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Abstract

The activity and pH/thermal/storage stability have been investigated for Horseradish peroxidase (HRP) physically
immobilized onto modified reduced graphene oxide (RGO-NH,) nanoparticles (NPs) and compared to the free enzyme.
The NPs were synthesized with a size of about 70 nm and functionalized to have amine groups. The NPs, free and
immobilized HRP were characterized using Fourier transform infrared spectra, scanning electron microscopy, zeta
potential measurement, and UV/visible spectroscopy. The results obtained from activity assays showed that the catalytic
constant, k..., value became more than sixfold and the catalytic efficiency, k../K,,, value increased about sevenfold after
immobilization. The results also indicated that the catalytic activity reached 133-fold (for 2 mg mL™~" of NPs) and 120-fold
(for 1.5 mg mL™" of NPs) when HRP was immobilized. The optimum pH was also obtained at 7.0 for both free and
immobilized HRP. At 50 °C, the immobilized HRP retained 75% of the initial activity, while 60% initial activity remained
for the free HRP after 120 min. The excellent reusability of immobilized HRP was also observed and the activity retained
about 60% of the first use after ten cycles. The results also revealed that the activities reached 50% of initial activity for the
immobilized HRP when the samples were stored for 35 days. The data obtained from circular dichroism spectroscopy
displayed that the a-helical content of the enzyme was decreased after immobilization. The removal efficiency for high
concentration phenol (2500 mg L™") was 100 and 53% for the immobilized HRP and free HRP, respectively.
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Abbreviation RGO-NH,@HRP Reduced graphene oxide-NH,@

HRP Horseradish peroxidase horseradish peroxidase

NPs Nanoparticles 4-AAP 4-Aminoantipyrine

GO Graphene oxide H,0, Hydrogen peroxide

RGO Reduced graphene oxide DW Deionized water

RGO-NH, Modified reduced graphene oxide SEM Scanning electron microscopy
FT-IR Fourier transform infrared

spectroscopy
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Eq. 1, the HRP is normally applied to catalyze the oxida-
tion reaction of substrates such as phenols and aromatic
amines using H,O, as an oxidant agent (Feng et al. 2015;
Lavery et al. 2010; Mogharrab et al. 2007; Sun et al. 2004;
Zhang et al. 2014). Reaction catalyzed by HRP is given in
the following equation:

Substrate requced) + H202 e Substrate oxidgizedy — H20.
(1)

Aromatic compounds including phenol, cresol,
chlorophenols, chlorinated phenols, and aromatic amines
were classified as dangerous and resistant pollutants
(Bansal and Kanwar 2013). These compounds threaten
human health with cancer and fetal mutation and the life of
marine creatures. To purify the waste streams containing
phenolic compounds, several treatment processes including
physical, chemical, and biological were proposed by
researchers (Gomez et al. 2006; Pradeep et al. 2015;
Tavakoli et al. 2017). These treatment methods were often
not suitable due to high installation and operation cost,
long treatment time, low efficiency, and the production of
hazardous by-products. The enzymatic treatment method
by various herbal sources using peroxidase enzymes could
be considered as an effective approach to convert the waste
streams into the harmless by-products (Gémez et al. 2006;
Pradeep et al. 2015).

Due to the instability of the free enzymes under normal
operational conditions, the immobilization of the enzymes
could be applied to reserve the stability of the enzymes,
thus minimizing the operational cost significantly (Xu et al.
2013). Nanoparticles (NPs) were well known as an effec-
tive support for enzyme immobilization because of their
high surface area, high loading capacity, and high diffusion
efficiency. To select the nanoscale materials, the aspects of
human protection and environment regulations should be
considered (Chang and Tang 2014; Zhang et al. 2015).

