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Abstract

Immobilization is an effective method to promote the application of enzyme industry for 

improving the stability and realizing recovery of enzyme. To some extent, the performance of 

immobilized enzyme depends on the choice of carrier material. Therefore, the development of new 

carrier materials has been one of the key issues concerned by enzyme immobilization researchers. In 

this work, a novel organic-inorganic hybrid material, nickel-carnosine complex (NiCar), was 

synthesized for the first time by solvothermal method. The obtained NiCar exhibits spherical 

morphology, hierarchical porosity and abundant unsaturated coordination nickel ions, which provide 

excellent anchoring sites for the immobilization of proteins. His-tagged organophosphate-degrading 

enzyme (OpdA) and ω-transaminase (ω-TA) were used as model enzymes to evaluate the 

performance of NiCar as a carrier. By a simple adsorption process, the enzyme molecules can be 

fixed on the particles of NiCar, and the stability and reusability are significantly improved. The 



analysis of protein adsorption on NiCar verified that the affinity adsorption between the imidazole 

functional group on the protein and the unsaturated coordination nickel ion on NiCar was the main 

force in the immobilization process, which provided an idea way for the development of new enzyme 

immobilization carriers.
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1. Introduction

Enzyme catalysis has been widely used in chemical industry, pharmaceutical industry, 

environment and many other fields thanks to its high catalytic efficiency and mild reaction conditions 

[1, 2]. However, the sensitivity of the enzymes to external environment and the difficulty of recycling 

limit their applications [3]. Enzyme immobilization is one of the effective methods to overcome these 

drawbacks [4-6]. Compared with free enzymes, immobilized enzymes have many advantages. For 

example, immobilized enzymes can reduce the dissolution of enzymes in the aqueous system, 

facilitate separation to achieve repeated use of catalysts and reduce the difficulty of product 

purification and post-processing. Under the confining of the carrier, immobilized enzymes can avoid 

the agglomeration of enzyme molecules and maximize the rate of enzyme catalytic reaction. Under 

the protection of the carrier, the reduced inactive rate of enzyme can reduce input costs and enhance 

the possibility of large-scale application [5-9]. In recent years, large number of literatures have 

reported the methods of enzyme immobilization, but the immobilized method of obtaining the 

biocatalysts with high activity, stability and universality is still unsatisfactory, which still limits the 

wide application of enzymes in industry [10]. The immobilization process will inevitably cause 

certain damage to the enzymes, resulting in a decrease in enzyme activity and stability [5, 6]. 

Therefore, the construction of new immobilization methods and carriers requires further research [7-

9]. The properties of carrier materials and the interaction between carrier and enzyme molecules 

determine the catalytic performance of the immobilized enzymes [7, 11]. Although many kinds of 

materials have been reported for immobilizing enzymes, the development of controllable, 

multifunctional and biocompatible materials with better performance for enzymes immobilization is 

still required.

Organic-inorganic hybrid materials are widely investigated in the past two decades [12, 13]. 

They are composed of inorganic metal ions and organic ligands, which have the characteristics of 

ordered and adjustable porosity, variety of morphologies and high specific surface area, etc., and are 



excellent carriers for biomolecule immobilization [14, 15]. Metal-organic frameworks (MOFs), as 

the star of hybrid materials, have been widely studied in chemical fields such as catalyst, adsorption, 

separation, protein loading and transport [16, 17]. For immobilizing enzymes on MOFs, the common 

methods include in situ immobilization by encapsulation or coprecipitation [18, 19], adsorption [20, 

21] and covalent after surface modification [22]. The adsorption method is widely used because of 

its simple operation [23]. Furthermore, unlike other types of materials, the affinity adsorption between 

MOF materials and protein molecules also promotes its application in immobilization. For example, 

RÖder et al. [24] used the coordinative interaction of metal-organic framework with oligohistidine-

tags (His-tags) to anchor different molecular units on the surface of MOFs, which is a novel concept 

to generate multifunctional nanosystems. The coordination unsaturated metal sites (CUS) in MOF 

materials can form coordination bonds with histidine imidazole groups, which is similar to the 

principle of immobilized metal-ion affinity chromatography. Sun et al. [25] fabricated a layer of Zr-

group coordination polymer (Zr-cp) on hollow MnO2 microspheres, and successfully achieved 

selective immobilization of His6-DAAO by utilizing the coordination between CUS on h-MnO2@Zr-

CP and His-tag imidazole group. These reports show that MOF materials can be used as the carrier 

of enzyme immobilization by affinity adsorption, which provide a new approach for immobilizing 

enzymes.

