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Currently nano and hybrid materials has become a new approach for improving 

enzyme activity, stability and suitable for commercial application. In this paper, 

graphene oxide-based magnetic hybrids were prepared successfully. The 

chloropropyl-functioned graphene oxide decorated with Fe3O4 nanoparticles were 

made, noted as CPS/GO-Fe3O4@MCM-41. They were characterized by X-ray powder 

diffraction, scanning electron microscope, transmission electron microscope, fourier 

transform infrared spectroscopy, vibrating sample magnetometer, thermogravimetry 

and N2 adsorption/desorption. Then the porcine pancreas lipase (PPL) was 

immobilized onto the graphene oxide-based magnetic nanoparticles via covalent 

bonding. The results showed that the novel supporting material 

CPS/GO-Fe3O4@MCM-41 was the best for PPL immobilization compared to the 

other two nanomaterials (GO-Fe3O4@MCM-41 and GO-Fe3O4). The supporting 

material CPS/GO-Fe3O4@MCM-41 exhibited enhanced immobilization efficiency 

(up to 98 %), maximum relative activity (up to 97.9 %), high stability and reusability 

(85 % 56 d and 87 % 10 cycles both at 30 °C). Additionally, it offered some other 

advantages, such as easy recycling and reusing, complying with the trend of green 

chemistry. Therefore, it is proposed that CPS/GO-Fe3O4@MCM-41 provide a new 

approach for commercial application. 
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 Introduction 

Graphene, a two-dimensional (2D) honeycomb lattice, is regarded as the 

‘thinnest material in the universe’. It offers outstanding thermal conductivity, 

mechanical strength, chemical stability, biocompatibility and non-toxicity, therefore, it 

has great future on the industrial applications [1-5]. Graphene oxide, a precursor of 

graphene, owns large surface area and plenty of functional groups, and exhibits good 

biocompatibility. Therefore, it is a good candidate for grafting other nanoparticles, 

and further immobilizing a large amount of enzymes. However, the difficulty is to 

separate the graphene oxide from the aqueous solution due to its strong hydrophility. 

The another hard thing is that nanosheet of graphene oxide inclines to agglomerate 

because of the strong π-π interactions between the nanosheets, which leads to the loss 

of surface area, so that many functional groups could be covered [6].  

Fe3O4 nanoparticles can offer convenience of recovery due to the response to 

magnetic force, they have been adopted in catalytic, biological and drug delivery 

fields [7-12]. If integrated the graphene oxide with Fe3O4 nanoparticles, the combined 

supporting material can be separated rapidly with the addition of the external 

magnetic field. Meanwhile, the Fe3O4 nanoparticles can prevent the agglomeration of 

graphene oxide, so that the large surface area and the functional groups can be 

remained.  

On the other hand, enzyme-catalyzed reactions have been applied extensively in 

industry due to their high efficiency, mild reaction conditions, non-toxicity, less 

by-products and environment friendly properties [13].  

Among all the enzymes commercialized, porcine pancreatic lipase (PPL) is the 

one more common, cheaper and easier used, as it offers many advantages, including 

the high thermostability and water solubility. PPL is a small globular protein, which 

consisted of a single chain of 449 amino acids, and has a three-dimensional structure 

(molecular volume) of 4.6 nm × 2.6 nm × 1.1 nm. Its unique crystal structure 

looks like a lid that covers the catalytic site, which contains a catalytic triad: Ser, Asp 

and His at positions 153, 177 and 264, respectively [14].     
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As usual, the water-soluble enzyme shows some drawbacks, such as instability, 

easy deactivation and additional efforts to separate the enzymes from the product 

mixture. Therefore, the immobilized enzyme technology has been adopted and 

developed [15-17].  

To date, PPL has been immobilized on various supports, and applied to various 

purposes. Unfortunately, some supports have low surface area and barely few 

functional groups or binding sites, which is inappropriate for the industrial 

applications. Therefore, it is still necessary to design a better efficient support for 

immobilizing enzymes.  

In this regard, we designed a new supporting material, which was to integrate the 

graphene oxide with Fe3O4 nanoparticles, for the better immobilization of the enzyme. 

Meanwhile, we explored the relative activity, reusability and storage stability after the 

enzyme was immobilized to the new supporting material. 

 

Experiment 

1 Materials and methods 

1.1 Materials 

FeCl3·6H2O, cetyltrimethylammonium bromide (CTAB), acetone, ethylene 

glycol, sodium acetate, absolute ethanol, absolute toluene,  potassium permanganate, 

sodium nitrate, hydrogen peroxide, concentrated sulfuric acid and porcine pancreas 

lipase (PPL) powder (EC 3.1.1.3), 3000 (U/mL), (BR), were purchased from 

Sinopharm Chemical Reagent (Shanghai, China). Tetraethylorthosilicate (TEOS), 

ammonia (25 wt %), 3-chloropropyltriethoxysilane (CPS) and olive oil were 

purchased from Aladdin (Shanghai, China). Natural flake graphite was purchased 

from Qingdao Golden days of graphite company (Qingdao, China). All chemicals 

were of analytical-grade and without further purification. 

