6.5, 7, 8, 9 and 10. The effects of
contact time were determined using the time range 10-150 min
for I'-HRP and the samples were withdrawn every twenty or thirty
minutes, while the time range for F-HRP was 10-100 min and
the samples were tested every ten or twenty minutes. The effects
of H,0, amount for I-HRP and F-HRP were determined using
the range 0.3-1.6 umol with an interval of 0.1 pmol or 0.2 pmol.
The effect of the amount of immobilized enzyme was deter-
mined using the range 0.2-8 mg (10 mg immobilized enzyme
equaled to 1 g PAN-based beads) with an interval of 1 mg, while
the effect of free enzyme dosage was designed to use the range
10-100 ng and the dye removal was determined respectively
when there was 1, 5, 10, 50 and 100 pg free enzyme in the dye
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solution. The effects of the dye concentration on both free and
immobilized enzyme were determined at the range 50-300 mg
L~ with an interval of 50 mg L™ ". The effects of the temperature
were determined at the range 20-40 °C with an interval of 5 °C.
Every obtained optimum value was applied for other tests of
influencing factors and these experiments were conducted in
triplicate.

2.8 The reusability of PAN-based immobilized HRP

The reusability of PAN-based immobilized beads was measured
following the steps below. After each cycle of reaction, the
enzyme immobilized beads were removed and washed with
phosphate buffer (0.1 M, pH 7.0) to remove any residual
substrate adhering to immobilized beads. After that, the
immobilized beads were transferred into fresh dye solution and
percent removal was determined. The percent removal in every
cycle was used to indicate immobilized enzyme activity. All the
experiments were conducted in triplicate.

2.9 Cytotoxicity test

2.9.1 Cell culture. The comparison between the cytotoxicity
of the raw dye solution and that of the solution after enzyme
treatment were tested on L02 (human normal hepatocytes) cell
line obtained from Shanghai Institutes for Biological Sciences
(Chinese Academy of Sciences) and conserved in laboratory at
—80 °C. This kind of cell line was cultivated in Dulbecco's
Modified Eagle's Medium (DMEM). The medium contained 10%
Foetal Bovine Serum (FBS). Penicillin (100 U mL ") and strepto-
mycin (100 pg mL™") was added in the medium as supplement.
Cells were cultivated in a humidified atmosphere of 5% CO, at
37 °C. 300 mg L' dye solution no-treated and treated were
prepared and produced as stock solution used in vitro tests.

2.9.2 MTT assay. Microculture tetrazolium (MTT) assay is
aimed to judge cell cytotoxicity by measuring cell viability. The
cells cultured before were trypsinized and seeded in 96-well
plates at the density of 1 x 10> cells per well respectively and then
subjected to 24 h incubation. After this step, raw and treated
A020 diluted to different concentrations were added in every well
in the plates and the cells were exposed for 2 h. The control cells
received only medium with phosphate buffer (pH 7.4). After that,
100 pL serum-free medium containing 2.5 mg mL~' MTT solu-
tion were added in all the wells followed by incubation for 4 h in
the same conditions of 37 °C and 5% CO, atmosphere. Then 150
L DMSO were added in each well to dissolve the water-insoluble
precipitate, which were blue formazan. The absorbance was
measured at 570 nm using a microplate reader (Tecan Infinite
M200pro) and the relative cell viability (%) was calculated by
([A570)test/[A570)contro1) X 100%. All specimens were placed in six
wells to obtain statistically reliable results and control specimens
were normalized to 100% viable cells.

3. Results and discussion
3.1 Preparation of HRP modified PAN-beads

The preparation of HRP modified PAN-beads were began with
the conversion of the nitrile groups on the surface of the PAN-
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beads to carboxyl groups treated in NaOH solution and HCI
solution and the color of these beads became yellow. Then the
carboxylic PAN-beads were rinsed in ethanediamine solution
and the color became flavescens, which indicated a certain
chemical change on these beads in a way. The aforementioned
PAN-beads were crosslinked in glutaraldehyde solution and
then covalent bound with HRP and the color of these beads
ultimately became brown. The whole process was shown as
Fig. 1.

