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a b s t r a c t

Three-dimensional magnetic graphene oxide-magnetite polyvinyl alcohol (3D-GO/PVA/Fe3O4) nano-
composites were successfully prepared. The morphology was characterized and analyzed through
scanning electron microscope (SEM) and transmission electron microscope (TEM). The chemical struc-
ture and the crystal structure were explored by X-ray powder diffraction (XPS), Fourier transform
infrared spectroscopy (FT-IR) and X-ray diffraction spectra (XRD). The magnetic property was obtained
by vibrating sample magnetometer (VSM). The specific surface area and the average pore size were
determined by Brunauer-Emmett-Teller (BET) and BarretteJoynereHalenda (BJH). The specific surface
and the average pore size of 3D-GO/PVA/Fe3O4 nanocomposites were 388.87 m2g-1 and 9.6 nm, and the
higher specific surface indicated that the three-dimensional structure avoided the aggregation for GO
sheets. The large saturation magnetization (Ms) of the nanocomposites of 30.5 emu/g enabled the easy
cycling of the nanocomposites. The 3D-GO/PVA/Fe3O4 nanocomposites exhibited better performance for
porcine pancreatic lipase (PPL) enzyme immobilization. The maximum immobilization efficiency was
91%, and the enzyme immobilized 3D-GO/PVA/Fe3O4 nanocomposites reached up to 90% of their ac-
tivities. After 10 cycles of reuse, the activity of immobilized enzyme remained about 70.8% of the initial
activity. The stability test revealed that the activity of immobilized enzyme remained up to 71.1% at 4 �C
for 56 days.

© 2018 Published by Elsevier Ltd.
1. Introduction

Free enzymes have the disadvantages of easy deactivation, low
stability, difficulty in separation from the product, and low reus-
ability during the catalytic reaction, thus limit the further appli-
cations of lipase. Enzyme immobilization technology can solve
these problems. It enables the reusage of enzymes and reduces the
costs. The unique characteristics of the immobilized materials are
163.com (G. Xu), wzk_gzmz@
designed to make enzymes fully exhibit catalytic activity, improve
the stability of enzymes at high temperature and under acid and
alkali environments, increase the reuse rate of enzymes, and reduce
the production cost. Two-dimensional graphene oxide (2D-GO) is a
kind of nanomaterials with a large number of oxygen-containing
functional groups such as hydroxyl, carboxyl and epoxy groups
[1e4], and thus can be well dispersed in water. These oxygen-
containing groups in 2D-GO make it possible to immobilize en-
zymes without modifying the GO without using any surfactant or
coupling agent. 2D-GO has a large specific surface area, good me-
chanical properties, and high biocompatibility [5e8]. These unique
properties make GO ideal substrates for studying the enzyme
immobilization. However, 2D-GO is prone to agglomerate by van
der Waals, so that a large number of active sites are lost [9,10], and
thus affects its performance as a matrix. Some stabilizers [11] are
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often added into GO to prevent the agglomeration [12], however,
the specific surface area of GOwill be reduced, which will influence
the performance of 2D-GO.

In order to overcome the disadvantages of 2D-GO, various of 3D-
GO composites had been prepared for a wide range of applications
including the lithium ion batteries [13,14], supercapacitors [15,16],
solar cells and fuel cells [17e19], co-catalysis [20,21], thermal
interface material [22e24], sensors [25e30], enrichment and sep-
aration [31,32], and others [33e37].