1.2 Methods 

1.2.1 Preparation of Fe3O4 nanoparticles 

The preparation of Fe3O4 and Fe3O4@MCM-41 were according to the work as 

described previously [22]. 
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1.2.2 Preparation of GO 

Graphene oxide (GO) was prepared using the Hummers method [23]. Natural 

flake graphite (0.5 g) and sodium nitrate (2.5 g) were added into a round-bottom flask, 

which was set in ice-water bath, the concentrated sulfuric acid (115 mL, 36 N) was 

added and stirred slowly. Afterwards, potassium permanganate (15 g) was added and 

mixed. The mixture was kept in the ice-water bath for 2 h, then transferred the flask 

into a thermostat water bath, and stirred for 30 min at 35 °C. After that, the flask was 

transferred into the ice-water bath again, and added deionized water (230 mL) 

gradually. The temperature would be increased. Transferred the flask into thermostat 

water bath again, and stirred for 20 min at 98 °C. The reaction mixture was then 

cooled down naturally to room temperature. Subsquently, the hydrogen peroxide (250 

mL) was added. By now, a bright yellow solution was obtained, collected the 

precipitate by centrifugation and washed it with diluted hydrochloric acid, the 

supernatant was collected and detected with barium chloride solution. Then the 

precipitate was washed with distilled water until the pH of supernatant reached to 

neutral.  

1.2.3 Preparation of CPS/GO-Fe3O4@MCM-41 

Fe3O4@MCM-41 (0.3 g) was dispersed in absolute ethanol (60 mL) and 

sonicated for 30 min. Meanwhile, GO was also dispersed in distilled water (0.5 

mg/mL). Mixed the two solutions (3: 4/v: v) prepared above and stirred vigorously for 

1 h. Then 3-chloropropyltriethoxysilane (CPS) (1 mL) was dropped into the above 

solution generated above, stirred vigorously at 120 °C, refluxed for 10 h, washed with 

absolute ethanol for several times and freeze-dried. The product was noted as 

CPS/GO-Fe3O4@MCM-41. For comparison, GO-Fe3O4 and GO-Fe3O4@MCM-41 

were also prepared by the same process except the addition of 

3-chloropropyltriethoxysilane (Fig. 1).      

1.2.4 Immobilization of PPL on CPS/GO-Fe3O4@MCM-41, 

GO-Fe3O4@MCM-41 and GO-Fe3O4 

CPS/GO-Fe3O4@MCM-41 (0.36 g) was equilibrated in the PBS buffer (10.0 mL; 

pH 7.5, 0.05 M) at 25 °C for 1 h, which was named supporting solution. PPL (0.036 g) 
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was dissolved in the PBS buffer (10.0 mL; pH 7.5, 0.05 M) to obtain a solution, 

which was then added into the supporting solution mentioned above. The resulting 

mixture was shaken for 12 h at 150 r/min (25 °C). Afterwards, the immobilized PPL 

material was collected, washed with enough PBS buffer and stored at 4 °C until use. 

The other two immobilized PPL materials were obtained according to the same 

process mentioned above.  
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Fig. 1 Schematic representation for the formation of (a) GO-Fe3O4-PPL, (b) 

GO-Fe3O4@MCM-41-PPL and (c) CPS/GO-Fe3O4@MCM-41-PPL 

 

1.2.5 Immobilization efficiency of PPL 

Immobilization efficiency of PPL on nanoparticles was determined by the 

Bradford method as described previously [24]. Briefly, the absorbance of solution was 

measured at 595 nm using UV-visible spectroscopy first, and then the percentage of 
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the immobilized PPL was calculated by subtracting the PPL content in the supernatant 

from the total as follows.  

Immobilization efficiency (%) = (total PPL content (mg/ml) - PPL content in the 

supernatant (mg/ml)) / total PPL content * 100%. 

The optimal concentration of the enzyme was 0.35 mg/mL for 

CPS/GO-Fe3O4@MCM-41-PPL, 0.30 mg/mL for GO-Fe3O4@MCM-41-PPL, and 

0.25 mg/mL for GO-Fe3O4-PPL, respectively. 