In the previous studies, to remove the wide range of the
pollutants, HRP was immobilized on nanoparticles such as
chitosan—halloysite hybrid-nanotubes (Zhai et al. 2013),
silica nanoparticles, hydrous-titanium (Ai et al. 2016),
graphene oxide/Fe;O,4 (Chang et al. 2016), super param-
agnetic Fe;0,4/graphene oxide (Chang et al. 2015), nanos-
pray dried ethylcellulose particles (Dahili et al. 2015),
NH,-modified magnetic Fe;04/Si0, (Chang and Tang
2014), and nanofibrous membranes (Xu et al. 2015). Car-
bon-based materials such as graphene family have some
advantages, including biodegradability, two-dimensional
layer structure, large surface area, high pore volume, high
stability, and present of surface functional groups on them.
These materials have broadly been used for immobilization
of enzymes and water purification (Guo and Mei 2014;
Kemp et al. 2013). Graphene oxide (GO) and its reduced
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form (RGO) have some surface oxygen-functional groups
such as carboxylic (-COOH), hydroxyl (—-OH), and epox-
ide groups, and are soluble in water and polar organic
solvents (Zhang et al. 2013). The HRP has been immobi-
lized on the surface of graphene through hydrophobic
effects and m—m interactions, whereas the immobilization of
HRP on the surface of GO/RGO has been established
through electrostatic interactions and hydrogen bonding
owing to their greater amounts of oxygen-containing
functional groups (Zhang et al. 2015). Graphene-based
nanomaterials could enhance biocatalysts effects of the
enzyme. In fact, active oxygen compound generated from
endogenous biological processes and exogenous sources
had the responsibility for the oxidation of the enzyme and
loss of the enzyme activity. RGO could remove hydroxyl
and dithiocyanate radicals owing to its property as an
antioxidant which protected the enzymes from inactivation.
RGO also promoted the stability of the enzyme and acted
as a radical quencher (Zhang et al. 2015).

The goal of this research effort was to perform the
physical adsorption of HRP on the functionalized RGO for
the purposes: (1) to promote the kinetic parameters, the
activity, the stability, and reusability of the enzyme; and
(2) to eliminate the high concentration of phenol. The RGO
has been functionalized with amine functional groups to
reinforce the electrostatic interaction between the enzyme
and NPs, thereby forming the structure of reduced gra-
phene oxide-NH,@ horseradish peroxidase (RGO-NH,@-
HRP), namely, bio-nanocomposite. The enzymatic kinetic
parameters, activity, stabilities (pH, thermal, and storage),
and reusability, have been investigated for the free HRP
and the bio-nanocomposite. The capability of free HRP and
bio-nanocomposite were then evaluated to degrade the high
concentration of phenol (2500 mg L™"). All experiments
were performed in triplicate.

Materials and Methods
Materials

HRP, 4-aminoantipyrine (4-AAP), potassium ferricyanide,
and phenol were purchased from Sigma, and NaH,PO,
H,O and Hydrogen peroxide (H,O,) were supplied from
Merck. Deionized water (DW) was generated through a
Millipore water purification system. GO was prepared from
graphite using modified Hummer’s method (Chang et al.
2016).

Synthesis of NPs

Using modified Hummer’s method, the GO was prepared
from graphite. Briefly, 2 g KMnO,4 was added to a mixing
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solution of graphite powder (1 g) and 50 mL H,SO, 98%
in an ice bath. The rate of loading was carefully tuned to
prevent a sudden increase of mixture temperature. The
reaction mixture was mixed for 2 h at temperature less than
10 °C, followed by another 1 h at 35 °C. Then, the mixture
was diluted with DW (50 mL) in an ice bath and the
temperature was set below 100 °C. After 1 h, the mixture
was further diluted with DW (150 mL). Then, H,O, 30%
(10 mL) was poured into the mixture. The prepared solid
was centrifuged and washed with 5% aq. HCI, and then
rinsed for several times with DW to remove the HCIL.
Finally, the product was dried at 60 °C for 24 h. In a
practical method, 1 g of the GO was mixed with 0.2 g of
H;N*NHCO, ", grounded using a pestle and mortar at
ambient condition. The ground mixture stored in closed

withdrawn and rinsed for three times with PB to remove
non-adsorbed enzymes. To determine the value of enzyme
adsorption, the residual enzyme in the supernatant was
measured using UV/visible spectroscopy (Shimadzu TCC-
240A, Japan). The sediments were kept at 4 °C for further
measurements.