Polymers, which are polyethylene-allylamine (PEI) [38], poly-
vinyl alcohol (PVA) [39], polyvinylidene fluoride (PVDF) [40], poly
(m-phenylenediamine) (PmPD) [41] and poly (acrylic acid) (PAA)
[42] have been shown to significantly assist GO self-assembly into
3D graphene macrostructures with excellent properties. Electro-
static interactions and hydrogen bonding are suggested as forces
between the oxygen-containing groups on the GO and the func-
tional groups on the polymers (-NH2 or -OH) [43,44]. The assembly
of graphene into a 3D hierarchy is considered one of the most
promising strategies for “bottom-up" nanotechnology [45]. PVA is a
hydroxyl-rich material, and provides more binding sites for the
enzyme immobilization [46] to improve immobilization efficiency
of the enzyme. Do�gaç et al. [47] successfully immobilized lipase on
PVA/alginate and polyethylene oxide/alginate nanofibers. Results
showed that nanofibers (especially PVA/alginate) enhanced the
stability properties of lipase. When the free lipase lost its all activity
after 40e60min at high temperatures, both lipase immobilized
nanofibers kept almost 65e70% activity at the same time. The
polymer has a large specific surface area as an immobilized carrier.
However, the spatial structure did not consider whether the
conformation of the enzyme would have an impact. In addition, it
should be emphasized that Fe3O4 nanoparticles (Fe3O4 NPs) were
also used to make the novel composites, which will made the novel
composites obtain good magnetic property and could be easily
isolated from reaction medium by using a magnet [48]. Shao et al.
[49] prepared GO/Fe3O4 composites. Under the optimal conditions
pH 7.5, enzyme concentration of 0.25mg/mL and the temperature
of 25 �C, the best immobilized efficiency was 76%, and at 60 �C the
enzyme activity kept 69%. But due to the limitation of specific
surface area of the composite material, the immobilization effi-
ciency and activity of the enzyme are affected.

In this paper, 3D-GO/PVA/Fe3O4 composites were prepared and
were used for immobilizing enzyme. The immobilization efficiency
of enzyme and enzyme activity were analyzed based on varied
conditions, such as temperature, enzyme concentration, pH and
adsorption time. The reusability and storage stability of immobi-
lized enzyme were also investigated.

2. Experimental

2.1. Materials

Griphene (325 mesh) was purchased form Jinrilai graphite Inc,
(Qingdao, China). Olive oil was obtained from Aladdin (Shanghai,
China). Potassium permanganate (KMnO4), iron (III) chloride
hexahydrate (FeCl3$6H2O), ethylene glycol, sodium acetate, abso-
lute ethanol, absolute toluene, and polyvinyl alcohol (PVA) were
obtained from Kemi Ou Chemical Reagent Co., (Tianjin, China).
Porcine pancreas lipase (PPL) (EC3.1.1.3) enzyme was purchased
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Phosphate buffer saline (PBS) was prepared by the solutions of
NaH2PO4 and Na2HPO4. All the chemicals were of analytical grade.

2.2. Preparation of graphene oxide (GO)

Two-dimensional graphene oxide (2D-GO) was prepared with
modified Hummersmethod [50e52]. Briefly, 3 g sodium nitrate, 5 g
graphite, and 120mL concentrated sulfuric acid were gradually
added to a three-necked flask in an ice-water bath. Then, 20 g
KMnO4 were slowly added into the three-necked flask over 1 h, and
the mixture was stirred for another 2 h. The mixture was main-
tained in awarmwater bath (35 �C) for 0.5 h, and 230mL deionized
water was dropwise added into the mixture in an ice-water bath.
The flask was transferred to a water bath (98 �C) for 20min and
then transferred to room temperature. H2O2 was added to remove
excess KMnO4 from the mixture, and washed with dilute hydro-
chloric acid, and the supernatant was verified with BaCl2 solution
only with no precipitation, and then washed with deionized water
to neutral. The obtained sample was dried in vacuum at 60 �C to
obtain graphene oxide.
2.3. Preparation of Fe3O4 nanoparticles

In this study, Fe3O4 nanoparticles (Fe3O4 NPs) were prepared by
solvothermal method as followed [53]. Firstly, 2.2 g FeCl3$6H2O and
80mL ethylene glycol were mixed by stirring until completely
dissolved. Then, a mixture of NaAc/sodium citrate (25:1) was added
to the above solution. The solution was transferred to a stainless-
steel autoclave and kept 200 �C for 20 h Fe3O4 NPs were washed
with anhydrous ethanol and dried in vacuum.
2.4. Preparations of 3D-GO/PVA and 3D-GO/PVA/Fe3O4 composites

Preparation of 3D-GO/PVA composites: The GO dispersion with
a concentration of 6mg/mL was prepared, and then PVA (0.012 g)
was added in the solution with ultra-sonication for 1 h, which was
named as GO/PVA hydrogels, afterwards, toluene (10mL) were
added to the solution with ultra-sonication for 1 h. After freeze-
dried, the mixtures were collected and stored, which was named
as 3D-GO/PVA composites.