  

1.2.6 Activity assay 

The activity of PPL and immobilized-PPL were determined by use of olive oil as 

the substrate [22]. One unit (U) of the PPL activity was defined as the amount of 

lipase releasing 1 µmol of fatty acid per minute. The initial activity (3000 U/mL) of 

PPL was defined as the maximum activity (100 %). 

1.2.7 The effect of temperature on PPL relative activity 

The effect of temperature on relative activity was investigated as follows: the 

immobilized PPL and non-immobilized PPL (3.6 mg/mL for both) were added into 

the PBS buffer (pH 7.5, 0.05M) and kept for 1 hour at the temperature of 25 °C, 

30 °C , 35 °C, 40 °C, 45 °C, 50 °C, 55 °C and 60 °C, respectively.  

1.2.8 The effect of the pH on PPL relative activity  

The effect of pH on PPL relative activity was investigated under the conditions 

of 30 °C for 1 h, and the PBS buffer pH values was adjusted to 5.5, 6.0, 6.5, 7.0, 7.5, 

8.0, 8.5, and 9.0, respectively. 

1.2.9 Reusability and storage stability of the immobilized PPL 

The reusability was studied as follows. The relative activity of the immobilized 

PPLs (3.6 mg/mL) was measured after each run and up to ten runs with the conditions 

of 30 C, pH 7.5 and 1 hour reaction time. After each run, the immobilized PPL was 

recovered with the aid of magnet, washed with PBS buffer (pH 7.5, 0.05 M) for three 

times. The storage stability of the immobilized PPL and non-immobilized PPL were 

determined based on the days that the activity lasted for. The activity was tested every 

7 days with the conditions of 30 °C at pH 7.5.  
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1.3 Characterizations 

X-ray diffraction (XRD) spectra of the samples were studied using a Bruker, 

D8-FOCUS diffractometer equipped with Cu/Kα radiation at a scanning rate of 4°-8° 

min−1. Fourier transform infrared spectroscopy (FTIR) (Spectrum One B, PE) was 

used for detecting the functional groups of materials in the range of 400-4000cm-1. 

Magnetic susceptibility were measured using a vibrating sample magnetometer (VSM) 

(VersaLab VL-072, Quantum Design) in the magnetic field sweeps off -30,000 Oe to 

-30,000 Oe at room temperature. Morphological characteristics of the samples were 

measured with Hitachi S-4300 scanning electron microscope (SEM) and Hitachi 

S-7650 Transmission electron microscopy (TEM). For investigating the surface area 

and pore size, the samples were first degassed in a vacuum at 77K for 3h, and then 

tested with Surface Area & Pore Size Analyzer (AUTOSORB-1, Quantachrome). 

Thermogravimetric analysis (TGA) was conducted by use of the NETZSCH STA 449 

F3 Jupilter thermo-analyzer in the temperature range 0-800 °C at a heating rate of 

10 °C min−1. The surface composition inspection and the valence states of the samples 

were measured by X-ray photoelectron spectroscopy (XPS) (ESCALAB250Xi, 

Thermo Company). 

 

Results and discussion 

2.1 Materials characterizations 

2.1.1 Morphological characteristics observed by SEM and TEM images 

The SEM and TEM images for Fe3O4, Fe3O4@MCM-41, GO, GO-Fe3O4, 

GO-Fe3O4@MCM-41 and CPS/GO-Fe3O4@MCM-41 were shown in Fig. 2. Before 

coating, the shape of Fe3O4 nanoparticles was spherical, the size was about 300 nm, 

and displayed good dispersancy (a, c). After coated by the mesoporous silicon 

(MCM-41), the shape of Fe3O4@MCM-41 was also spherical, but the size was 

increased to 500 nm, and showed the orderly and closely arrangement (b, d). 

Compared to the Fe3O4, the surface of the Fe3O4@MCM-41 became smoother (b). 

Morphologically, the Fe3O4 nanoparticles were coated by mesoporous silicon evenly 

[25]. The morphology of GO was shown in Fig. 2 (e), in which a four layered 
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structure was observed. It was thin, transparent, and accompanied with several 

micrometer-long wrinkles. As shown in Fig. 2 (f, g and h), Fe3O4 and 

Fe3O4@MCM-41 nanoparticles located on the surface of GO layers were tightly 

wrapped by the wrinkled and ultrathin GO sheet [26]. These results showed that the 

materials used in the experiments were prepared successfully. 

a) 

 

b) 

 

c)                                d) 
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e)                            f) 

  

g)                            h) 

  

Fig. 2 SEM images of (a) Fe3O4; (b) Fe3O4@MCM-41 and TEM images of (c) Fe3O4; 

(d) Fe3O4@MCM-41; (e) GO; (f) GO-Fe3O4; (g) GO-Fe3O4@MCM-41 and (h) 