Carnosine is one of water-soluble dipeptide, consisting of alanine and histidine that provides six 

potential ligand junctions: two imidazole nitrogen, one carboxyl oxygen, one amino nitrogen, and 

one oxygen and nitrogen of the amide bond [26]. Under different conditions, carnosine can participate 

in coordination with metal ions in different ligand forms [27, 28]. In this work, carnosine was used 

as a ligand to coordinate with nickel ions to prepare nickel-carnosine complex (NiCar) under 

hydrothermal conditions. NiCar was synthesized by self-templating process without template and 

pore-making agents, which simplifies the synthesis process, eliminates heterogeneous growth and 

facilitates scaling up [29]. NiCar can be used to immobilize enzymes without activation and post-



modification. OpdA and ω-transaminase (ω-TA) were used as model enzymes to evaluate the 

performance of NiCar as carrier. As we know, it was the first time to synthesize NiCar and used as 

the carrier of enzyme immobilization. The immobilization could be completed by affinity adsorption 

between CUS on the materials and enzymes, which provides an idea way for the design of new 

carriers.

2. Materials and methods

2.1. Materials 

L-Carnosine (98%) was purchased from Aladdin Reagent Inc. Fluorescein isothiocyanate (FITC) 

was purchased from Shanghai Macklin Biochemical Co. Ltd. Nickel chloride (NiCl2), N, N-

dimethyformamide (DMF), and Tris(hydroxymethyl)aminomethane were purchased from Tianjin 

Keruisi Fine Chemical Co. Ltd. (Tianjin, China). All other reagents were purchased and used without 

further purification.

2.2. Characterization 

SEM images and EDS of the NiCar were recorded on Nova Nano SEM450 field-emission 

microscope. XPS spectra were collected by a Thermo Scientific K-Alpha X-ray photoelectron 

spectrometer. N2 adsorption-desorption experiment was carried out by micromeritics ASAP 2020 gas 

sorptometer under the condition of 77k. Fourier-transform infrared spectroscopy (FT-IR) 

characterization was obtained on Bruker VECTOR22 spectrometer. Fluorescent isothiocyanate 

(FITC) labeled enzyme was immobilized on NiCar, and then a Leica TCS SP5 microscope is used to 

observe the Confocal laser scanning microscopy (CLSM) micrographs.

2.3. Fabrication of NiCar

In a typical synthesis, NiCl2·6H2O (0.337 mol·L-1, 10 ml) and carnosine (0.45 mol·L-1, 4 ml) 

were dissolved in an aqueous solution respectively. A mixture of DMF (42 ml) and deionized water 

(4 ml) was used as the reaction medium. The ligands solution and the reaction medium were added 

to the reactor successively, and then the reactor was put into the oven and heated for a certain time at 



180 oC. After being cooled down, the green solid was recovered by centrifugation. Finally, the powder 

was washed with DMF for two times and water for one time and then dry in oven at 60 oC. The 

products with different reaction time were characterized by SEM, and the reaction time was 

determined while the formation process of NiCar was analyzed.

2.4. Preparation of NiCar immobilized enzyme

To verify the role of affinity adsorption in immobilization, two recombinant enzymes, His-

tagged OpdA and ω-TA, were used to verify performance of NiCar as carrier. In order to analyze the 

interaction between enzyme and carrier, the cell lysate of expressing enzyme was selected as the 

initial enzyme solution. The crude enzyme solution, the adsorbed supernatant and the desorbed 

protein were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 

The expression of enzymes was prepared based on our previous work [30-32]. The gene sequences 

of OpdA and ω-TA were from Agrobacterium radiobacter P230 and Chromobacterium violaceum, 

respectively. After codon optimization, they were expressed in E. coli with pET-28a as vector.