3.2 Characterization of modified PAN-beads

3.2.1 FTIR-ATR analysis. The surface of the initial beads
have nitrile groups (-CN) which provide modification with
possibility. Those nitrile groups were modified with NaOH and
HCI to form carboxylic group. The modified beads were ami-
nated using ethylenediamine, then activated with glutaralde-
hyde. This kind of cross-linked modified PAN-beads can react
with the amino groups creating imine groups on the surface of
beads. From this mechanism, the horseradish peroxidase was
covalently immobilized on the PAN-based beads.

FT-IR spectra of beads of every stage during immobilization
process were depicted in Fig. 2 to verify the whole changes on
the surface of PAN-beads. Line (a) represents initial beads, the
absorption peak at 2242 cm™ ' is attributed to the stretching
vibrations band of nitrile groups (-CN). The bands at 2934 cm ™"
and 1452 cm ™' are attributed by stretching and bending
vibration bands of methylene (-CH,-) on the bead surface. Line
(b) represents carboxylated PAN formed by using NaOH and HCl
to dispose initial PAN. The peaks at 3129 cm ™" and 1687 cm ™"
can be ascribed to the presence of O-H bond and C=0 bond of
carboxylic acids, and both the two peaks verify the presence of
—COOH. Line (c) is representative of cross-linked PAN-beads
formed by using ethylenediamine and glutaraldehyde to treat
carboxylated PAN. The peak of 3379 cm™' is attributed to
stretching vibrations band of -NH because of reaction with
ethylenediamine on the bead surface. The absorption peak of
1632 cm ™ is ascribed to C=N formed by the reaction between
—CHO and -NH,. Line (d) shows the spectra of immobilization
HRP (I-HRP). Line (d) is similar to line (a), because there is
a same reaction happening between -CHO and -NH, during
this course and it can't testify the presence of HRP obviously, so
undermentioned EDS analysis is to add to prove it.

3.2.2 SEM observation. SEM is usually used to analyse
surface morphology of substance. Fig. 3 showed the results of
the surface morphology of PAN-beads during modification.
Fig. 3a was representative of PAN-beads untreated with chem-
icals, and its surface was rough and irregular. Fig. 3b referred to
crosslinked PAN-beads, which underwent disposal with NaOH,
HC], ethylenediamine and glutaraldehyde successively, and
some parts of the surface were rougher compared to initial PAN-
beads because of erosion while other parts of the surface were
smoother. Fig. 3¢ stood for PAN-beads modified by HRP, and its
surface was smoother than Fig. 3a and b and almost had no
irregularity.

3.2.3 EDS analysis. EDS (Energy Dispersive Spectrometer)
was used to analysis the changes between initial and

RSC Adv., 2017, 7, 18976-18986 | 18979
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Fig. 1 The modification process of PAN-beads.

d/—\\\ ////\; — . N \‘u“v—"\\/,l\\
r 294161 163750145131 loes.17
. 51145131
sadoaa 1065.17
/
c \2935422243.09 !
3379.08 1632.231452.251 1068,

1355.91

/ /_“\!AMW N

Absorbance (%)

[T — e S
b g \/ AL Lo os
3129. 01;)45 30 2243 of 168785 n. = 1207.05

1449.52°4 403 10

W
a 29341 2242-{71663.78(1 455 02 1692 a7

3500 3000 2500 2000 1500 1000

4000 500

wavenumber(cm'1)
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HRP immobilized PAN-beads

immobilized beads in this work. Fig. 4 presents different EDS
spectra of beads.”” The results showed that the element N
increased by approximately 8 wt%, followed by the increase of
element C (less than 7 wt%) in the area of the initial beads in
Fig. 4(A), compared to the enzyme immobilized beads in
Fig. 4(B). Moreover, the EDS indicated that S and Fe elements
were not existed on the initial beads, but it could be noticed the
presence of S and Fe peaks in the enzyme immobilized beads. S
and Fe elements accounted for 0.68 wt% and 0.25 wt%
respectively, which could certify the appearance of horseradish
peroxidase on the beads. These analysis showed that the
horseradish peroxidase was successfully immobilized onto the
beads.