The adsorption efficiency of enzyme onto the func-
tionalized RGO was determined by subtracting the initial
amount of enzyme from the amount of non-adsorbed
enzyme in the supernatants. The concentration of non-ad-
sorbed enzyme in the supernatant was determined by the
enzyme calibration curve, and then, the amount of enzyme
attached to the NPs was obtained. The enzyme adsorption
efficiency was calculated by the following correlation
(Xiaoche et al. 2012):

mg of initial enzyme in buffer solution — mg of free enzyme remained in supernatant

Adsorption efficiency % =
x 100.

mg of initial enzyme in buffer solution

vessel was allowed to react at 25 °C for 24 h. Finally,
0.82 g of RGO was produced, yielding 81% based on GO
(Chang et al. 2016).

Characterization and Identification

Field emission scanning electron microscopy (SEM) (Nova
Nano SEM 430, Netherlands) was utilized to characterize
the surface morphology of the RGO-NH, The surface
functionalities of the RGO-NH, were further identified by a
Fourier transform infrared spectroscopy (FTIR) (Nicolet
FT-IR Spectrometer) in the range of 4000—400 cm™'
(Zhang et al. 2010; Xiaoche et al. 2012). Zeta potentials
were measured by electrophoretic mobility using Zeta
PALS (Zeta Plus-Brookhaven, USA).

Adsorption of HRP

Before using the NPs, the NPs mixed into the DW were
placed in the freeze dryer (Alpha 1-2, Christ) and then
sonicated. To set the identical conditions for all immobi-
lization experiments, HRP was dissolved in a phosphate
buffer (PB) (100 mM) at pH 7.0. The different amounts of
NPs were incubated in 1 mL HRP solution. The immobi-
lization process was carried out in the cold room (4 °C)
placed in a shaker [PECO pooya electronic (Mfg & Eng
co)] for a specific period of time. The supernatant was then
extracted by centrifuging at 7000 rpm for 7 min (BECK-
MAN-Avanti™ 30 centrifuge). The sediments were

Enzyme Activity Assay

The catalytic activity of the free and immobilized HRP
was measured by applying a colorimetric assay. The assay
solution containing 4-AAP (as chromogen), hydrogen
peroxide, and phenol as substrates was used. By adding
the HRP to the assay solution, the catalytic reaction was
measured by the absorption of the red color product
(quinone imine). The absorbency data were back-calcu-
lated to concentration using the Beer—Lambert Law with
an extinction coefficient 7210 M~' em™' at 510 nm
(Xiaoche et al. 2012). The catalytic activities including
turnover number (k.,) and catalytic efficiency (k../Kn)
were determined for the free and the immobilized HRP.
The data gathered from the UV/visible absorbance were
adopted to the Michaelis—Menten equation. Then, the
kinetic parameters (Viy.x, K, and k.,) were obtained
from the Lineweaver—Burk equation. The absorbency of
HRP was measured at 403 nm to determine the enzyme
concentration (g493 = 1.02 x 10° M~} cm_l) (Xiaoche
et al. 2012).

Stabilities Measurement
The catalytic activity of the free and immobilized enzyme
was investigated over a broad rang of pH values (4-11) at

room temperature (25 °C). By adding hydrogen chloride
and sodium hydroxide to the PB solution, the pH was
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adjusted over all test runs. The thermal stability was
evaluated by incubating the free and immobilized HRP at
pH 7.0 and three temperatures 30, 40, and 50 °C for a
specific period of time. At given time intervals, the free and
immobilized HRP was taken out and kept on ice for 5 min.
The residual activity was then assayed at 25 °C (Kim et al.
2009; Qiu et al. 2010). To measure the storage stability, the
immobilized HRP was kept at closed containers and stored
in refrigerator (4 °C) without humidity control. The
enzyme activities were regularly measured one time per
week during 5 weeks. The residual activity was calculated
using the following correlation:

The activity of the immobilized enzyme at a specified storage time

ferricyanide and 4-AAP. The sample (total 1 mL) con-
taining 1 pL of clear supernatant of the reactions was
mixed with 100 pL of potassium ferricyanide (83.4 mM),
100 pL of 4-AAP (20.8 mM), and 750 pL of 0.1 M PB.
When the color of the reaction mixture was completely
developed with the short time, the absorbance was mea-
sured at 510 nm against a blank sample (800 uL of PB,
100 pL of potassium ferricyanide solution, and 100 pL of
4-AAP solutions). The calibration curve was drawn on the
basis of standard phenol concentration with the initial
reaction catalytic rate (Zhang et al. 2010). Using the cali-
bration curve, the absorbance values were directly con-

Residual activity (%) =

x 100.

