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Abstract

In this study, we synthesized for the first time a bimetal-based inorganic-carbonic

anhydrase (CA) hybrid nanoflower to immobilize CA using Cu2+ and Zn2+ instead of

single metal ion. Subsequently, the synthesized bimetallic hybrid nanoflowers (CANF)

were embedded into the poly(vinyl alcohol) (PVA)-chitosan (CS) hydrogel networks

to obtain PVA/CS@CANF hydrogel membrane. The CANF exhibited a significantly

higher activity recovery of 70% compared with 35% with CA/Zn3(PO4)2 hybrid

nanoflowers and 10% with CA/Cu3(PO4)2 hybrid nanoflowers. The PVA/CS@CANF

hydrogel membrane possessed excellent mechanical strength, high catalytic activity,

and were easy to flow out without centrifugation or filtration. At the same time, the

PVA/CS@CANF displayed higher thermostability, storage stability, and pH stability

than free CA and CANF, and superior reusability and CO2 capture capacity. The

hydrogel membrane maintained more than 75% of its original activity after 8 cycles.

However, CANF only maintained 12% of its original activity. Furthermore, the

amount of CaCO3 produced by PVA/CS@CANF membrane was 9.0-fold and 2.0-fold

compared with free CA and CANF, respectively. Therefore, This approach to

synthesizing bimetallic-based protein hybrid hydrogel membrane could have a bright

future in CO2 capture.

Keywords: Carbonic anhydrase; Bimetallic-based protein hybrid; Hydrogel

membranes; Immobilization; CO2 sequestration
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1. Introduction

Nowadays, global warming remains a pressing issue globally [1]. It is well known

that CO2 emissions are responsible for the greenhouse effect [2,3]. To reduce the CO2

emissions, CO2 sequestration have attracted much attention. Various methods for

capture and utilization of CO2 have been proposed including the chemical adsorption,

physical absorption, and enzymatic reactions [4-6]. In comparison, the use of

enzymatic method has been paid more and more attention [7,8]. The carbonic

anhydrase (CA) is a zinc-containing metalloenzyme that can accelerate the hydration

of CO2 [9–11]. However, low stability and poor reusability of free CA in the harsh

conditions limits its industrial application [12,13]. Immobilization has been used to

improve the stability and reusability of enzymes [14,15]. Decades ago, immobilized

CA was successfully prepared using various materials including mesoporous silica

[16], nanofibers [17], nanoparticles [18], and membranes [19]. The immobilized CA

displayed better stability than free CA. However, the inactivation of enzyme is

inevitable in the process of immobilization due to the change of enzyme structure, and

the enhanced diffusion resistance between substrate and enzymes [20-22]. Recently,

some novel methods for enzyme immobilization have been developed by

co-precipitation of enzyme and inorganic components [23-26]. Especially, Ge et al

developed an efficient method of enzyme immobilization, which called

“enzymes-inorganic hybrid nanoflowers (HNF)”[27]. Compared with the immobilized

enzymes with various supports, these HNF exhibited more effective in immobilization
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due to high protein loading rate, mass-transfer limitation, and mild preparation

conditions [27,28]. Lin et al. synthesized trypsin/Cu3(PO4)3 HNF. The prepared hybrid

nanoflowers showed 270% enhancement in enzymatic activity [29]. Similarly, Yin et

al. used calcium chloride as the inorganic components to prepare

α-chymotrypsin-inorganic HNF that exhibited 266% increase in catalytic activity

compared with free α-chymotrypsin [30]. In addition, lipase-inorganic HNF exhibited

147% higher activity than free lipase[31]. Recently, CA-inorganic HNF were also

synthesized, and displayed enhanced thermal stability and excellent capacity of CO2

capture [13,32]. However, the soft nature of the HNF makes them serious

disadvantages including low mechanical and reusability. Furthermore, the HNF can

be easily degraded by acid, limiting its application range [33,34]. Therefore, there is

an urgent need to find novel strategies to improve properties of the HNF. Generally,

the HNF are formed by coordination interaction between enzymes and metal ions

[27,35]. Metal ions play a role in morphology and activity of the HNF [32,37]. Until

now, the previous reports focused on single metal ion-protein HNF. Limited

information is available for multimetal based inorganic-proteins hybrid nanoflowers

[28].