Preparation of 3D-GO/PVA/Fe3O4 composites: Fe3O4 NPs (0.08 g)
were immersed into 10mL toluene with ultra-sonication. Then, the
10mL mixture (Fe3O4/toluene) was added into GO/PVA hydrogels
(prepared above). The mixtures of GO/PVA/Fe3O4/toluene were
continuously ultra-sonication for 2 h. Finally, the preparation of 3D-
GO/PVA/Fe3O4 composites was finished by freeze drying.
2.5. Immobilization of PPL on 3D-GO/PVA/Fe3O4 composites

3D-GO/PVA/Fe3O4 composites (0.14 g) were added into the PBS
buffer (10mL, 0.05M, pH 7.5) and ultra-sonicated for 1 h. The so-
lution of PPL (3.5mg/mL,10mL) and 3D-GO/PVA/Fe3O4 weremixed
and shaken at 120 rpm for 6 h at 30 �C. Then, the mixture of (3D-
GO/PVA/Fe3O4)-PPL was washed by PBS buffer and collected using
magnet.
2.6. Determination of immobilization efficiency for (3D-GO/PVA/
Fe3O4)-PPL

The immobilization efficiency for (3D-GO/PVA/Fe3O4)-PPL was
determined through Bradford method [49,54], and the immobili-
zation efficiency would be obtained by the BSA standard curve. To
obtain the best immobilization efficiency, the immobilization
conditions were optimized, such as the time of immobilization
(2e16 h), concentration of PPL (2e5.5mg/mL) and reaction tem-
perature (25e60 �C).

The immobilization efficiency is calculated by Formula (1):



Immobilization efficiency ð%Þ ¼ total of content ðmgÞPPL in supernatant ðmgÞ
total of content ðmgÞ � 100% (1)
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2.7. Activity assay

The activity assay on the immobilized enzyme was investigated
by olive oil emulsification method [55]. Briefly, PVA emulsion
(0.03 g/mL) was prepared first. Then the PVA-olive oil emulsion
(20%) was prepared by mixing PVA emulsion with olive oil. PVA-
olive oil emulsion (5mL), 3mL PBS buffer and 15mL 95% ethanol
were mixed in a flask, which was named as blank flask (A). Addi-
tionally, a sample flask (B) was prepared as described above but
without adding ethanol. The flasks of A and B were heated at 40 �C
for 5min and the enzyme solution (1mL) was added for 15min.
Afterwards, 95% ethanol (15mL) was added into flask (B) to
terminate the reaction. Finally, the solutions from (A and B) were
titrated with 0.05M NaOH.

One unit (U) of enzyme activity is defined as the amount of
lipase consumed to produce 1 mmol fatty acid per minute. The used
formula (2) is as follows:

U ¼ VV0

t�M�n
(2)

where V0 and V represent the consumption of NaOH solution at the
flask of A and B, and t represents reaction time. M is the number of
micrograms that contained in 1mL NaOH standard solution. n is
multiple of dilution.

2.8. Effects of the temperature, enzyme concentration and pH on
the relative activity

To study the effects of the temperature, enzyme concentration
and pH for free and immobilized enzymes, various conditions were
applied for enzyme activity testing, including the temperature
ranging from 25 to 60 �C, enzyme concentration ranging from 2 to
5.5mg/mL, and pH ranging from 5.5 to 9.0, respectively. Enzyme
activity assay was done using the same report method [55].

2.9. Reusability and storage stability of immobilized enzyme

To probe the reusability of immobilized enzyme, the immobi-
lized enzyme was reused 6 times to compare the enzyme activity
after each use.

To evaluate the storage stability of immobilized enzyme, the free
and immobilized enzymes were stored in a refrigerator at 4 �C. The
enzyme activities were measured every seven days for 8 times
(total 56 days) and compared the testing results.