NiCar was mixed with 1 mL enzyme and shaking at ambient temperature to realize the 

immobilization of enzyme. Enzyme-bound NiCar was isolated and washed several times with Tris-

HCl buffer with low concentration imidazole (40 mmol·L-1) to remove the unabsorbed proteins after 

incubation for some time. The obtained biocomposites were denoted as enzyme@NiCar. The 

immobilization process was optimized by adjusting the adsorption time and the mass ratio of NiCar 

to enzyme. The mass ratio between NiCar and enzyme was fixed at 5:1. After incubation for different 

time, the protein loading on the carriers was determined by Bradford assay method. Different mass 

of carriers was mixed with 1 ml enzyme solution (the mass ratio of the carriers to the protein was set 

from 2:1 to 10:1). After incubation for the same time, the protein loading and specific activity of the 

enzyme@NiCar was determined. The measurement of enzyme activity was based on our previous 

studies [30, 31]. The activity recovery and immobilization efficiency of enzyme@NiCar were 

calculated by the following equations:



Activity recovery =
Activity of enzyme@NiCar (U)

 Initial activity of enzyme in cell lysates (U)
× 100%                   (1)

Immobilization efficiency =
Immobilized protein (mg)

Total proteins in cell lysates (mg)
× 100%          (2)

2.5. Enzymatic properties of free enzymes and enzyme@NiCar

To investigate the optimum reaction conditions, the enzymatic activity of free OpdA and 

OpdA@NiCar was determined under different temperature (30-60oC) in Tris solution (50 mmol·L-1, 

pH 8). The data of enzyme activity were converted into relative activity for analyzing the change 

trend of free enzyme and immobilized enzyme at different temperatures. Similarly, free OpdA and 

OpdA@NiCar were dispersed in buffers with different pH (5-12) to analyze the effect of pH on 

enzyme activity. Kinetic parameters of enzymes were obtained by the following methods. In the 

reaction of OpdA degradation methyl parathion, the reaction rates at different substrate concentrations 

were measured, and then the Michaelis-Menten parameters were obtained by nonlinear fitting in the 

growth model.

The stability of free OpdA and OpdA@NiCar was studied by the following methods. Free 

enzyme and immobilized enzyme were incubated at 50 and 60oC respectively to study the thermal 

stability. After incubation at different times (take samples every 1 hour), the samples were transferred 

to ice water for 5 min, then the residual activity was measured. The change of enzyme activity with 

incubation time was analyzed by using the enzyme activity before incubation as the benchmark. Free 

OpdA and OpdA@NiCar were dispersed in buffers with extreme pH 4 and 12, respectively. After 

incubation at different times (take samples every 1 hour), the residual activity was determined for 

analyzing the pH stability.

The reusability of the OpdA@NiCar was determined by degradation of methyl parathion. 

OpdA@NiCar was dispersed in the reaction system and then separated by centrifugation after 10 

minutes. The concentration of 4-nitrophenol in supernatant was determined to calculate the enzyme 

activity. The isolated OpdA@NiCar was washed three times with a fresh buffer and then redispersed 



in the new reaction system for the next batch of reactions. This process was repeated ten times, and 

the relative value of enzyme activity was transformed to analyze the reusability of the OpdA@NiCar. 

OpdA@NiCar and free OpdA were stored in the refrigerator (4oC), and the residual activity after 

different storage time was measured to investigate the storage stability.

The method for determining the enzymatic properties of ω-TA and ω-TA @NiCar was basically 

consistent with the above method.

3. Results and Discussion

3.1. Fabrication and characterization of NiCar

The spherical NiCar with hierarchically porous structure was synthesized by the coordination 

and crystal transformation of nickel ion and carnosine in the mixed solvent of DMF and water (total 

volume ratio: 7:3) by hydrothermal method. In the synthesis process, template and pore-making 

agents were not needed.

3.1.1. The formation of NiCar

The products obtained from heating at 180 oC at different times were denoted as NiCar (X) (X 

stands for heating time, X=1, 3, 5h). The SEM images of NiCar (X) were shown in Figure 1a-c. NiCar 

(1h) exhibited a spherical shape, with smooth, flat and dense surface and no obvious pore structure 

(Figure 1a). With the extension of heating time, the surface of NiCar (3h) became rough and pores 

appeared on the particle surface (Figure 1b). Further extending the heating time, the surface of NiCar 

(5h) became rougher and mesopore or even macropore apparently appeared (Fig. 1c). According to 

the SEM results, NiCar first produced the solid sphere structure with smooth surface by the 

coordination of nickel ion and carnosine. With the increase of heating time, the structure of NiCar 

started to transform from the surface to the inside of the particles with itself as the template. In this 

transformation process, the solid structure of NiCar was destroyed, and the pore structure began to 

appear on the particles. With the increase of heating time, the pore changed from micropore to 

mesopore or even macropore.



Figure 1 SEM images of (a) NiCar (1h), (b) NiCar (3h) and (c) NiCar (5h); (d) Powder XRD 

patterns of NiCar; (e) FT-IR spectra of carnosine and NiCar; (f) N2 adsorption-desorption isotherms 

and (g) pore size distribution profile of NiCar.