In this study, a novel bimetal-based inorganic-CA hybrid nanoflower (CANF) was

developed to immobilize CA using bimetal ions (Cu2+ and Zn2+) instead of individual

metal ions, and then these CANF composites were embedded into the PVA/chitosan

(CS) hydrogel membranes to obtain a novel immobilized CA for CO2 capture
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(PVA/CS@CANF) (Fig. 1). The synthesized CANF exhibited higher enzyme

recovery activity than single metal-based Zn-CA hybrid nanoflowers and Cu-CA

hybrid nanoflowers. The PVA/CS/CA@CANF membranes possessed excellent

recyclability and stability characteristics including thermal stability, acid tolerance,

and storage stability, and could be easily separated without centrifugation due to their

superior mechanical strength. More important, these PVA/CS/CA@CANF displayed

better CO2 capture capability than free CA and CANF.

2. Materials and Methods

2.1 Materials

4-Nitrophenyl acetate (p-NPA) and CA (EC4.2.1.1) were purchased from Aladdin

corporation (Shanghai, China). PVA with 1750±50 number-average degree of

polymerization and CS with 80%-95% deacetylation were obtained from Tianjin

Fuchen corporation (Tianjin, China).

2.2 Synthesis of bimetal CA hybrid nanoflower and PVA/CS@CANF membrane

The hybrid nanoflower was synthesized in a typical experiment with some

modifications [38]. Firstly, 200 μl CuSO4(120 mM) and 50 μl ZnSO4 (120 mM) was

mixed with 30 mL of a phosphate buffered saline (PBS) solution (10 mM, pH 7.4)

containing 5 mg CA, and stored at 4 °C for three days. The produced precipitates

were separated at 10,000 ×g, and washed by PBS. Finally, the precipitate was dried
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by using lyophilizer. For PVA/CS@CANF enzyme membrane, PVA ( 6 wt% ), CS (1

wt%) and CANF (5 mg) were mixed, and repeatedly frozen in -20 °C for 12 h and

thawed for 30 min at room temperature.

2.3 Activity assay

The activities of free CA and immobilized CA were measured by hydrolysis of

p-NPA to p-NP based on the method described prescribed [39-42]. Briefly, CA

samples were mixed with PBS (10 mM, pH 7.4) containing p-NPA (3 mM). After

reaction 3 min at 25 °C, the supernatant was determined at 348 nm by UV-visible

spectrophotometer (UV752, Sahnghai Optical Instrument, China ). One unit of CA

activity refers to the amount of CA used to hydrolyze 1 µmol 4-NPA per minute. The

activity recovery of immobilized enzyme was calculated as given in Eq.

100%  
activityCA   Free

activityCA  dimmobilize of Total (%)recovery Activity 

2.4 Characterization of CANF and PVA/CS@CANF

Scanning electron microscope (SEM, Hitachi S4800) was used to observe the

morphologies of CANF and PVA/CS@CANF. Fourier transform infrared (FT-IR)

spectra was conducted in the region 400-4000 cm-1 using by FT-IR spectroscopy

(FTIR, NEXUS870). The elemental analysis of the immobilized CA was obtained by

using energy-dispersive spectrometer (EDS). The CA molecules were labeled by

FITC and characterized by confocal laser scanning microscope (CLSM, Leica Camera
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AG). An electronic universal testing machine (CMT4503, China) was used to

determine mechanical properties of the PVA/CS@CANF membrane.

2.5 Stability measurements

Storage stability of CA samples was measured by storing them in PBS (10 mM, pH

7.4) at 25 °C, and their residual activities were determined every three days. For the

determination of thermal stability, CA samples were treated at 65 °C for 5-25 min. pH

stability was measured after incubation of CA samples for 30 min in the different pH

buffers (5.5-10.5). The reusability of the CANF and PVA/CS@CANF in continuous

operation was evaluated for the hydrolysis of ҏ-NPA during 8 reuse cycles. After one

cycle, the CANF and PVA/CS@CANF was collected from the media, and washed

three times with deionized water, and then carried out next round of reaction.