2.10. Methods for characterizations

The surface morphologies of the composites were characterized
by scanning electron (SEM) microscope (Hitachi S-4300, Japan),
and transmission electron (TEM) microscopy (Hitachi S-7650,
Japan). The crystal and chemical structures for composites were
analyzed by X-ray photoelectron spectroscopy (XPS) (Thermo
Fisher, USA) and X-ray diffraction (XRD, Bruker D8-FOCUS, Ger-
many) spectra. XRD spectrawere obtainedwith Cu Ka radiation and
the 2q angle range of 10e80� with the step-width 0.02�. The groups
for composites were detected by Fourier transform infrared (FT-IR)
spectroscopy using for KBr tabletting at the range of
500e4000 cm�1 (PE Spectrum One B, USA). Magnetic property for
magnetic material was determined by vibrating sample magne-
tometer (VSM) at room temperature and test range from�30000 to
30000 Oe (VersaLab VL-072, USA). Nitrogen adsorption/desorption
(AUTOSORB-1, USA) was applied to determine the pore size and the
surface area for composites. The composites before testing should
be degassed under vacuum for 3 h. Thermogravimetric analysis
(TGA) (NETZSCH STA 449 F3, Germany) was conducted to measure
the thermal stability of composites in nitrogen atmosphere with
increasing from 0� to 800� at a ramp rate of 10 �C/min. All of the
composites prepared were dried by freeze-drying (Shengchao LGJ-
10, China) (Fig. 1)
3. Results and discussion

3.1. Characterization on the materials

3.1.1. Morphology of GO, Fe3O4 NPs, 3D-GO/PVA and 3D-GO/PVA/
Fe3O4 composites

The morphologies of GO, Fe3O4 NPs, 3D-GO/PVA and 3D-GO/
PVA/Fe3O4 composites were explored by SEM and TEM. Fig. 2a
shows a typical SEM structure for GO, with thin lamellar, edge curl
and more wrinkles. The TEM image also displays the thin and
transparent layers of GO (Fig. 2b), which was consistent with the
other reports [56e58]. Both SEM and TEM images show that Fe3O4
NPs were lychee-like spherical structure and evenly dispersed and
uniform particles (Fig. 2c and d).

The morphology of 3D-GO/PVA composites is shown in Fig. 2 (e
and f), and the morphology of 3D-GO/PVA/Fe3O4 composites is
shown in Fig. 2 (g and i). PVA in the composites acted as a cross-
linking agent, and PVA chains could conjugate with one or more
GO nanosheets to form 3D-GO/PVA (Fig. 2e and f), presenting a
three-dimensional and porous structure. The structure was
composed of PVA and thin-layer GO, which reduced the agglom-
eration of GO and provided more active sites. The images for 3D-
GO/PVA/Fe3O4 composites (Fig. 2gei) clearly depict that Fe3O4 NPs
were loaded onto GO nanosheets successfully, so that the magnetic
property was endowed to the composites. This can be used to
collect the composites and prevent further aggregates of GO
[12,59,60].
3.1.2. Magnetization property testing for Fe3O4 NPs and the 3D-GO/
PVA/Fe3O4 composites

The magnetization property of Fe3O4 NPs or 3D-GO/PVA/Fe3O4
composites was tested using VSM at room temperature. The
magnetization curves of 3D-GO/PVA/Fe3O4 composites are shown
in Fig. 3. The hysteresis loop shows a typical S-shape and the
coercivity is about 7.2 Oe for Fe3O4 NPs. A very small but nonzero
value indicates that the Fe3O4 NPs exhibit quasi-superparamagnetic
properties with small coercivities (Fig. 3a) [61]. In the picture, the
saturation magnetization (Ms) of the 3D-GO/PVA/Fe3O4 composites
(Fig. 3b) is 30.5 emu/g, which is lower than that of pure Fe3O4 NPs
(110.5 emu/g) (Fig. 3b). According to the literature reported by
other researchers [62], the Ms of Fe3O4 could be reduced due to the
presence of GO. Therefore, the phenomenon proved further that
Fe3O4 NPs were successfully loaded on the surface of GO [58] and
made the composites magnetic, and the composites could be



Fig. 1. Schematic representation of the formation of (a) 3D-GO/PVA, (b) 3D-GO/PVA/Fe3O4 and (c) 3D-GO/PVA/Fe3O4-PPL.

Fig. 2. SEM microstructure of GO (a). TEM image of GO (b). SEM images of Fe3O4NPs (c and d, average particle size was about 270 nm). SEM images of 3D-GO/PVA (e and f), SEM
images of 3D-GO/PVA/Fe3O4 composites (g and h), TEM microstructure of 3D-GO/PVA/Fe3O4 composites (i).
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enough separated from the solution with a magnet [63].