Furthermore, we characterized the samples at different heating times with XRD, and the results 

were shown in Figure 1d. There was no obvious diffraction peak in the XRD pattern of NiCar (1h), 

and it was only slightly prominent around 12 ° in 2θ, indicating NiCar (1h) was amorphous. However, 

NiCar (3h) had obvious diffraction peaks at 12°, 26°, 33°, 36° and 59 °, which may be diffraction 

peaks of a crystalline substance formed by coordination of nickel ions and carnosine molecules. With 

the increase of heating time, the XRD pattern of NiCar (5h) showed new changes on the basis of 



NiCar (3h), and new diffraction peaks appeared around 44.5°, 52° and 76 °, which were consistent 

with the diffraction peaks of nickel [33]. This indicated that with the accumulation of energy, the 

morphology of NiCar was further transformed. In addition to coordination, the redox reaction 

between nickel ions and carnosine might occurred, leading to the appearance of nickel. As shown in 

the XRD results, with the increase of heating time, NiCar gradually transformed from amorphous 

state to crystalline, which also confirms the change of morphology in the formation of NiCar proposed 

above. Considering that NiCar was used for affinity adsorption of enzyme immobilization, 

mesoporous structure was an important property for the carrier [11, 34]. In combination with the 

reaction operation, we selected NiCar (3h) as the follow-up research material. In the following 

research, the carrier was denoted as NiCar.

To verify the coordination relationship between nickel ion and carnosine, the chemical 

composition and structure of NiCar were analyzed by comparing the FT-IR spectra of carnosine and 

NiCar (Figure 1e). Peaks at 1512 and 3062 cm-1 were assigned as the N-H vibration peaks of amide-

II and imidazole rings in carnosine, and peak at 1583 cm-1 was assigned as the carboxyl stretching 

vibrations of carnosine [35]. However, these peaks became weak or disappeared in the spectrum of 

NiCar, suggesting a possible coordination between carnosine and nickel ions. There were many 

coordination forms between carnosine and metal ions [26]. As a multidentate ligand, carnosine can 

provide six potential coordination sites: two imidazole nitrogen (N1 and N3), one carboxylate oxygen 

(O), one amino nitrogen (N), and one oxygen and nitrogen of the amide bond (O and N). In the 

complex of copper and carnosine (Cu/Car), the coordination sphere around the Cu2+ center was 

conformed by the terminal amino nitrogen, the amide nitrogen, a carboxylate oxygen of carnosine 

molecules, and the N3 nitrogen of the imidazole moiety of the second peptide molecule of the dimer 

[36]. The complex composition of carnosine and zinc is similar to that of copper, but existed in the 

form of polymers. Another coordination form existed between zinc and carnosine. In ZnCar (an MOF 

synthesized with zinc ions and carnosine), Zn2+ bind to the amino N, carboxyl O and two N atoms of 



the imidazole group of carnosine in the form of 4 coordination [28]. By comparing the XRD and FT-

IR results, the coordination between Ni2+ and carnosine in NiCar was similar to that of Cu/Car, in 

which Ni2+ were connected to the terminal amino N, the N and O in the peptide bond and the N3 in 

the imidazole group.

3.1.2. The morphology and pore structure of NiCar

As shown in Figure 1b, the obtained NiCar (the heating time was 3h) presented a rough spherical 

surface morphology with a particle size of about 5µm. The spherical structure of NiCar was formed 

by the accumulation of small particles, and the surface of the complex has obvious pore structure. 

The rough surface and large pore structure of NiCar particles facilitate the adsorption of enzyme 

molecules on the material during immobilization [11]. The pore structure of NiCar particles was 

analyzed by N2 adsorption-desorption isotherms. As shown in Figure 1f, the isotherms were identified 

as type IV, which indicated the hierarchically mesoporous and microporous structures [37]. The 

obvious H1 type hysteresis loops appeared on the desorption curve of NiCar, which was a sign of the 

existence of mesoporous structure directly connected with the particle surface [38, 39]. The pore size 

distribution of NiCar was analyzed by BJH pore-size mode. Two peaks appeared in the pore diameter 

distribution curve of NiCar (Figure 1g), which were 2 nm and 20 nm respectively. It was speculated 

that the pore diameter of 2 nm was the pores on the small particles of the complex, while 20 nm might 

be the pores generated by the stacking of small particles or layers, which were consistent with the 

results observed by SEM.