Activity of immobilized enzyme before storage

The Reusability Measurement

The colorimetric method was used to measure the
reusability of immobilized HRP (Xiaoche et al. 2012). At
the first step, the absorbency of the immobilized HRP
solution was measured at 510 nm. At the second step, the
sediment centrifugally separated was rinsed with the sim-
ilar PB. Finally, the same amount of PB was added to
sediment and the activity was measured. This procedure
was repeated for ten cycles. The residual activity of the
recycled HRP was compared with the initial activity of the
enzyme (Temogin and Yigitoglu 2009; Qiu et al. 2010;
Xiaoche et al. 2012). To establish the identical condition
for all test runs to compare the results, the same PB with
the similar specification was used for all experiments.

Circular Dichroism (CD) Spectroscopy

The RGO-NH,@HRP suspension (0.3 mg mL~"' enzyme)
was collected for CD analysis (CD spectrometer, Aviv,
Model-215, USA). The secondary structure of the free and
immobilized enzymes was analyzed using the dedicated
CD software. The far-UV region was scanned between 195
and 250 nm. The relative contents of secondary structures,
including o-helix, B-sheet, B-turn, and the random coil,
were calculated (Zhang et al. 2013).

Phenol Compound Measurement

The residual phenol compound in supernatant was mea-
sured by the colorimetric method using potassium
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verted to the concentrations of phenol
(Asio = 2981.9 [phenol], R* = 0.99).

compound

Fig. 1 SEM images: a RGO-NH, and b RGO-NH, @HRP
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Table 1 Surface charges of the

HRP, RGO-NH,, and Sample Size (nm) Zeta potential (mV)
RGO-NH,@HRP HRP 40 x 44 x 6.8 (Feng et al. 2015) _9

RGO-NH, 17

RGO-NH, @HRP — 10

Fig. 2 UV-Vis spectrum: 0.9

a Free HRP, b RGO-NH,, and
¢ RGO-NH,@HRP at 25 °C 08

07 I ()RGO.NH,@ HRP

06 [

05 |

(b)RGO

0.4

Absorbance

0.3

0.2

0.1

Results and Discussion
Characterization and ldentification Analysis
The surface morphologies of the RGO-NH, NPs and

RGO-NH, @HRP are shown in Fig. 1. The visual obser-
vation of RGO-NH, and RGO-NH,@HRP bio-

350 400 450 500 550

wavelenght(nm)

nanocomposite revealed that the sizes of the NPs were
about 70 and 99 nm before and after immobilization,
respectively. This difference between the sizes of the NPs
indicated that the enzymes were immobilized successfully
on the surfaces of the NPs. The sizes measured by zeta
PALS were also in fully compliance with the data obtained
from the visual observation (Table 1).

Fig. 3 FTIR spectra: a HRP, (a)HRP
» RGO-NH,@HRP, and g
¢ RGO:NH, NPs 109

104

%Transmitance

534 .61

1033.85

3000 2500 2000 1500 1000 500
Wavenumber (cm'1)
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The UV/visible absorption was utilized to characterize
the solution of HRP stock, RGO-NH,, and RGO-NH, @-
HRP bio-nanocomposite. The spectrum was recorded in
100 mM PB at pH 7 and 25 °C. As shown in Fig. 2a, the
HRP had an absorption peak at 403 nm, attributed to the
characteristic Soret band (Khavari-Nejad and Attar 2015).
As compared the curve (a) for the HRP to the curve (c) for
RGO-NH, @HRP bio-nanocomposites, the similar absorp-
tion wavelength implied that the NPs did not induce sig-
nificant denaturation of the HRP in PB, indicating that
these NPs provided a suitable platform for the enzyme
immobilization (Wang et al. 2015).