CPS/GO-Fe3O4@MCM-41 
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2.1.2 Determination of crystal structure by XRD analysis 

The crystal structures of Fe3O4, Fe3O4@MCM-41, GO and 

CPS/GO-Fe3O4@MCM-41 were characterized by powder X-Ray diffraction (XRD) 

(Fig. 3). The structures of Fe3O4@MCM-41 and CPS/GO-Fe3O4@MCM-41 were 

characterized by small angle X-ray analysis in the range of 1°-6°. The result from the 

small angle X-ray analysis for CPS/GO-Fe3O4@MCM-41 was the same as the result 

for Fe3O4@MCM-41 (Fig. 3 (c)) exactly, the only characteristic peaks were observed 

at 2θ of 2.0°, which was attributed to the short-range ordering features of the 

mesopore alignment on the spherical surface [22]. The wide angle analysis of XRD 

revealed six characteristic peaks for Fe3O4, which were located at 2θ of 30.2°, 35.4°, 

42.9°, 53.5°, 57.0° and 62.4°.These peaks were assigned to the crystal plane (220), 

(311), (400), (422), (511) and (440), respectively. For Fe3O4@MCM-41, the peak at 

2θ of 18–24° represented the amorphous phase of SiO2. The XRD pattern of GO was 

shown in Fig. 3 (d). The unique characteristic peak was observed at 2θ of 10.5°, 

which was assigned to the crystal plane (001). The XRD pattern of 

CPS/GO-Fe3O4@MCM-41 was shown in Fig. 3 (e), where the characteristic 

diffraction peak of GO was not observed, however, the six characteristic peaks of 

Fe3O4 were reserved [27]. These results indicated that Fe3O4, Fe3O4@MCM-41, GO 

and CPS/GO-Fe3O4@MCM-41 were prepared successfully.  
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Fig. 3 XRD patterns of the (a) Fe3O4, (b) Fe3O4@MCM-41, (c) small angle 

X-ray analysis of Fe3O4@MCM-41 and CPS/GO-Fe3O4@MCM-41, (d) GO and (e) 

CPS/GO-Fe3O4@MCM-41 

 

2.1.3 X-ray photoelectron spectroscopy (XPS) analysis 

The surface composition and the valence states of the samples were investigated 

by the XPS spectroscopy spectra, as shown in Fig. 4. The wide scan XPS spectra of 

the samples was shown in Fig. 4 (a), and displayed the sharp peaks at the binding 

energy of 285, 530, 711, 101 and 199 eV, which were assigned to C 1s, O 1s, Fe 2p, Si 

2p and Cl 2p, respectively. The result indicated the existence of C, O, Fe, Si and Cl in 

the corresponding samples. The high-resolution XPS spectra of Fe 2p scan was shown 

in Fig. 4 (b). The peaks at 711.2 eV and 725.6 eV could be assigned to Fe 2p3/2 and Fe 

2p1/2, respectively. The peak around 720 eV of γ-Fe2O3 was not observed, suggesting 

that the only form of Fe3O4 existed in GO-Fe3O4, GO-Fe3O4@MCM-41 and 

CPS/GO-Fe3O4@MCM-41 [28]. The Si 2p spectra of GO-Fe3O4@MCM-41 were 

shown in Fig. 4 (c). The two peaks at 101.3 eV and 102.3 eV were assigned to the 
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Si-O-C and Si-O-Si, respectively, which suggested that there were two chemical states 

of Si. This result was consistent with the conclusion from the FTIR analysis (Fig. 5). 

The C1s spectra of GO, GO-Fe3O4, GO-Fe3O4@MCM-41 and 

CPS/GO-Fe3O4@MCM-41 were shown in Fig. 4 (d, e, f and g). The deconvoluted 

peaks of GO were displayed at four positions corresponding to C=C sp2 (284.4 eV), 

C-C sp3 (285.1 eV), C-OH and/or C-O-C (286.9 eV), C=O (288.9 eV) [28]. The peak 

of C-C sp3 in GO-Fe3O4, GO-Fe3O4@MCM-41 and CPS/GO-Fe3O4@MCM-41 

shifted to higher binding energy by 0.1 eV, 0.1 eV and 0.6 eV, respectively. In addition, 

the intensity of C=C sp2 peak in GO-Fe3O4, GO-Fe3O4@MCM-41 or 

CPS/GO-Fe3O4@MCM-41 was increased compared to the one in GO. Together, it 

was believed that the magnetic mesoporous silicon grafted onto the surface of GO 

sheet [28]. The peaks of C-OH and/or C-O-C in GO-Fe3O4 and GO-Fe3O4@MCM-41 

were greatly decreased compared to the one in GO. It was even decreased more while 