Figure 2 (a) SEM image and elemental mappings of NiCar: (b) Ni element, (c) N element and 

(d) overlay image; XPS spectra of NiCar: (e) survey scan and (f) Ni 2p.

3.1.3. Distribution and chemical state of nickel ions in NiCar

For affinity adsorption, the main force is the interaction between the unsaturated coordination 

metal ions in the materials and the imidazole functional group of histidine in the protein. Therefore, 

the state and distribution of metal ions in the carrier materials have important effects on the 

immobilized enzyme by affinity adsorption. Based on this, the distribution and chemical valence 

states of nickel ions in NiCar were analyzed. EDS mapping was used to study the elements 

distribution of NiCar nanoparticles. As shown in Figure 2a-d, C, N, O and Ni can be observed, in 

which C, N and O came from carnosine and nickel ion from nickel chloride. This also indicated that 

carnosine and nickel ion exist in NiCar at the same time. Nickel elements distributed uniformly 

throughout the spherical particles of NiCar. The valence states of nickel ions on NiCar surface were 

examined with XPS. Four characteristic peaks for C 1s, N 1s, O 1s, and Ni 2p were clearly observed 

in the scan of NiCar (Figure 2e), which agreed with the EDS analysis. The 2p 3/2 and 2p 1/2 peaks 

of Ni 2p, located at 855.4 eV and 873.3 eV respectively, was shown in Figure 2f, which indicated 

that bivalence was the main form of Ni in NiCar [40, 41]. The appeared at 861.2 eV and 879.9 eV 



were the satellite peaks of nickel ions [42]. The uniform distribution of unsaturated coordination 

nickel ions in NiCar provides a potential coordination site for protein adsorption, which indicated that 

NiCar has the potential as an affinity adsorption carrier for immobilized enzymes.

3.2. NiCar immobilized enzymes by affinity adsorption

3.2.1. Immobilization of OpdA on NiCar

OpdA is an enzyme that can catalyze the degradation of organophosphorus pesticides, which 

can degrade methyl parathion into p-nitrophenol [43, 44]. In this work, OpdA was selected as the 

model enzyme to verify performance of NiCar as carrier. OpdA was expressed in E. coli. by 

recombinant plasmid pET-28a (+)-OpdA. The supernatant of cell lysates after ultrasonic crushing and 

centrifugation was used as the crude enzyme solution for subsequent experiments. Here, unpurified 

cell lysate expressing the enzyme was used as the initial enzyme solution to verify the effect of affinity 

adsorption. To realize the immobilization, a certain amount of NiCar was incubated with the cell 

lysates containing His-tagged OpdA under shaking condition. After 3 hours of incubation, enzyme-

bound NiCar was isolated and washed several times with low concentration imidazole buffer (40 

mmol·L-1) to remove the unabsorbed proteins, and the obtained biocomposites were denoted as 

OpdA@NiCar.

To select the best immobilization parameters, the time required to reach adsorption equilibrium 

was firstly studied with 5:1 mass ratio of NiCar to total protein. As can be seen from the graph of the 

protein loading (Figure 3c), after 2h of incubation, there was no obvious change, indicating that the 

adsorption balance between NiCar and the protein was reached. The amount of support affects the 

characteristics of the immobilized enzyme, so the dosage of NiCar was also investigated. The support 

and protein with different mass ratios were incubated under the same conditions for 2 hours. The 

amount of support was determined by comparing the protein loading with the activity of the biological 

complex. When the mass ratio of NiCar to the enzymes was 4:1, the maximum protein loading was 

59.69 mg/g support (Figure 3d) and the immobilization efficiency was 23.87%. As the amount of 



NiCar increased further, the protein loading began to decline, which may be caused by the excess of 

NiCar. The specific activity of OpdA@NiCar showed a decreasing trend, possibly because the 

enzyme active site was obscured by the excessive adsorption of protein [45]. The mass transfer 

resistance caused by the multi-layer adsorption was also a possible reason for the decrease of enzyme 

activity. Finally, the ratio of NiCar to total protein of 4:1 was selected as the dosage of NiCar. Under 

this condition, the specific activity of OpdA@NiCar was 745.76 U/g protein， and the enzyme 

activity recovery was 77.18%. Fluorescence labeling can be visually demonstrated the adsorption and 

distribution of the protein on NiCar, so fluorescein isothiocyanate (FITC) labeled cell lysates 

containing OpdA was prepared and used for immobilization in the same conditions. Green fluorescent 

signal shown in Figure 3a proved that the FITC-labeled enzyme was successfully adsorbed and 

distributed on NiCar.