3.3 The amount of HRP onto the activated PAN-beads and
the activity of immobilized beads

The biocatalytic performance was evaluated regarding the
immobilization amount (IA) and relative activity (RA). Eqn (2)
was used to calculate the amount of enzyme immobilized. The
protein standard curve was obtained by Bradford assay and the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 SEM of PAN-beads at different stage (a: SEM of initial PAN-
beads; b: SEM of crosslinked PAN-beads; c: SEM of PAN-beads
modified with HRP).

fitting equation was described as eqn (1), which was used to
count the amount of enzyme in solution. Eqn (3) was used to
count relative activity (RA).

A = 0.0062C + 0.2364 (R* = 0.9996) 1)

where A is absorbance value, C is the concentration of the
protein, and R is fitting correlation coefficient.

IA = enzyme added — enzyme in residual solution — enzyme in
washings (2)

specific activity of immobilized HRP (U m -~
RA((VO) _ p y ( gprmem )

specific activity of free HRP (U mg, ")
% 100 3)
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The results were that IA was 10.0 mg g~ ' and RA was 67%.

3.4 Kinetics parameters of free and immobilized
horseradish peroxidase

To obtain the kinetics parameters of both free and immobilized
enzyme, five kinds of concentrations of dye solution were
employed for our kinetics experiment. The linear parts of their
curves were depicted in Fig. 5 to calculate the kinetics param-
eters. Kinetics parameters of free and immobilized horseradish
peroxidase towards AO20 were elucidated in Table 2. K,,, value of
free horseradish peroxidase was 0.288 mM and that of immo-
bilized horseradish peroxidase was 1.458 mM, which was 5
folds to free horseradish peroxidase. V. of immobilized
horseradish peroxidase was 14.2 uM min~' and that of free
horseradish peroxidase was 89.7 uM min ', which was about 6
folds to immobilized horseradish peroxidase. The higher K,
value of immobilized horseradish peroxidase towards the
applied dye means lower affinity of immobilized horseradish
peroxidase for the applied dye compared to free ones. At the
same time, the lower V,,x value also means lower affinity, cor-
responding with K, value. Some reasons explaining the differ-
ence in behavior of the free and immobilized horseradish
peroxidase are listed here: immobilized enzyme is located in
a quite different microenvironment from that of free enzyme in
the bulk solution. Steric hindrance and diffusional limitation
result in less chance to react with active sites of immobilized
horseradish peroxidase due to the change of enzyme
conformation.

3.5 The optimum conditions to treat C. I. Acid Orange 20
(A0O20) solution

3.5.1 Effect of pH. The effect of pH was investigated on
both free horseradish peroxidase (F-HRP) and immobilized
horseradish peroxidase (I-HRP) for disposal of AO20 solution
when other conditions were at optimal state. For F-HRP, 50 pL
free enzyme were added in 50 mg L ™" AO20 solution containing
1.0 pmol H,0, at 25 °C under agitation 100 rpm for 40 min (the
volume of the whole system was 5 mL). For [-HRP, 0.6 g PAN-
beads were added in 50 mg L™' AO20 solution containing 1.2
umol H,0, at 30 °C under agitation 100 rpm for 90 min (the
volume of the whole system was 5 mL). The pH dependent of
free and immobilized enzyme on disposal of AO20 in the range
of pH from 3 to 10 was studied. The effect of pH on decolor-
ization for both F-HRP (free horseradish peroxidase) and I-HRP
(immobilized horseradish peroxidase) is shown as Fig. 6.

The optimum 89.89% of AO20 decolorization was obtained
with neutral medium (buffer pH 7.0) for F-HRP. Dye removal
efficiency increased from pH 3.0 to 7.0, followed by a decrease
down to about 75% from pH 7.0 to 10.0. The reason could be
that pH 7.0 may provide F-HRP with appropriate environment,
where F-HRP possessed a higher activity so that dye removal
efficiency was high. On the other hand, for I-'HRP, about 97% of
AO20 was removed with light acidulous medium (buffer pH
6.5). And the percent decolorization of I-HRP was higher over
a wide range of varying pK, value compared to F-HRP, which
could be attributed to the bared activated centers of enzyme
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Fig. 4 EDS spectra photographs of: (A) initial beads; (B) immobilized beads.

because of the changes in the structure of I-HRP. In addition,
pH could influence the form of dye in water which could impact
degradation, and we could clearly know I-HRP behaved better at
wide range of pH from Fig. 6.