CPS was grafted onto the surface of GO sheet. These results suggested that GO was 

partly reduced in the modified nanomaterials [27, 28]. The N 1s spectra of PPL and 

CPS/GO-Fe3O4@MCM-41-PPL were shown in Fig. 4 (h and i). The sharp peak at the 

binding energy of 399.8 eV was assigned to N 1s for PPL. While the peak in 

CPS/GO-Fe3O4@MCM-41-PPL shifted to higher binding energy by 0.5 eV. The result 

indicated that the PPL was bound to the CPS/GO-Fe3O4@MCM-41 by covalent 

attachment [29, 30]. All the results from the x-ray photoelectron spectroscopy (XPS) 

analysis demonstrated that the supporting materials were prepared successfully. 
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Fig. 4 XPS spectra scan (a) wide scan XPS spectra of the supporting materials, (b) 

high-resolution XPS spectra of Fe 2p scan, (c) Si 2p spectra of GO-Fe3O4@MCM-41, 

C 1s spectra of (d) GO, (e) GO-Fe3O4, (f) GO-Fe3O4@MCM-41, (g) 
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CPS/GO-Fe3O4@MCM-41 and N 1s spectra of (h) PPL and (i) 

CPS/GO-Fe3O4@MCM-41-PPL 

 

2.1.4 The functional groups by FT-IR spectra analysis 

FT-IR spectra of GO-Fe3O4@MCM-41 (a), GO-Fe3O4 (b), GO (c), 

CPS/GO-Fe3O4@MCM-41 (d) and Fe3O4 (e) were shown in Fig. 5. For the results of 

Fe3O4 (e), the peaks at 582 cm–1, 1629 cm–1 and 3423 cm-1 indicated the vibration of 

the Fe-O bond, the bending vibration of the O-H bond and the stretching vibration of 

the O-H group, respectively. In the curve of GO (c), the peaks at 1733 cm-1, 1621 cm-1, 

1226 cm-1 and 1061 cm-1 were assigned to C=O stretching vibration of carbonyl and 

carboxyl groups located at edges of the GO networks, C=C vibration of skeleton, 

C-OH vibration and C-O stretching vibration of epoxide group, respectively [31]. For 

the GO-Fe3O4 spectrum (b), the peak of C=O was observed with lower intensity 

compared to GO spectrum (c), suggesting that the GO sheet was partly reduced, 

which was consistent with the XPS results (Fig. 4). In addition, the wavelengh of 

Fe-O bond was shifted to lower wavelengh of 576 cm-1 compared to 582 cm–1 in 

Fe3O4 nanoparticles. It was suggested that Fe3O4 nanoparticles were grafted onto the 

GO sheet [32]. In the spectrum of GO-Fe3O4@MCM-41 (a) and 

CPS/GO-Fe3O4@MCM-41 (d), the peaks at 470 cm–1 and 801 cm–1 were attributed to 

the characteristic vibrations for the framework (Si-O-Si) of mesoporous. The 

vibration peaks at 1095 cm–1 and 1041 cm–1 were attributed to the Si-O-Si and Si-O-C 

groups, suggesting that the magnetic mesoporous silicon was grafting on the surface 

of GO by the covalent attachment [33]. After the modification with mesoporous 

silicon, the intensity of peaks at 2925 cm-1 and 2854 cm-1 were increased, which were 

attributed to the symmetric and asymmetric stretching of -CH3 and -CH2 groups, 

respectively. The peak of the O-H bond at 3423 cm-1 was decreased and assigned that 

the GO sheet was decorated with the magnetic mesoporous silicon [34]. In the curve 

of CPS/GO-Fe3O4@MCM-41, the vibration peak at 691 cm-1 was attributed to the 

C-Cl bond. The new bonds at 1645 cm-1 and 1573 cm-1 were assigned that 

3-chloropropyltriethoxysilane (CPS) was bound to the -COO- on the GO sheet[33, 34]. 

Page 14 of 31RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



For the immobilized PPL spectrum, the peak at 2939 cm-1, specific for N-H bond,  

was observed in all the curves (GO-Fe3O4@MCM-41-PPL (f), GO-Fe3O4-PPL (g), 

PPL (h) and CPS/GO-Fe3O4@MCM-41-PPL (i)), which confirmed that PPL remained 

in the supporting materials. The O-H peak at 3390 cm-1 was decreased when the 

enzyme was adsorbed onto the GO-Fe3O4@MCM-41 and GO-Fe3O4. These results 

suggested that the N-H groups of PPL interacted with O-H groups of the supporting 

materials via hydrogen bonding [35]. In addition, the GO sheet was partly reduced in 