Figure 3 (a) Confocal laser scanning microscopy image of OpdA@NiCar; (b) SDS-PAGE 

analysis of OpdA (Lane 1, marker; lane 2, cell lysates; lane 3, supernatant after immobilization by 

NiCar; lane 4, eluted protein from NiCar); (c) Adsorption equilibrium curve of NiCar to total protein 

at 5:1 ratio (w/w); (d) Protein loading and activity of immobilized OpdA at different ratios (w/w) of 



NiCar to total protein.

The electrostatic interaction, hydrogen bond and intermolecular interaction were the main 

interactions in enzyme immobilization by physical adsorption. Compared with these forces, the 

affinity adsorption between metal ions and proteins has a stronger interaction. To analyze the 

interaction between NiCar and OpdA, we compared the initial protein solution, the adsorbed 

supernatant and the eluted protein solution from the carrier by SDS-PAGE (Figure 3b). The target 

protein, OpdA, was recombined with a histidine tag, which increased the content of histidine in the 

enzyme and thus enhanced the carrier affinity adsorption of the target protein with unsaturated 

coordination nickel ions. Compared with the protein solution before immobilization (lane 1), the 

corresponding protein bands can be observed in the lanes of the protein eluted from the carrier (lane 

3), indicating that the protein can be successfully absorbed by NiCar. The protein bands in lane 3 

were further analyzed. The staining depth indicated the difference in the amount of proteins adsorbed 

on the carrier. A contrasting strip appears at 38,000 on lane 3, which was consistent with the mass of 

His-tagged OpdA [46], indicating that OpdA as the target protein was the main adsorbed protein on 

the carrier. Compared with other proteins, the significant adsorption of target enzyme was mainly 

caused by the affinity interaction between the histidine tag on OpdA and the unsaturated coordination 

nickel ion on NiCar. This is consistent with our expectation that affinity adsorption plays a primary 

role in the process of immobilization.

3.2.2. The enzymatic properties, stability and reusability of OpdA@NiCar

It can be found that the optimal reaction conditions of OpdA@NiCar were different from free 

OpdA by measuring the activity of free OpdA and OpdA@NiCar at different temperatures and pH. 

Temperature has great influence on free OpdA. Within the optimal temperature range, the enzyme 

activity was high. When the temperature was lower or higher than the optimal temperature, the 

enzyme activity was lost to different degrees. As shown in Figure 4a, optimum reaction temperatures 

for free OpdA and OpdA@NiCar were 45 oC and 50 oC, respectively. Compared with free enzymes, 



the immobilized enzymes may require more activation energy, which resulted in an increased optimal 

temperature of OpdA@NiCar [47]. Similarly, the optimal pH of OpdA@NiCar also changed. The 

activity changes of free OpdA and OpdA@NiCar in buffers with different pH values were presented 

in Figure 4b. Under alkaline conditions, the activities of free enzymes and immobilized enzymes were 

basically unchanged, which may be attributed to that OpdA was an alkaline enzyme and more stable 

under alkaline conditions [48]. After immobilization, the optimal pH of immobilized OpdA moved 

from 9 to 8. This may be due to more hydroxide ions were adsorbed around NiCar, which caused the 

microenvironment of OpdA@NiCar to be alkaline and the optimum pH changed [49].

Figure 4 (a) Optimum temperature of free OpdA and OpdA@NiCar; (b) Optimum pH of free 

OpdA and OpdA@NiCar; (c)Thermal and (d) pH stabilities of free OpdA and OpdA@NiCar.

The kinetics of free OpdA and OpdA@NiCar were determined to further investigate the effect 

of immobilization on OpdA (Table 1). Compared with free OpdA, the Km value of OpdA@NiCar 



increased slightly, which was 232.92 µmol· L-1 and 177.34 µmol· L-1, respectively. The maximum 

reaction rate decreased from 25.51µmol·L-1·min-1 to 19.99 µmol·L-1·min-1 after immobilization. The 

changes of kinetic parameters may be due to the shielding of the active sites of the enzyme molecules 

during the immobilization process and the spatial conformational changes, thus resulting in the 

increase of the contact barriers between the enzyme molecules and the substrate [50, 51].