2.6 CO2 conversion

The CO2 conversion experiment was carried out according to the approach described

by previous reports [13,43-45]. Briefly, 25 mL of buffer solution (50 mM PBS, pH

7.0) was bubbled with CO2 gas for 30 min, and 50 mg of immobilized enzyme (the

same enzyme activity as free CA) was added to start the reaction at room temperature

for 30 min. Subsequently, the immobilized CA was separated from the mixture

solution, and washed with with buffer solution, and used to convert CO2 again. After

8 cycles, the supernatant was gathered and mixed with CaCl2 solution (10%) to form
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carbonate precipitation. The precipitates were filtered by 0.2 µm membrane filters

(Millipore) and dried.

3. Results and discussion

3.1 Synthesis and characterization of PVA/CS@CANF

The illustration for synthesis of the PVA/CS@CANF was shown in Fig. 1. The

CANF was synthesized in PBS (10 mM, pH 7.4) solution containing CA, CuSO4 and

ZnSO4 for 72 h at 4 °C. Subsequently, the CANF was encapsulated in the PVA/CS

hydrogel network to form PVA/CS@CANF membrane. SEM showed that the CANF

exhibited a porous spherical-like structures (Fig. 2a), whereas CA/Cu3(PO4)2 hybrid

and CA/Zn3(PO4)2 HNFs displayed flower-like morphology with compact structure

and large particles with amorphous shape, respectively (Fig. 2b and Fig. 2c). In

addition, the PVA/CS hydrogel possessed smooth surface with micron pores (Fig. 2d).

The porous structure is favorable for the diffusion of substrates and products, and it is

advantageous for the improvement of catalytic activity. In contrast, PVA/CS@CANF

hydrogel membrane exhibited rough surface with porous structure (Fig. 2e). The

CANF particles could be clearly observed in the internal space of PVA/CS@CANF

hydrogel membrane (Fig. 2f), suggesting that the CANF was embedded into the

PVA/CS@CANF hydrogel membrane. The FTIR spectra displayed the peaks at 1650

cm-1 of protein and at 1050 cm-1 of P-O in the PVA/CS@CANF, suggesting the

existence of CA and phosphate groups in the PVA/CS hydrogel membrane (Fig. 3)
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[46]. Furthermore, the typical absorption peaks at 3300 cm-1 and at 2930 cm-1 were

contributed to the vibrations of the -OH, -CH and -CH2−OH groups of PVA and CS,

respectively [47,48]. Meanwhile, CLSM images had abundant green fluorescence in

the CANF and the PVA/CS@CANF hydrogel membrane (Fig. 4), suggesting the

existence of CANF in the hydrogel membrane. Besides, Cu element and Zn element

in the PVA/CS@CANF hydrogel membrane were observed, which could derived

from Cu3(PO4)2 and Zn3(PO4)2, further indicating the presence of CANF (Fig. 5).

These results further confirmed that the CANF was successfully embedded into the

PVA/CS@CANF hydrogel membrane. Generally, the immobilized enzymes should

have a certain mechanical strength to resist the external shear forces of handling

during centrifugation and filtration [12,49]. Likewise, the hybrid nanoflowers with

low mechanical strength usually exhibit low operation stability [50,51]. As rigid

polymeric matrix, PVA/CS hydrogel membrane was used as superior immobilized

carrier [12,52,53]. Here, we measured the mechanical properties of the

PVA/CS/CA@CANF. The hydrogel membrane exhibited high compressive resistance

and superior tensile properties. The tensile strength and Tensile stain at break were

0.984 ± 0.036 MPa and 6.675% ± 0.399%, respectively (Table 1). The superior

mechanical properties of the PVA/CS/CA@CANF would help to improve the

long-term operational stability of CANF.

3.2 The activity of CANF and PVA/CS@CANF
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As known, activity recovery is an important parameter for the immobilized enzymes.

Therefore, the CA/Cu3(PO4)2, CA/Zn3(PO4)2 CA and CANF was synthesized at the

same conditions via self-assembly in the presence of Cu2+, Zn2+ and Cu2+/Zn2+,

respectively. The maximum activity recovery of the CA/Cu3(PO4)2, CA/Zn3(PO4)2 CA

and CANF was compared. The results were shown in Fig. 6a. It was found that the

novel multimetal-based CANF exhibited significant enhancement in activity recovery

compared with the CA/Cu3(PO4)2 and CA/Zn3(PO4)2. The maximum activity recovery

of the CANF was 70%, whereas CA/Cu3(PO4)2 and CA/Zn3(PO4)2 was only 10% and

35%, respectively. The maximum activity recovery of the CANF was 7-folds and

2-folds higher than CA/Cu3(PO4)2 and CA/Zn3(PO4)2. In addition, effects of the mole

ratio of Cu ion and Zn ion on the activity recovery of CANF were investigated. It was

found that the activity recovery of CANF was the higher when the mole ratio of Cu

ion and Zn ion was 4:1 (data not shown). These results indicated that the Cu/Zn

bimetal based CA hybrid nanoflowers are more effective than the individual metal CA

hybrid nanoflowers. The previous reports showed that different binding sites of metal

ions on enzyme proteins could lead to different properties of the hybrid nanoflowers