the process (Fig. 4), we proposed that PPL was immobilized onto the surface 

(GO-Fe3O4@MCM-41 and GO-Fe3O4) mainly in the form of hydrogen bonding with 

the hydroxyl groups. For the CPS/GO-Fe3O4@MCM-41-PPL spectrum (i), the peak 

for C-N bond was not observed because it was overlapped by strong Si-O-Si and 

Si-O-C bonds at 1200-900 cm-1 [36]. However, the C-Cl bond in the 

CPS/GO-Fe3O4@MCM-41-PPL disappeared, suggesting that the enzyme was 

immobilized on the supporting materials. All the results from the FT-IR spectra 

indicated that the supporting materials were prepared well, and the PPL was 

immobilized on them successfully. 
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Fig. 5 FTIR spectra for the supporting materials and the immobilized PPL 

 

2.1.5 Magnetic properties by VSM analysis 

The magnetic properties of differently synthesized nanoparticles were measured 

using a vibrating sample magnetometer at room temperature (Fig. 6). The saturation 

magnetizations (Ms) for GO-Fe3O4, GO-Fe3O4@MCM-41 and 

CPS/GO-Fe3O4@MCM-41 were 81 emu/g, 66 emu/g, and 45 emu/g, respectively. The 

Ms of the samples were gradually weakened, suggesting that the Fe3O4 nanoparticles 

were coated by mesoporous silica, and further modified with CPS. These phenomena 

were consistent with the results from FTIR, SEM, TEM and XRD. Fig. 6 (b) showed 

the magnified magnetic field of the samples ranging from -3000 Oe to 3000 Oe, the 

remanence magnetization and coercivity were very small, suggesting that all the 

samples exhibited ferromagnetic behaviors. The contract figure of 

CPS/GO-Fe3O4@MCM-41 with the magnetic field was displayed in Fig. 6 (c). It 

showed that the introduction of the magnet made the separation of the supporting 

materials from the solution phase efficiently. 
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Fig. 6 VSM curves for GO-Fe3O4, GO-Fe3O4@MCM-41 and 

CPS/GO-Fe3O4@MCM-41 (a) Magnetic field from -30000 Oe to 30000 Oe 

(b) Magnetic field from -3000 Oe to 3000 Oe (c) and the contract figures of 

CPS/GO-Fe3O4@MCM-41 with the magnetic field 

2.1.7 Thermal behaviors by TGA analysis 

The thermal behaviors of GO and CPS/GO-Fe3O4@MCM-41 were characterized 

by TGA in a nitrogen environment, as shown in Fig. 7. Based on the curve of GO, the 
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initial weight loss occurred at lower temperatures (below 100 °C) because the residual 

water was lost at the beginning. The second weight loss occurred at temperatures  

from 150 °C to 300 °C, it was attributed to the decomposition of the 

oxygen-containing groups of GO [36]. The third weight loss (from 300 °C to 650 °C) 

was assigned to the breakdown of the -COOH group in GO [38]. For the 

CPS/GO-Fe3O4@MCM-41 curve, the weight loss below 150 °C was assigned to the 

loss of residual water and absorbed solvent. The second weight loss occurred at the 

temperatures ranging from 150 °C to 417 °C, and it was attributed to the burning of 

the residual oxygen-functioned groups of CPS/GO-Fe3O4@MCM-41 [27]. The third 

weight loss at 417-700 °C was ascribed to the decomposition of the chloropropyl 

groups and carbon frame of the graphene [39]. From the results of TGA, the loading 

amount of CPS occupied 10 wt% among the CPS/GO-Fe3O4@MCM-41.  
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Fig. 7 TGA curves of GO and CPS/GO-Fe3O4@MCM-41 

2.1.8 Pore structure and distribution by nitrogen adsorption/desorption isotherm 

analysis 

Nitrogen adsorption/desorption isotherm analysis were performed on these 

materials to investigate their porous structure and surface area, as shown in Fig. 8. For 

the pure Fe3O4 (a), the isotherm exhibited type II according to IUPAC classification 

without hysteresis loop [40]. The isotherms for the other four nanomaterials were all 

close to the Type IV isotherm with a hysteresis loop in the 0.4-1.0 range of relative 

pressure, which were typical characteristics of mesoporous structure. The surface area 

was 484.10 m2/g for GO (b), 234.32 m2/g for GO-Fe3O4 (c), 200.09 m2/g for 
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GO-Fe3O4@MCM-41 (d) and 191.58 m2/g for CPS/GO-Fe3O4@MCM-41 (e). The 

results were attributed to the fact that Fe3O4 nanocomposites easily aggregated 

together [40]. In addition, the surface areas of the graphene oxide-based Fe3O4 

nanoparticles increased compared to the pure Fe3O4 nanoparticles (89.51 m2/g). The 

pore volume and pore size of GO, GO-Fe3O4, GO-Fe3O4@MCM-41 and 

CPS/GO-Fe3O4@MCM-41 gradually decreased when the Fe3O4 nanocomposites and 

3-chloropropyltriethoxysilane (CPS) anchored on GO sheets (Table 1), which was 

consistent with the other study [40].  
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Fig. 8 Nitrogen adsorption/desorption isotherms and pore size distribution of 