FT-IR spectra analysis was performed to identify the
functional groups of HRP stock, RGO-NH,, and
RGO-NH, @HRP. Figure 3 illustrates the FT-IR results of
the obtained specimen. As shown in the FT-IR result of the

@ Springer

—=— Relative activity %

free HRP, plot (a), the peaks around 1600-1700 and
1450-1600 cm ™! were attributed to the amides I and II,
respectively. The peak around 1520 cm™' was indicated to
the Tyr ring stretch. The small peak around 1400 cm™' was
in the range of the symmetric carboxylate stretching mode
(Kaposi et al. 1999). In the FT-IR result of the
RGO-NH, @HRP, plot (b), the intensity of the band in the
ranges of amides, N-H bend, and C-N stretch increased,
leading to adsorption of the HRP on the NPs. In plot
(c) which was for FT-IR result of the RGO-NH,, the peaks
around 1530 and 1430 cm™' were observed owing to N-H
bend and C-N stretch, respectively.

Zeta potential ({) measurements were carried out to
determine the surface potential at pH 7.0 and 25 °C. The
data are summarized in Table 1. The zeta potential of RGO
was about — 45 mV. When functionalizing the RGO by
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Fig. 5 Lineweaver—Burk plot 2
for a free HRP and (a) y=1.3727x + 2.688
b immobilized HRP. The inset R?=0.9862 .
shows the Michaelis—Menton 10 |
plot for the free and
immobilized HRP
8
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Table 2 Kinetic properties of I - 1 1 1
the HRP and the Sample K, (mM) keat (877) Vmax (MM min™ ") Kea Kin (7" mM ™)
RGO-NH,@HRP Free HRP 0.51 + 0.01 560 + 14 0.37 & 0.001 1098
RGO-NH, @HRP 0.47 + 0.01 3500 &+ 45 0.14 + 0.002 7447

amino groups, the zeta potential increased to — 17 mV,
resulting in reduction of the surface charges. The isoelec-
tric pH was reported 6.6 for the free HRP (Kaszuba and
Jones 1999). Because the pH was adjusted to 7.0, the zeta
potential of HRP became about — 9 mV in this study. The
surface charge of the free HRP reached to negative range
when pH changed from 6.6 to 7.0. By immobilizing the
HRP on the RGO-NH,, the zeta potential was — 10 mV.
This result indicated that immobilization of the HRP on the

NPs could be able to neutralize the charge of RGO-NH,,
partially.

The zeta potential of the GO and the RGO were reported
— 50 and — 30 mV, respectively (Konkena and Vasudevan
2012). They presented that the electrostatic interaction
between the HRP and the GO more likely occurred with the
positively charged residues on the surface of the HRP and
negative charges of the GO. Zhang et al. 2010 showed that
the surface of the HRP had no large positive charge fewer
than ten positive charge residues. In the RGO-NH,, the
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negatively charged surface was less than the GO, so the
electrostatic interaction between the free HRP and the
RGO-NH, probably occurred through the positively
charged residues (NH;") on the HRP surface with nega-
tively charged of NPs and/or a negative charge of the HRP
surfaces (COO™) with the positive charge of the NPs sur-
faces (NH;T). As a result, the RGO-NH, had a more
electrostatic interaction with HRP as compared to the GO.
By immobilizing the HRP on the RGO-NH,, these inter-
actions ultimately led to the negative surface charge of the
RGO-NH, @HRP bio-nanocomposite (— 10 mV).

The Relationship Between Enzyme Adsorption
and Activity

In the immobilization process, it is of vital importance to
obtain the actual period of reaction for process control. The
large area-to-volume ratio (characteristic of a small particle
size) would be a favor to enhance the catalytic activity of
the enzyme. Michaelis—Menten equation could be obtained
by the sequential reactions of the following equation (Segel
1993).