[54,55]. Here, the enhancement activity recovery of the CANF could be due to

synergistic influence of Cu2+ and Zn2+ on different binding sites of CA. Besides,

effects of mass ratio of PVA and CS on activity recovery of the PVA/CS@CANF

were investigated at the same weight of CANF (5 mg). Activity recovery increased

with decrease of PVA quantity. The maximum activity recovery of the
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PVA/CS@CANF was obtained when mass ratio of PVA and CS was 4 (Fig. 6b).

Meanwhile, influences of temperature and pH on the enzymatic activity of all CA

samples were investigated. The optimal temperature of free CA and CANF was

presented at 56 °C, whereas the PVA/CS@CANF was at 60 °C (Fig. 6c). Furthermore,

the CANF and PVA/CS@CANF exhibited more than 80% relative activities at high

temperature (58-62 °C). In contrast, free CA displayed low activity. Especially, the

PVA/CS@CANF still retained more than 90% relative activity at higher temperature

(58-62 °C). These results showed that the PVA/CS@CANF could possess better

thermal stability than free CA and CANF. In addition, the optimal pH of free CA and

CANF was showed at 8.0. However, the PVA/CS@CANF exhibited highest activity

at pH 8.5(Fig. 6d).

3.3 Stability of free CA and immobilized CA

To further investigate the effects of temperature on stability of free CA and

immobilized CA, CA samples were incubated at 65 °C for a certain time. The thermal

stability curves of the CANF, PVA/CS@CANF and free CA were shown in Fig. 7a.

As could be seen the free CA, CANF, and PVA/CS@CANF exhibited differently

when exposed to the heat. Free CA maintained only 20% of initial activity after

treatment for 5 min. However, the CANF and PVA/CS@CANF still maintained more

than 80% of their initial activity. Furthermore, it was noted that the PVA/CS@CANF

exhibited higher thermal stability than the CANF during the whole treating time. A

similar result was obtained while evaluating pH stability of free CA and immobilized
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CA (Fig. 7b). The PVA/CS@CANF was more stable than the free CA and CANF

within the tested pH range (pH 5.5-10.5). The PVA/CS@CANF retained 65% of its

initial activity after treatment 30 min at pH 5.5. However, free CA and CANF only

maintained less than 40% of their initial activity. The enhanced pH and thermal

stability of the PVA/CS@CANF could due to the fact that PVA/CS hydrogel

membrane may produce a suitable microenvironment to decrease the change of CA

conformation at harsh environment. The PVA/CS hydrogel membrane plays a

“protection shell” to avoid heat and chemical damage to enzymes [54,55]. In addition,

The CANF and PVA/CS@CANF showed higher storage stability than free CA (Fig.

7c). Free CA maintained only 65% of its original activity after 12 days. However, the

PVA/CS@CANF retained 100% of it initial activity. Furthermore, free CA lost 78%

of its original activity after 18 days, whereas the CANF and PVA/CS@CANF

remained 88% and 56% of their original activity, respectively. The enhancement

storage stability could be due to the combination of confinement effect with the

encapsulation of enzyme in the PVA/CS hydrogel membrane. Besides, one of the

main objective of this work is to overcome low mechanical and reusability of hybrid

nanoflowers. Here, the reusability of immobilized CA were estimated. The results

were shown in Fig. 7d. The CANF maitianed only 13% of its original activity after 8

cycles. However, for the PVA/CS@CANF, above 75% of its original activity was still

remained. The previous reports showed that the hybrid nanoflowers exhibited a

remarkable decrease in the activity in the process of continuous reuses due to the loss
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and destruction of the enzyme immobilized as hybrid nanoflowers during the

centrifugation and washing [34,56]. In comparison, the PVA/CS/CA@CANF in this

study could be recovered directly using a pair of tweezers without high speed

centrifugation, avoiding the damage of the CANF caused by high shear force. This

result suggested that the hydrogel membrane accelerated recovery of CANF,

improving reusability.