(a) Fe3O4, (b) GO, (c) GO-Fe3O4, (d) GO-Fe3O4@MCM-41 and (e) 

CPS/GO-Fe3O4@MCM-41 

 

Table 1 surface area, pore volume and pore size  

samples surface area (m2/g) pore volume (cm3/g) pore size (nm) 

Fe3O4 89.51 0.11 1.85 

GO 484.10 0.52 3.70 

GO-Fe3O4 234.32 0.25 3.00 

GO-Fe3O4@MCM-41 200.09 0.20 2.93 

CPS/GO-Fe3O4@MCM-41 191.58 0.13 2.65   

 

2.2 PPL immobilization 

The amount of the PPL immobilized on CPS/GO-Fe3O4@MCM-41, 

GO-Fe3O4@MCM-41 and GO-Fe3O4 were investigated using an ultraviolet-visible 

spectrophotometer, as shown in Fig. 9. The results indicated that the amount of the 

Page 20 of 31RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



PPL immobilized on different supporting materials was varied. Under the optimal 

conditions, 98 % of PPL were immobilized onto the CPS/GO-Fe3O4@MCM-41, 88 % 

of PPL were immobilized onto the GO-Fe3O4@MCM-41, and 76 % of PPL were 

immobilized onto the GO-Fe3O4 (based on the equation mentioned in the Methods 

section). It was clear that CPS/GO-Fe3O4@MCM-41-PPL was better than the other 

two supporting materials. It was speculated that 3-chloropropyltriethoxysilane (CPS), 

as a spacer, could reduce steric hindrance, so that more enzymes could bind to the 

surface of the supporting materials [41]. Secondly, the covalent attachment also 

played an important role in the performance. Thirdly, magnetic mesoporous silicon 

was deposited on the surface of graphene oxide, which provided more surface area 

and more chemical functional groups that could absorb some PPL [42]. 
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Fig. 9 Effect of the concentration of PPL on immobilization efficiency 

2.3 Relative activity of the immobilized PPL 

2.3.1 The effect of the immobilized PPL concentration on the relative activity  

The relative activity varied with the concentration of the non-immobilized PPL 

and immobilized PPL (Fig. 10). The highest relative activity was obtained when the 

concentration of CPS/GO-Fe3O4@MCM-41-PPL, GO-Fe3O4@MCM-41-PPL, 

GO-Fe3O4-PPL and non-immobilized PPL were 0.35 mg/mL, 0.30 mg/mL, 0.30 

mg/mL and 0.25 mg/mL, respectively. As shown in Fig. 9, it was clear that the 

relative activity of the CPS/GO-Fe3O4@MCM-41-PPL (97.9 % of initial activity) was 

the highest when the enzyme concentration was kept in optimum. Again, this could be 

mainly attributed that CPS/GO-Fe3O4@MCM-41-PPL provided more space for the 
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interactions between enzyme molecules and substrates, because PPL is quite big (the 

molecular weight ~50,000 D). It needs room to be bound on the surface and also 

needs room to bind the substrates [43]. The relative activity of the 

GO-Fe3O4@MCM-41-PPL was lower than CPS/GO-Fe3O4@MCM-41-PPL, but was 

better than GO-Fe3O4-PPL and PPL. It was because GO-Fe3O4@MCM-41 had more 

hydroxyl groups on the surface of magnetic mesoporous silicon for adsorption of PPL. 

The relative activity of the GO-Fe3O4-PPL ranked at the third, which was attributed to 

the partial reduction of GO so that less functional groups were provided to adsorb 

PPL. The relative activity of the non-immobilized enzyme was the lowest because the 

non-immobilized PPL easily suffered aggregation and denaturation.    
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Fig. 10 Effect of the concentration on the activity of PPL and immobilized PPL 

 

2.3.2 The effect of the pH on the relative activity of PPL 

The relative activity of the non-immobilized PPL and the immobilized PPL (3.6 

mg/mL) were influenced by the different pH of the PBS buffer solution, under the 

conditions of 30 °C for 1 h. As shown in Fig. 11, the best pH was 8.0 for 

CPS/GO-Fe3O4@MCM-41-PPL with a maximum activity 97% of initial activity. The 

optical pH was 7.5 for GO-Fe3O4@MCM-41-PPL, GO-Fe3O4-PPL and 

non-immobilized PPL. The immobilization method used for 

CPS/GO-Fe3O4@MCM-41-PPL was covalent attachment, which may reduce the 

conformational change of PPL, and further increase the stability for immobilized PPL 

in the higher pH [44]. GO-Fe3O4@MCM-41-PPL and GO-Fe3O4-PPL had better 
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stability compared to the non-immobilized PPL, it was believed that the 

microenvironment around the PPL changed after the immobilization, which was 

beneficial to the nucleophiles (usually Lys) in the enzyme to bind the substrates [45]. 