3.5.2 Effect of H,O, amount. The effects of H,O, were
observed at a range of different H,O, amount from 0.3 pmol to
1.6 pumol in a system of 5 mL volume. For F-HRP, with the
condition of different H,O, amount, 50 puL free enzyme were
added in 50 mg L~ AO20 solution (pH 7.0) at 25 °C under

18982 | RSC Adv., 2017, 7, 18976-18986

agitation 100 rpm for 40 min (the volume of the whole system
was 5 mL), and the dye removal reached its peak at 1.0 pmol
H,0,. After that, the dye removal decreased with increasing the
amount of H,O,. For I-HRP, with the condition of different
H,0, amount, 0.6 ¢ PAN-beads were added in 50 mg L™* AO20
solution (pH 6.5) at 25 °C under agitation 100 rpm for 90 min
(the volume of the whole system was 5 mL), and the dye removal
was with its maximum at 1.2 pmol H,O,. After that, the same as
F-HRP, the efficiency of dye removal decreased along with the

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The relation between the percent dye removal and contact
time for five kinds of concentrations of dye solution.

Table 2 Michaelis—Menten parameters of the free and immobilized
horseradish peroxidase

Horseradish peroxidase Ky (mM) Vimax (MM min™")
Free enzyme 0.288 89.7
Immobilized enzyme 1.458 14.2

increase of the amount of H,0,. All the results were depicted as
Fig. 7. In the beginning, the dye removal increased with
increasing H,0, amount because of insufficient of enzyme to
dispose quantitative dye. But after the peak, continuous adding
H,0,, the dye removal decreased instead, the reason may be
that overmuch H,0, influenced pH of the whole system.

3.5.3 Effect of enzyme amount. Enzyme amount also plays
an important role in the process of degrading AO20 solution.
Optimal enzyme amount keeps the reaction at high rate and
make the degradation economical. To obtain this parameter of

This journal is © The Royal Society of Chemistry 2017
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optimal enzyme amount, experiments were conducted by
keeping the dye concentration, H,O, amount, pH value and
temperature of system at optimum along with other physical
conditions as constant changing enzyme amount or PAN-beads
amount so that any variation formed was a function of enzyme
amount. We found that if the system merely with H,O, didn't
contain enzyme (both free and immobilized enzyme), the
absorption value didn't change after experiment. For F-HRP the
range of enzyme amount were from 1 ug to 100 pg and for I-HRP
the range of enzyme amount were from 0.2 mg to 8 mg. It's clear
from Fig. 8 that 50 pg free enzyme can reach its peak and 6 mg I-
HRP are optimum, the reason could be that the activity of I-HRP
was much lower than the original one. When free enzyme
dosage or immobilized enzyme amount was maximum,
increase of the amount could not increase the efficiency of dye
removal.

3.5.4 Effect of contact time. The experiment of contact time
was performed to determine the optimum time to dispose dye
solution. The results were recorded in this case (Fig. 9). For F-

100
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Fig. 7 Effects of H,O, amount on both F-HRP and I-HRP.
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HRP, it's apparent that the first 10 min of contact time was very
important as almost 96% decolorization was monitored in this
period. After that period the rate of decolorization slowed down
and finally achieved stability (about 88%) until 40 min.
Compared to F-HRP, decolorization of AO20 treated by I-HRP
achieved equilibrium more slowly and percent decolorization
kept constant at 90 min.

3.5.5 Effect of temperature. Temperature is also an
important parameter governing the activity of enzymes.
Temperature can provide more energy which is available to
speed up the reaction rate so that the increase of temperature
leads the increase of enzyme activity until an optimum
temperature value arrives at which the enzyme shows maximum
activity. But after that, further increase of temperature
decreased enzyme activity due to denaturation of enzyme which
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Fig. 9 Effects of contact time on both F-HRP and [-HRP.
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cause changes in active site that will no longer accept the
substrate.*® Thus, the effects of temperature on percent decol-
orization of AO20 mediated by both F-HRP and I-HRP were
studied and the results are summarized. As we can see in
Fig. 10, temperature plays a momentous role in the process of
decolorization. 25 °C is optimum temperature for F-HRP and
30 °C is the best temperature for I-HRP, and compared to I-HRP,
the further increase of temperature makes percent decoloriza-
tion using F-HRP decline more quickly, so F-HRP is more
sensitive than I-HRP.