Table 1 The kinetic parameters for free OpdA and OpdA@NiCar

Methyl parathion
Kinetic parameters

Free OpdA OpdA@NiCar 

Km /µmol·L-1 177.34 232.92

Vmax /µmol·L-1·min-1 25.51 19.99

We incubated free OpdA and OpdA@NiCar at high temperature (50 and 60 oC) and extreme pH 

(4 and 12) to study the stability of enzyme. The results of thermal stability were shown in Figure 4c, 

and OpdA@NiCar exhibited good performance. With the increase of treatment time at high 

temperature, the enzyme activity decreased to different degrees. After immersion at 50 oC for 4 hours, 

the free OpdA only remained 35% of the activity, while OpdA@NiCar remained 62%. After 

incubation 60 oC, the activity of both free enzyme and immobilized enzyme was greatly lost, and the 

activity of free enzyme decreased rapidly while the immobilized enzyme decreased relatively slowly. 

Although the loss of enzyme activity was serious, the immobilized enzyme still had obvious 

advantages over the free enzyme after four hours of treatment. The pH stability of OpdA@NiCar was 

also improved (Figure 4d). This may be due to the protective effect of NiCar on the enzyme, which 

made OpdA in a more suitable microenvironment and improved its stability. As can be seen from 

Figure 6c and d, under extreme conditions (60 oC and pH 4), the protective effect of the carrier on the 

enzyme was reduced. Since the enzyme was mainly distributed in the surface layer of the carrier, its 

activity was still affected by the environment. However, compared with the free OpdA, the 

OpdA@NiCar was still with obvious advantages.



After immobilization, OpdA@NiCar can be collected from the solution by centrifugation and 

used for the next batch of reactions after cleaning, to realize the recycling of enzyme. It was verified 

by reusability experiment, the residual activity of OpdA@NiCar still retains 74% after 10 cycles in 

methyl parathion degradation (Figure 5). Decreased activity of OpdA@NiCar was mainly due to the 

leakage and deactivation of OpdA@NiCar in the process of washing and recycling [52]. After 20 

days of storage, OpdA@NiCar still retained 89.26% of the initial activity, while the activity of free 

enzyme was only 50.37% of the initial activity, which demonstrated the protective effect of NiCar on 

OpdA. Compared to our previous work [30, 53] ， OpdA@NiCar showed improved thermal, 

reusability and storage stability.

To further understand the performance of NiCar, the Ni Affinity Chromatography Media (Ni-

ACM), a commercial Ni-IDA modified agarose microsphere, was used as a contrast material. For 

OpdA, the protein loading of Ni-ACM was 31.52mg/g support, and the specific activity of 

OpdA@Ni-ACM was 832.44 U/g protein. The immobilization efficiency and enzyme activity 

recovery were 12.61% and 86.15%, respectively. Compared with NiCar, Ni-ACM had a lower protein 

loading but a higher enzyme activity recovery, which may be due to the strong specific binding ability 

of Ni-ACM to histidine tags. However, the protective effect of Ni-ACM on OpdA was relatively 

weak. In the investigation of reusability, the residual activity of OpdA@Ni-ACM was much lower 

than that of OpdA@NiCar after 10 times repeated (21.27% v.s.74.34%). In the test of storage stability, 

OpdA@NiCar also showed higher stability, which may be related to the particle and pore size of the 

carrier material. The enzyme molecules could only attach on the surface of Ni-ACM, where the 

protective effect was relatively smaller.



Figure 5 (a) Reusability and (b) storage stability of free and immobilized OpdA.

3.2.3. Universality of NiCar for immobilizing enzyme using affinity adsorption

As another model enzyme, ω-transaminase (ω-TA) was used to demonstrate the universality of 

NiCar in the affinity adsorption of His-tagged proteins. The His-tagged ω-TA was obtained by 

heterologous expression in E. coli. [31]. The same method was used for the immobilization of ω-TA 

on NiCar. A certain amount of NiCar was co-incubated with cell lysates to realize the immobilization 

of His-tagged ω-TA, which was named as ω-TA@NiCar. After optimizing the immobilization 

conditions, it was found that the adsorption balance between protein and NiCar was basically reached 

when the adsorption time was 2 hours (Figure 6c). When the mass ratio between NiCar and the protein 

was 4:1, the specific activity of ω-TA@NiCar was the highest, and the specific activity and protein 

loading, was 363.01 U/g protein and 42.92 mg/g support, respectively (Figure 6d). The enzyme 

activity recovery and immobilization efficiency were 53.28% and 17.17%, respectively. Compared 

with the preparation process of OpdA@NiCar and ω-TA@NiCar, the adsorption time of the carrier 

to the protein reached the equilibrium was also about 2 hours. When the activity of the 

enzyme@NiCar was the highest, the mass ratio between the carrier and the protein was also 4:1, 

which indicated that the adsorption process of NiCar to different enzymes was similar.