Compared to the non-immobilized PPL, the immobilized PPL had the advantages 

over the stability of pH, which was similar with the other reports [40-42]. 

5.5 6 6.5 7 7.5 8 8.5 9 --

10

20

30

40

50

60

70

80

90

100

 

 

R
e

la
ti
v
e

 a
c
ti
v
it
y
 (

%
)

pH

CPS/GO-Fe
3
O

4
@MCM-41-PPL

GO-Fe
3
O

4
@MCM-41-PPL

 GO-Fe
3
O

4
-PPL

 PPL

 
Fig. 11 Effect of pH on the activity of PPL and immobilized PPL 

2.3.3 The effect of the temperature on PPL relative activity 

The temperature could also affected the relative activity on the immobilized PPL 

and non-immobilized PPL. The results showed that the optimum temperatures were 

40 °C, 35 °C, 35 °C and 35 °C, respectively for CPS/GO-Fe3O4@MCM-41-PPL, 

GO-Fe3O4@MCM-41-PPL, GO-Fe3O4-PPL and PPL. As shown in Fig. 12, 

CPS/GO-Fe3O4@MCM-41-PPL showed the best relative activity in the whole 

temperature range from 25 °C to 60 °C (83 % of the initial activity at 60 °C). 

Similarly, the covalent attachment may play an important role on the thermal stability. 

Secondly, the spacer arm increased the rigidity of the enzyme structure so that the 

most active sites were “effective fixed” [45-47]. The GO-Fe3O4@MCM-41-PPL 

exhibited the second best relative activity (72 % of the initial activity at 60 °C), the 

third one was GO-Fe3O4-PPL (69 % of the initial activity at 60 °C), which were 

attributed that the physical adsorption was weak so that the form of the interactions 

between the enzyme and support was unstable [47]. The relative activity of the 

non-immobilized PPL decreased rapidly (33 % of the initial activity at 60 °C) along 

with the increased of temperature due to the denaturation.  
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Fig. 12 Effect of temperature on the activity of PPL and immobilized PPL 

2.3.4 Reusability of the immobilized PPL 

The reusability for the three immobilized PPLs were analyzed and displayed in 

Fig. 13. The relative activity of the PPL immobilized on CPS/GO-Fe3O4@MCM-41 

remained 87.4 % of the initial activity after ten cycles, which was better than the 

results from the other reports [48-49]. This could be attributed to the excellent 

mechanical property of graphene oxide. Also, the covalent attachment between PPL 

and CPS/GO-Fe3O4@MCM-41 could prevent desorption of PPL from the supporting 

material so that the relative activity remained highly [50].  
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Fig. 13 Reusability of the immobilized PPL 

2.3.5 Storage stability of the immobilized PPL and non-immobilized PPL 

The storage stability for the non-immobilized and immobilized PPL (3.6 mg/mL) 

was investigated at 30 °C, pH 7.5 (0.05 M) for 56 days, and the stability test was 

conducted every seven days (Fig. 14). The relative activity of the 

CPS/GO-Fe3O4@MCM-41-PPL remained over 84 % of the initial activity after 56 
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days, which was better than the results from the other report also [51]. As speculated, 

non-immobilized PPL showed the poorest storage stability, and the activity was only 

19 % at the same conditions. Once again, the excellent mechanical property of 

graphene oxide may play an important role on the stability. 
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Fig. 14 Storage stability of the PPL and immobilized PPL 

 

Conclusion 

In this work, we carried out the specific immobilization strategy by use of 

Fe3O4@MCM-41, GO, CPS and PPL, which showed an excellent performance in 

terms of enzymology properties, such as relative activity, reusability and storage 

ability. The unique properties of the supporting materials such as nanoscale particle, 

large surface area, excellent mechanical property and good dispersion ability, 

provided a synergetic effect on the enzyme stabilization and activity. In addition, the 

steric hindrance between enzyme and supporting materials was avoided, which had 

positive effects on the catalyses. Based on the results obtained from this study, we 

propose that CPS/GO-Fe3O4@MCM-41 is a promising carrier for enzyme 

immobilization.  
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