3.1.3. The specific surface area and pore size distribution of the 3D-
GO/PVA/Fe3O4 composites

The specific surface area and pore size of the 3D-GO/PVA/
Fe3O4 composites were investigated using BET and BJH method
by the nitrogen adsorption/desorption isotherm analysis. The
isotherm of the 3D-GO/PVA/Fe3O4 composites exhibited a hys-
teresis loop similar to type IV, and indicated that the capillary
condensation phenomenon of the mesoporous structure on the
composites appeared. BET analysis showed a specific surface area
for the 3D-GO/PVA/Fe3O4 composites of 388.87m2 g�1 (Fig. 4),



Fig. 3. Magnetization curves of Fe3O4 NPs and 3D-GO/PVA/Fe3O4 composites (a).
Enlarged magnetization curve of Fe3O4 NPs (b).

Fig. 4. The specific surface area and pore size of the 3D-GO/PVA/Fe3O4 composites.
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which was higher than that of 2D-GO/Fe3O4 [12]. The higher
specific surface area of 3D-GO/PVA/Fe3O4 composites were
attributed to the particular three dimensional network structure,
which avoided the problems of the aggregation or restacking by
strong van der Waals interactions between GO sheets. The pore
size of the 3D-GO/PVA/Fe3O4 composites was analyzed by BJH
method, and the average pore size of the sample was approxi-
mately 9.6 nm (Fig. 4).

3.1.4. XPS analysis for 3D-GO/PVA/Fe3O4 composites
The chemical structure of the composites was analyzed by XPS.

As shown in Fig. 5a, two peaks of C 1s and O 1s appeared for GO,
implying that GO contained two elements of C and O. In the C 1s
spectrum (Fig. 5d), three curve-fitted peaks were distinguished,
and they were C-C/C¼C at 284.8 eV, C¼O at 288.7 eV, and C-O at
286.8 eV, meaning that GO was prepared successfully [64]. After
adding PVA, it was noticed that the intensity of C-C/C¼C in 3D-GO/
PVA composites (Fig. 5e) was increased than that of GO, sug-
gesting that PVA reacted with GO. Meanwhile, the C¼O and C-O
binding energies of 3D-GO/PVA compared with that of GO
decreased by 0.12 eV and 0.12 eV (Fig. 5e), indicating the
involvement of electron donors. This was due to that C¼O and C-O
in GO and -OH in PVA formed hydrogen bond, and the electron
cloud shifted to O atoms on C¼O and C-O functional groups,
resulting in an increase in the electron density of O atoms and
thus a reduced binding energy. XPS spectra of 3D-GO/PVA/Fe3O4
composites show that the element of Fe appeared except C and O,
this indicated the loading of Fe3O4 on the composites [60]. The
spectra of Fe3O4 NPs (Fig. 5g) from composites show two peaks
corresponding to the spin orbit peaks for Fe 2p3/2 and Fe 2p1/2
from pure Fe3O4 [12], which were located at 711.2 and 724.8 eV,
rather than at 710.3 and 724.0 eV (g-Fe2O3) [65]. Moreover, it
demonstrated that Fe3O4 was conjugated into the composites
[64]. Meanwhile, the intensity of C-O in the C 1s spectrum of 3D-
GO/PVA/Fe3O4 composites (Fig. 5f) was found to be lowered
compared to the 3D-GO/PVA composites, further suggesting that
Fe3O4 NPs were successfully anchored on the surface of GO
nanosheets [66].
3.1.5. XRD analysis
The crystal structures of GO, 3D-GO/PVA composites, and 3D-

GO/PVA/Fe3O4 composites were also explored in Fig. 6. The XRD
pattern of GO (Fig. 6A) exhibits an obvious diffraction peak at
2q¼ 11.94�, which corresponds to the crystal planes of (001) [67].
Graphite diffraction peaks (002) that were not oxidized at 2q¼ 26�

were not found, indicating that the GO prepared in this experiment
was oxidized completely. It indicated that many oxygen-containing
functional groups existed on the surface of GO. According to the
Bragg equation and 2q¼ 11.94�, the interlayer spacing of GO was
calculated, and it was 0.74 nm. As shown in Fig. 6B, the diffraction
peak of 3D-GO/PVA composites was 2q¼ 15.46�, and the interlayer
spacing was 0.57 nm. This indicated that PVA inserted into the GO
layer space [68], leading to the change on the interlayer spacing.
Furthermore, the characteristic diffraction peak of PVA (101) at 3D-
GO/PVA and 3D-GO/PVA/Fe3O4 composites showed weaker
diffraction peak intensity at 2q¼ 19e20�, because of the lower



Fig. 5. XPS spectra of GO (a), 3D-GO/PVA (b) and 3D-GO/PVA/Fe3O4 (c). The high-resolution C1s spectrum of GO (d), 3D-GO/PVA (e) and 3D-GO/PVA/Fe3O4 (f), respectively. The
high-resolution Fe 2p spectrum of Fe3O4 from the composites (g).