3.5.6 Decolourization of different concentration of A020
by immobilized horseradish peroxidase. Through above-
mentioned study, decolourization of 50 mg L™' of AO20 by
immobilized horseradish peroxidase was effective, so effects of
decoloration of higher concentrations of applied dye needed to
be studied further. The experiment was conducted under
optimum conditions except for dye concentration among 50—
300 mg L' of underproof dye. The results were depicted as
Fig. 11, from which we can see that percent decoloration
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70 4
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Fig. 11 Effect of dye concentration on immobilized horseradish
peroxidase.
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decreased with increase of dye concentration and at the
concentration of 300 mg L™ " there is still about 60% decolor-
ation. This indicates that immobilized horseradish peroxidase
has potential among a wide range of concentrations of AO20.

3.6 Reusability of immobilized horseradish peroxidase

The reusability can offer advantages and economy during
practical process. The reusability was observed by assessing
the percent decolorization of immobilized enzyme under
same conditions after successive several times.*” After each
recycle, the same enzyme immobilized PAN particles were
washed with phosphate buffer (0.1 M, pH 7.0) to remove any
residual reactant within the enzyme-support system. The
results were summarized as Fig. 12. The percent decoloriza-
tion decreased with increase of recycle times. The immobi-
lized beads still decreased 50% chromaticity up to 4 times
recycle. In this work, there was ~30% decolorization after 6
times reuse.

3.7 Cytotoxicity analysis

L02 cell line is a kind of immortalized human normal hepato-
cytes which possess similar biological properties to normal
human hepatocytes in vivo and is an ideal cell model for
studying cell toxicity.*® These cells have been widely used in
studying liver cancer, genotoxicity, apoptosis and cytotoxicity in
vitro study.*>*® MTT is a kind of assay which has been utilized in
many study of cellular response to a toxicant.>* Cell toxicity is
expressed as percentage cell viability which is indicated by value
of optical density (OD) at 570 nm, because formazan belonging
to living cells is absorbed at 570 nm on a multiscan spectrum.*
The results were presented in Fig. 13. According to the Fig. 9,
the amounts of those cells cultivated in normal culture con-
taining different concentrations of dye solution (150 mg L™,
225 mg L', 300 mg L") untreated with enzyme increased by
27.96%, 41.52%, 56.36% respectively after four-day culture,
which was different from previous reports, but this couldn't
indicate that this kind of dye was harmless to human cells

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 Cytotoxicity test of treated and untreated AO20 solution.

because cell proliferation in the experiment was faster than
control set. So there were reasons to doubt that the dye tended
to induce malignant cellular proliferation, of course this
conjecture needed further study.*® As for dye solutions treated
with enzyme, the amounts of those cells cultivated with
different concentrations of treated solutions decreased by small
range for no more than 14%, which was comparable to the
result reported by K. Klemola and his co-workers.>*

4. Conclusion

In the present work, the preparation and application of
immobilized horseradish peroxidase on the PAN-based beads
for AO20 removal from aqueous solution was investigated.
Horseradish peroxidase was designed to be immobilized onto
PAN-beads by crosslinking with glutaraldehyde accompanying
with immobilized amounts of 10 mg genzym{1 and retention
activity of 67%. The performance of AO20 decolourization was
found to be dependent on some factors that were pH values,
H,0, amounts, enzyme amounts and temperature, and the
optimum conditions were obtained in this study. In addition,
reusability experiment showed that the immobilized beads can
be used up to three cycles remaining higher percentage decol-
ourization of about 90%, which provided a cost-efficient
advantage for large-scale applications. Cell toxicity was also
studied in this work, and the results indicated that the toxicity
of metabolites of AO20 was acceptable compared to control
group. In conclusion, this study provided a feasible potential
method for economic, continuous and relatively safe disposal of
azo dyes.
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