Figure 6 (a) Confocal laser scanning microscopy image of ω-TA@NiCar; (b) SDS-PAGE 

analysis (Line 1-maker; Line 2-cell lysate; Line 3-supernatant; Line 4-clean supernatant; Line 5- 

eluted protein); (c) Protein loading of His-tagged ω-TA with different adsorption time; (d) Protein 

loading and activity of immobilized ω-TA at different weight of NiCar; Effect of (c) reaction 

temperature and (d) pH on the activity of free ω-TA and ω-TA@NiCar.

The immobilization of ω-TA on NiCar was also characterized and analyzed. The green 

fluorescence in confocal laser scanning microscopy image (Figure 6a) proved the successful 

immobilization of ω-TA on NiCar. Similar to OpdA, green fluorescence representing the ω-TA 

appeared on the periphery of NiCar, indicating that the enzyme was adsorbed on the carrier particle. 

To verify the adsorption of proteins, the cell lysates, supernatant, eluent of low-concentration 

imidazole buffer and eluent of high-concentration imidazole buffer were also analyzed by SDS-

PAGE. It was can be seen in Figure 6b, a clear target band (indicated by the red arrow) in lane 5 can 

be seen in the electrophoretogram, indicating that ω-TA had been immobilized successfully. It can 

be seen from the comparison of the protein bands (lane 5) that the target protein with the histidine 

tags still adsorbed more on NiCar, which indicated that affinity adsorption played a major role in the 

immobilization of ω-TA.



The thermal (Figure 6e) and pH (Figure 6f) stabilities of ω-TA were also improved after 

immobilization. Although the protein was adsorbed on the surface of the carrier and the carrier had 

less protective effect on the protein, the performance of the ω-TA@NiCar was still better than the 

free ω-TA. After immobilization, the change trend of the kinetics constant of ω-TA@NiCar was 

consistent with that of OpdA@NiCar (Table 2), which indicated that enrichment and immobilization 

of the enzyme by the present method might cover up the active sites or change the conformation of 

enzymes [50], resulting in decreased affinity between the enzyme and the substrate.

Table 2 Kinetic parameters of ω-TA and ω-TA@NiCar

(S)-α-phenylethylamine affinity
Kinetic parameters

Free ω-TA Immobilized ω-TA

Km/mmol·L-1 92.42 128.81

Vmax /mmol·L-1·min-1 22.71 15.76

Ni-ACM was also used as contrast material to evaluate the adsorption and immobilization 

capacity of NiCar on ω-TA. Under the same conditions, the protein loading of Ni-ACM was 29.31 

mg/g support, and the specific activity was 412.95 U/g protein. The immobilization efficiency and 

enzyme activity recovery were 11.72% and 65.23%, respectively. Compared with ω-TA@Ni-ACM, 

ω-TA@NiCar showed higher protein loading and stability (Figure 7). After 8 times reuse, ω-

TA@NiCar retained 35.03% of its initial activity, while ω-TA@Ni-ACM retained only 17.55%. After 

20 days of storage, ω-TA@NiCar and ω-TA@Ni-ACM could retain 62.75% and 55.83% of their 

initial activity, respectively. These results indicated that NiCar can be used as a novel carrier for 

enzyme immobilization by affinity adsorption.



Figure 7 (a) Reusability and (b) storage stability of free and immobilized ω-TA.

4. Conclusions

In summary, a novel hybrid material, nickel-carnosine complex (NiCar), was synthesized by a 

simple method. The resultant NiCar exhibited spherical morphology, hierarchical porosity and 

abundant nickel ions, which provided the possibility to serve as a carrier for affinity adsorption of 

enzymes. The performance of NiCar as a carrier was evaluated by using His-tagged OpdA and ω-TA 

as model enzymes. After immobilization, the stability of the two model enzymes was obviously 

improved. By analyzing the adsorption of proteins on carrier particles, affinity adsorption was the 

main force for immobilizing enzyme on NiCar, which verified that the coordination of unsaturated 

metal ions and imidazole functional groups could be a potential way to design and develop the new 

carriers for enzyme immobilization.
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