E + S<:—‘>ESE>E+P. 2)
-1

From Eq. 2, increasing k; and decreasing k_; improved
the enzyme activity. One way to achieve this goal, the
affinity between enzyme and substrate should be enhanced.
In Eq. 2, the ES formation could be enhanced using the
RGO because of its high affinity for the substrate. There-
fore, the substrate was attracted to the enzyme physically
attached to the RGO.

Figure 4 shows the adsorption efficiency and the relative
activity for two amounts of the NPs with the reaction times.
The maximum adsorption was obtained after 150 and

360 min of the reaction time for 2 and 1.5 mg of the NPs
per 0.1 mg of the HRP, respectively. The relationship
between the HRP adsorption time and the activity of the
immobilized HRP is also presented in Fig. 4. As depicted,
when the adsorption efficiency of the HRP was in the low
level, a relatively high activity was observed. Conversely,
when adsorption efficiency increased, the relative activity
decreased, followed by a plateau state. It could be descri-
bed that higher the HRP adsorption resulted in higher the
intermolecular strict hindrance, thus limiting the complex
formation of the enzyme and the substrate. This explana-
tion was also mentioned by the previous researchers
(Xiaoche et al. 2012; Zhang et al. 2010).

Kinetic Parameters

The kinetic parameters were obtained from the Line-
weaver—Burk equation. Figure 5 represents the Line-
weaver—Burk and Michaelis—-Menton plots for the free
(a) and immobilized HRP (b) at pH 7.0. Based on the
intercept value of the Lineweaver—Burk plot, the kinetic
parameters of K, Vin.x as well as k., were determined. All
kinetic parameters including K., kcay Viax, and ke./Kn
obtained from Fig. 5 are summarized in Table 2. When the
adsorption rate of the HRP was around 60%, K, value of
the immobilized HRP (0.47 mM) was lower than that of
the free HRP (0.51 mM). Therefore, the immobilized HRP
provided a good affinity to the substrate. In addition, the
catalytic activity of the immobilized HRP became higher as
compared to the free HRP. The k., value became more
than sixfold increase and the catalytic efficiency (kc./Km)
values increased about sevenfold by immobilization. All
kinetic parameters such as Ky, ke, and ke,/K;,, improved
greatly in comparison with the studies that have previously
been done (Qiu et al. 2010; Xiaoche et al. 2012). The

Fig. 6 Activity variation of the 100
free and immobilized HRP
against pH at 25 °C

90
80
70 F
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50
40
30
20
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Relative activity %
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Fig. 7 Effect of temperature 100

changes on the activities for the

free and immobilized HRP 90

80
70
60
50 |

40 |

Residual activity (%)

30

20

—— Temp 50°C. Free HRP activity.
—a— Temp 50°C . Immobilized HRP activity.

—B— Temp 40°C. Free HRP activity.
—i— Temp 40°C. Immobilized HRP activity.
—6— Temp 30°C. Free HRP activity.
—@— Temp 30°C. Immobilized HRP activity.

results indicated that the capability of the immobilized
HRP was promoted to convert the substrates to products.
The results also indicated that the RGO-NH, was favorable
for the HRP immobilization.

pH Stability

The effect of pH variations on the activity of the free and
the immobilized HRP was examined. The obtained results
are illustrated in Fig. 6. The optimum pH was observed at
7.0 for the free and immobilized HRP. The results indi-
cated that the activity of immobilized HRP was comparable
to that of the free HRP, while pH was in the range of acidic
conditions. In alkaline conditions, the immobilized HRP
exhibited higher activity in comparison with the free HRP.
The activity of the free and immobilized HRP became 53
and 85% at pH 8.0, respectively. It could be described that
the RGO-NH, exhibited a micro-environmentally buffering
effect causing the high resistance to the pH alterations in
the medium, thus protecting the enzyme against the pH
changes (Zhang et al. 2009; Zhou et al. 2012a). The results
obtained for the pH stabilities were better as compared to
the results reported by Zhang et al. (2010).