Fig. 6. XRD patterns of GO (A), 3D-GO/PVA composites (B), and 3D-GO/PVA/Fe3O4

composites (C).
Fig. 7. TGA curves of Fe3O4, GO, 3D-GO/PVA, 3D-GO/PVA/Fe3O4 composites.
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amount of PVA. As shown in Fig. 6c, 3D-GO/PVA/Fe3O4 composites
had seven diffraction peaks, except the diffraction peak for GO
(001), all of other six weaker peaks were the characteristic peaks of
Fe3O4, i.e., 30.1�, 35.4�, 43.0�, 53.5�, 57.0�, and 62.5�, respectively.
The crystal planes corresponded to 220, 311, 400, 422, 511, and 440,
which were consistent with the face-centered cubic (fcc) structure
of Fe3O4 [63], indicating that Fe3O4 was loaded on the GO surface.
The (001) peak becomes broad and weak in the 3D-GO/PVA/Fe3O4
nanocomposites. It may be due to the formation of 3D-GO/PVA/
Fe3O4 that leads to poor ordering during the stacking of GO sheet
[69].



Fig. 8. FT-IR spectra of Fe3O4NPs (A1), GO (A2), 3D-GO/PVA (A3), 3D-GO/PVA/Fe3O4

(A4), PVA (A5), and (3D-GO/PVA/Fe3O4)-PPL composites (B6) and PPL (B7).
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3.1.6. TGA properties of Fe3O4 NPs, GO, 3D-GO/PVA, 3D-GO/PVA/
Fe3O4 composites

The thermal stability of Fe3O4 NPs, GO, 3D-GO/PVA, 3D-GO/PVA/
Fe3O4 composites were detected by TGA. As shown in Fig. 7, Fe3O4
NPs showed good thermal stability within the temperature range
from 0 to 800 �C. TGA curves of the GO, 3D-GO/PVA and 3D-GO/
PVA/Fe3O4 composites exhibited three stages on the weight loss.
For GO, the first stage at 0e190 �C of theweight loss was ascribed to
the loss of adsorbed water [70,71]. The TGA curve (Fig. 7) shows a
downward trend at the second stage in the range of 150e250 �C.
This may be due to the thermal decomposition of oxygen-
containing groups in GO to CO2, CO and H2O [72,73]. In addition,
the TGA curve shows a downward trend at the third stage
(250e650 �C) due to the thermal decomposition of the remaining
GO after removing the oxygen-containing groups [74].

The first stage for 3D-GO/PVA composites at 0e190 �C was lost
due to the physically adsorbed water in Fig. 7. The second stage of
3D-GO/PVA composites was at 190e220 �C. Compared to pure GO,
the degradation temperature of 3D-GO/PVA composites decreased.
The weight loss of 3D-GO/PVA composites below 220 �C was
mainly the decomposition of oxygen-containing functional groups
on PVA and GO. The third stages at 220e630 �C was mainly PVA
backbone decomposition and GO carbon skeleton pyrolysis. For the
3D-GO/PVA/Fe3O4 composites, the second stage was the same as
3D-GO/PVA composites. The temperature of the third stage moved
to the right, and it showed that the addition of Fe3O4 improved the
thermal stability of 3D-GO/PVA.

3.1.7. FT-IR. Spectra analysis on PVA, GO, 3D-GO/PVA, Fe3O4 NPs,
3D-GO/PVA/Fe3O4, PPL and (3D-GO/PVA/Fe3O4)-PPL composites