3.4 Conversion of CO2 to CaCO3

The ability of the CANF and PVA/CS@CANF to catalyze CO2 hydration was

evaluated by carbonization experiments, and the results were shown in Figure 8. The

total production of CaCO3 in the system of free enzyme, CANF and PVA/CS@CANF

was 14.76 mg, 76.27 mg and 135.22 mg under experimental conditions in this study,

respectively. CaCO3 yield obtained using CANF and PVA/CS@CANF was 5.2 and

9.2 fold higher than free CA, respectively. This result showed that PVA/CS@CANF

membrane possessed better CO2 sequestration capacity compared with free CA and

CANF. It may be due to the following reasons: 1. the low mechanical strength of

CANF makes them difficult to be recovered and reused; 2. the pH value of the

solution is acidic with the hydration of CO2 that destroy the structure of CANF.

However, the PVA/CS@CANF membrane with excellent mechanical strength could

maintain enzyme activity due to their convenient recovery and the protection effects

of PVA/CS membrane for the CANF. Furthermore, SEM images exhibited that
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produced CaCO3 by free CA and immobilized CA was calcite particles (a stable state

of CaCO3), suggesting the hydration of CO2 to bicarbonate.

4. Conclusion

In conclusion, a bimetal-based inorganic-CA hybrid nanoflower was developed to

immobilize CA using Cu2+ and Zn2+. Compared with individual metal ion

CA/Zn3(PO4)2 and CA/Cu3(PO4)2 hybrid nanoflowers, the bimetal based

inorganic-CA hybrid exhibited 2-fold and 7-fold higher activity recovery. Furthermore,

CANF was successfully encapsulated into the PVA/CS hydrogel membrane to form

\PVA/CS@CANF membrane with excellent mechanical strength. The

PVA/CS@CANF exhibited higher thermal stability, pH stability, and storage stability

than free CA and CANF due to protection effects of PVA/CS membrane. Furthermore,

the PVA/CS@CANF membrane with excellent mechanical strength can be easily

separated from reaction solution to reuse without high speed centrifugation,

improving reusability. Particularly, the PVA/CS@CANF could efficiently capture

CO2. The quantity of CaCO3 produced by PVA/CS@CANF was 9.0- and 2.0-fold

higher than free CA and CANF, respectively. Therefore, this approach to synthesizing

bimetallic-based protein hybrid hydrogel membranes could have significant

application prospects in CO2 capture.
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Table 1 Mechanical properties

Tensile strength

(Mpa)

Tensile stain at break

εB (%)

Tensile yield stress

σy (MPa)

0.984 ± 0.036 6.675 ± 0.399 0.570 ± 0.039



26

Figure legend

Figure 1 Schematic illustration of the preparation process for PVA/CS@CANF

composite membrane.

Figure 2 SEM images of (a) CA/Cu3(PO4)2 hybrid nanoflowers, (b) CA/Zn3(PO4)2

hybrid nanoflowers, (c) Bimetal based inorganic-carbonic anhydrase hybrid

nanoflowers, (d) blank PVA/CS hydrogel membrane, (e) PVA/CS@CANF composite

membrane, (f) high resolution image of PVA/CS@CANF.

Figure 3 FTIR spectra of CA, Cu3(PO4)2, PVA/CS hydrogels, CANF, and

PVA/CS@CANF.

Figure 4 CLSM of (a) CANF and (b) PVA/CS@CANF.

Figure 5 The elemental analysis of PVA/CS@CANF.

Figure 6 Comparison of activity recovery of CA/Cu3(PO4)2, CA/Zn3(PO4)2 and

CANF(a); Effect of the ratio of PVA and CS on the activity of PVA/CS@CANF(b);

Effect of temperature (c) and pH (b) on the activity of free CA, CANF and

PVA/CS@CANF.

Figure 7 Stability of free CA, CANF, and PVA/CS@CANF. (a) thermostability; (b)

pH stability; (c) storage ability; (d) reusability.

Figure 8 Comparison of conversion of carbon dioxide into CaCO3. SEM images of

calcium carbonate crystals obtained in the presence of (a) free CA, (b) CANF, and (c)

PVA/CS@CANF.
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