Thermal Stability

The thermal stability of the immobilized HRP on
RGO-NH, was determined by measuring residual activities
of the prepared samples incubated over different times at
temperatures of 30-50 °C. To establish better benchmark,
the free HRP samples were also measured in parallel under

40 60 80 100 120
Time (min)

the same conditions. Figure 7 shows the residual activity
variations against different temperatures with incubation
time. As shown in Fig. 7, the activity of the free and the
immobilized HRP decreased during the incubation for
three adjusted temperatures. As illustrated in this figure, no
dramatic change on the activity was observed for the free
and the immobilized HRP at 30 °C after 120 min of
incubation. When the incubation temperature increased to
40 and 50 °C, the immobilized HRP exhibited much higher
thermal stability than the free HRP. At the incubation
temperature of 50 °C, the activity of the immobilized HRP
retained 75% of first activity after 120 min, while about
60% of initial activity was retained for the free HRP at the
same time. A similar trend also occurred at incubation

100

0
80
70
60

50 | \

40 |

Residual activity (%)

30 | —=—Free HRP

20 ' —«—Immobilized HRP without PBS

10 [ —e—Immobilized HRP with PBS

0 1 1 1 1 1 1
0 5 10 15 20 25 30 35
Time (Day)

Fig. 8 Storage stability of the free and immobilized HRP at 4 °C and
pH 7.0
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Fig. 9 Activity variation of the

immobilized HRP with the
number of cycles (pH 7.0, at
25 °C)
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temperature of 40 °C. It could be concluded that the
RGO-NH, played an effectively significant role to protect
the immobilized HRP against the conformational changes
possibly imposed by heating (Xu et al. 2015).

Storage Stability

To evaluate the immobilization efficiency, the storage
stability of the immobilized enzyme should be considered
as an important requirement (Liu et al. 2006). The storage
stabilities of the free and the immobilized HRP were
evaluated, and the results are presented in Fig. 8. As shown
in Fig. 8, the free HRP almost 60% initial activity
remained after 35-day, while the activity reached about
55% of initial activity after 35 days for the immobilized
HRP. This decrease in the activities could be attributed to
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the conformational changes occurring during the storage
period, thus hindering the formation of the catalytically
active complex between active sites and substrates (Zhou
et al. 2012b). The decrease in the activity was higher for
the immobilized HRP than for the free HRP. It could be
explained to the high tendency of the NPs to aggregate
during storage period, thus leading to entrapping the HRP
in the aggregated NPs.

Reusability Assay

The reusability of the immobilized enzyme can be con-
sidered as an important aspect for practical applications,
especially the reuse of very expensive enzymes. In this
work, the reusability was promoted greatly by introducing
the functionalized NPs. As shown in Fig. 9, the relative
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Fig. 11 Removal efficiencies of
high phenol concentration
(2500 mg L") with time at

25 °C and pH 7.0

Removal efficiency (%)

OFree HRP

activity of the immobilized HRP decreased when the
number of reuse increased subsequently. The immobilized
HRP retained about 60% of initial activity after 10 cycles
of reusing. Zhang et al. (2010) performed the immobi-
lization of the HRP on the GO alone. They showed that the
immobilized HRP only retained about 25% of its initial
activity after 7 cycles. Qiu et al. (2010) presented that the
relative activity remained 65% of the first use after 5
cycles. This reduction in the activity could be attributed to
the inactivation of the enzyme caused by denaturation of
the proteins and/or the enzyme leakage from the NPs sur-
faces over the reaction cycles. As a result, the accumulation
of the products on the RGO-NH, during the enzymatic
reaction could reduce the activity due to blockage of the
active sites of the enzymes. Meanwhile, the repeated
washings might disorder the electrostatic interaction; con-
sequently, the enzymes could be desorbed from the NPs,
resulting in activity reduction (Chang et al. 2015; Xu et al.
2013; Zhang et al. 2010). The number of reuse of the
immobilized HRP represented a more satisfying perfor-
mance as compared to the previous literatures mentioned
above, which could be explained to the strong electrostatic
interactions exhibited between the HRP and the NPs.