The functional group analysis of several samples was explored
by the FT-IR spectra as shown in Fig. 8. The characteristic peaks of
GO (Fig. 8A2) were located at ~1719, ~1624, ~1398, and ~1063 cm�1,
which corresponded to the stretching vibrations of C¼O, C¼C, C-
OH, and C-O, respectively [75e78]. The broad band at ~3481 cm�1

was related to the vibration bands of -OH [79] (Fig. 7A). The peak at
~2942 cm�1 was attributed to the C-H stretching vibration of
methylene groups in PVA (Fig. 8A5), which also appeared in the 3D-
GO/PVA and 3D-GO/PVA/Fe3O4 composites (Fig. 8A3 and 8A4). The
peak intensity of the C¼O functional group on 3D-GO/PVA was
significantly reduced compared to GO, which was due to the for-
mation of hydrogen bonds between -OH of PVA and C¼O of GO. The
characteristic peak at 584 cm�1 was attributed to the Fe-O bending
vibration from Fe3O4 NPs [48] (Fig. 8A1), which also appeared in the
3D-GO/PVA/Fe3O4 (Fig. 8A4), indicating that Fe3O4 NPs were
anchored on GO nanosheets successfully.

As shown in Fig. 7B7, the bands at 1643, and 1543 cm�1 were
assigned to the -CO-NH- group in PPL [80,81]. Meanwhile, the
immobilized enzyme also had an amino absorption peak at the
same position (Fig. 8B6), demonstrating that PPL was successfully
immobilized on the 3D-GO/PVA/Fe3O4 composites [82,83]. Addi-
tionally, the transmittance for the O-H band (3389 cm�1, Fig. 8B) of
enzyme inn the composites was weakened, indicating that an
interaction by hydrogen bonding occurred between PPL and 3D-
GO/PVA/Fe3O4 composites [12].

3.2. Immobilization of enzyme

3.2.1. Effects of temperature, enzyme concentration, adsorption
time, and pH on enzyme activity

The effect of temperature on enzyme activity was firstly studied.
The result is shown in Fig. 9A. With increasing the temperature
from 25 to 60 �C, the enzyme activity was changed, the optimum
temperature was 40 �C for immobilized enzyme, and was 35 �C for
free enzyme. As shown in Fig. 9A, the immobilized enzyme
exhibited excellent activity compared with free enzyme when the
temperature increased (at 60 �C), 64% of initial enzyme activity was
remained for immobilized enzyme, while only 26% remained for
free enzyme. The success at high temperatures were due to the
strength of the enzyme-matrix interaction or the low limit of
diffusion of the substrate [47]. This suggests that the interaction
between the enzyme and the composites prevented the enzymes
from the thermal denaturation to enhance the thermal stability of
the enzyme [84]. The layered structure of nanofibers makes the
enzyme more resistant to high temperature. Wang et al. [85] re-
ported that lipase-immobilized polysulfone nanofibers retained
50% of their activity after being held at 50 �C for 100min, while
losing their activity in the free state. However, because the physical
adsorption between the enzyme and the 3D-GO/PVA/Fe3O4 com-
posites was weaker [86], the variation on activity of the enzyme
was bigger at higher temperatures (35e60 �C). In addition, it was
found that the maximum activity of enzyme was increased in the
immobilized enzyme compared to the one in free enzyme, this
suggests that the composites played an important role in enhancing
the activity of the enzyme.

The effect of the enzyme concentration was also tested (Fig. 9B).
The optimal concentration of the enzyme was 3.5mg/mL for
immobilized enzyme, and was 3.0mg/mL for free enzyme. When
high concentration of enzyme was applied to immobilization, an
interaction between the enzyme and the enzyme could result in a
conformational change and thereby reduced enzyme activity. On
the other hand, the higher concentration of the enzyme may cause
diffusion barrier or space barrier, which could hinder the effective



Fig. 9. Effects of temperature, concentration, and adsorption time, pH on immobilization efficiency and enzyme activity (Each data point was tested three times and the means and
standard deviations were calculated by Excel).
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contact between the enzyme and the substrate and also reduce the
activity of the enzyme [87,88]. Additionally, the enzyme activity
was also lowered at higher concentrations because the multilayer
absorption might occur on the surface of composites and decreased
more enzyme active sites [89,90]. Therefore, it is better to have a
bigger specific surface area for the composites because it might
provide a bigger space for enzyme reaction.

The effect of adsorption time on enzyme activity was investi-
gated from 2 to 16 h (Fig. 9C). The optimum adsorption time was
6 h, and the immobilized enzyme activity was 91% which wasmuch
higher compared with other time. This indicated that the dena-
turation of the enzyme almost did not occur. However, with
increasing the time (for example, over 6 h), the enzyme activity was
significantly decreased due to the denaturation of the enzyme,
multilayer adsorption of enzymes and aggregation of enzymes. Free
enzymes placed in buffer solution for too long also easily led to the
degeneration and deactivation, so that the free enzyme activity was
decreased.