Secondary Structure Analysis

The secondary structure of the free and immobilized HRP
was analyzed using the CD spectrometer. The far-UV
region was scanned in the range of 195-250 nm. The
contents of secondary structures such as a-helix, B-sheet,
B-turn, and random coil were calculated. As shown in
Fig. 10, a decrease in a-helical structure and an increase in
B-sheet, B-turn, and random coil were observed due to the

EImmobilized HRP

100

4 8 13 18 23 28 33 40

Time (min)

ENPs [Sumation of free HRP & NPs
physical adsorption mainly occurring during the enzyme
immobilization. The same trend of decrease in the a-helical
content was observed in research efforts previously per-
formed (Besharati et al. 2018; Zhang et al. 2015).

Phenol Compound Removal

The effluents coming from the industrial plants, including
fiberglass, coal, iron smelting, and phenolic resins, contain
high concentrations of phenol, specifically in mal-operation
conditions (Basak et al. 2014; Li et al. 2006; Moussavi
et al. 2010; Seid-Mohammadi et al. 2015; Zhai et al. 2012).
The concentration of phenol can reach as high as
2500 mg L' in the waste streams. The efficiency of the
free and immobilized HRP on RGO-NH, was investigated
for the removal of the phenol compound with the con-
centration 2500 mg L™'. The results are depicted in
Fig. 11, where the removal efficiency was drawn against
time for the free and immobilized HRP. The time for
phenol degradation was set to 40 min. For free HRP, the
removal efficiency finally reached 53%. This fairly low
degradation of phenol could be explained to the inactiva-
tion and/or the inhibition enzyme caused by interactions
between either phenoxyl radicals or phenolic polymers
produced and enzymes’ active sites (Gomez et al. 2006).
The efficiency of the immobilized HRP reached 100% for
phenol removal, resulting in no changes on the enzyme
activity. Figure 11 also represents that the initial phenol
degradation rate was much higher for immobilized HRP
than for the free HRP. It could be attributed to the reasons,
including (1) an affinity of the NPs to adsorb the phenol
compound and (2) an availability of the most active sites to
form the enzyme-phenol complexes. The graphs of
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removal efficiency for the alone NPs and the summation of
the NPs and free HRP were also obtained separately. As a
result, the immobilization through physical adsorption
exhibited successfully a synergetic effect between the NPs
and the HRP (Besharati et al. 2018). Meanwhile, it was
significant to note that short time required for biodegra-
dation, provided that the HRP was immobilized on the
NPs.

Conclusion

The systematic experiments were carried out with the free
and immobilized HRP onto the RGO functionalized by
amine groups and their kinetic parameters, activity, sta-
bilities, reusability, and capacity for phenol removal were
evaluated, led us to the itemized conclusions as below:

e The physical adsorption between the HRP and the
functionalized RGO was performed successfully. The
functionalized RGO NPs did not cause the significant
denaturation of the HRP, thus providing a satisfactory
platform for the immobilization. The visual observation
specified the size of the functionalized RGO equalling
to 70 and 99 nm before and after immobilization,
respectively, which these sizes were approximately re-
confirmed using zeta potential meter.

e All kinetic parameters and the catalytic activity of the
HRP were greatly improved and capability of the HRP
was highly promoted to convert the substrate into the
product by immobilization.

e The contents of the secondary structure, including o-
helix, B-sheet, B-turn, and random coil changed and a
decrease in ao-helical structure and an increase in [-
sheet, B-turn, and random coil were concluded.

e Because of the buffering effect provided by the NPs,
the immobilized HRP was less sensitive to pH changes
as compared to the free HRP, resulting in the sustain-
able activity over the wide range of pH. Owing to the
protective effect provided by the NPs, the thermo-
stability of HRP at elevated temperatures was improved
successfully after immobilization.

e The high concentration of phenol compound
(2500 mg L") was removed completely when the
immobilized HRP was applied. The immobilization
through physical adsorption protected effectively the
HRP against inactivation during biodegradation of
phenol and exhibited successfully a positively syner-
getic effect between the NPs and HRP.

As a complementary conclusion, the RGO-NH, was an
excellent matrix for immobilization of HRP through
physical adsorption. The immobilized enzyme system
could be considered as a promising approach in wastewater
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treatment, biocatalysts, biosensors, and in other enzyme
catalytic protocols. This system could be effectively
operable and reliable, and considered as techno-economi-
cally—and eco-friendly—oriented process for large-scale
application.
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