The effect of pH on enzyme activity was studied. The result is
shown in Fig. 9D pH is one of the important parameters to affect the
enzyme activity [91]. The optimum pH of the immobilized and free
enzymes was 7.5. After the immobilization, (3D-GO/PVA/Fe3O4)-
PPL showed a better stability in a wider pH range, especially in
alkaline conditions (pH 7.5e9.0), which might be ascribed to the
microenvironment due to the weak acidity of the composites
[47,92]. The pH of the immobilized enzyme was more stable than
that of free enzyme probably because the porous structure of the
composites promoted the stability of enzyme or improved
tolerance of enzyme to a higher pH condition [84,93]. These results
indicate that the microenvironment around the immobilized
enzyme can influence the enzyme activity cooperatively [94,95].

3.2.2. Immobilized efficiency of the enzyme
The effects of temperature (Fig. 9A, black line), enzyme con-

centration (Fig. 9B, black line), and adsorption time (Fig. 9C, black
line) on immobilized efficiency of enzyme were explored by UV
spectrophotometer for the 3D-GO/PVA/Fe3O4 composites. The re-
sults showed that the optimal values for the temperature, enzyme
concentration, and adsorption time were 40 �C, 3.5mg/mL, and 6 h
in the process of enzyme immobilization. Under the optimal con-
ditions, the best immobilized efficiency for (3D-GO/PVA/Fe3O4)-
PPL was 91%, which was much higher than that for (GO/Fe3O4)-PPL
(76%) [12]. As shown in Fig. 9A, B and C, the immobilized efficiency
of the enzyme was firstly increased and then declined. When the
enzyme concentration increased (over 3.5mg/mL), enzyme was
easily aggregated and multilayer absorption. The binds between
enzyme and the composites were weaker by physical adsorption,
which may cause the enzyme to fall off from the surface of com-
posites, thereby reducing the immobilized efficiency. With
increasing the temperature (over 40 �C), the enzyme will undergo
the thermal denaturation and leads to the inactivation of the
enzyme, therefore, the immobilized efficiency of the enzymes and
composites is decreased. The increased adsorption time (over 6 h)
may cause the denaturation of enzyme. In addition, with prolong-
ing the time, the enzymes on the composites occurred multilayer
absorption. Therefore, the immobilized efficiency of enzyme was



Fig. 10. Reusability and storage stability of enzyme activity (Each data point was tested
three times and the means and standard deviations were calculated by Excel).
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reduced with increasing the adsorption time.

3.2.3. Reusability and storage stability of the immobilized enzyme
Under optimal conditions, the reusability of the immobilized

enzyme was probed for 6 times. The results are shown in Fig. 10A.
After reusing for 6 times, the activity of the immobilized enzyme
still remained about 70.8% of the initial activity (Fig. 10A). However,
the interaction between enzyme and the composites is physical
adsorption, which may cause the enzyme to fall off from the
composites, so that the total enzyme activity is reduced and the
variation on the enzyme activity is bigger.

The storage stability of the immobilized and free enzyme was
tested every 7 days for total 56 days. The results are shown in
Fig. 10B. The storage stability for free enzyme was very poor
compared to the one for the immobilized enzyme. After 56 days,
the immobilized enzyme still remained 71.1% of the initial activity,
but the free enzyme only remained 20% of the initial activity. It
indicated that the composites had a better rigid structure, which
could improve the storage stability of the immobilized enzyme
[12]. It indicated that the novel composites also played a key role for
the reusability and storage stability. The composites have a stabi-
lizing effect and the immobilized enzymes have a longer shelf life
than free enzymes.

4. Conclusion

A 3D GO/PVA/Fe3O4 composite was prepared and characterized.
The results indicate that it has a larger specific surface area, larger
pore size. The 3D-GO/PVA/Fe3O4 composites have good magnetic
properties that can be used for recycling by simply using an
external magnet. Additionally, the three-dimensional porous
structure can effectively improve the immobilization efficiency and
enzyme activity. In terms of enzymology properties such as relative
activity, reusability and storage stability, these composites exhibit
great promise for industry applications.
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