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Abstract 11 

D-amino acid oxidase (DAAO) catalyzes oxidative deamination of D-amino acids to 12 

yield corresponding α-keto acids, producing hydrogen peroxide (H2O2). D-amino acid 13 

oxidase was genetically modified by fusion to an elastin-like polypeptide (ELP). For 14 

the enzyme immobilization, multi-walled carbon nanotubes (MWCNTs) were adopted 15 

as the model support. MWCNTs were functionalized with hematin. ELP-DAAO was 16 

immobilized on the functionalized CNTs by coupling to the hematin. The specific 17 

immobilization enabled ELP-DAAO in proximity to the hematin at a molecular 18 

distance. The molecular-distance proximity facilitated the immediate decomposition 19 

of H2O2 catalyzed by the hematin. The evolved oxygen was efficiently utilized to 20 

oxidize the reduced cofactor FDA of DAAO, and H2O2 was produced. The forming of 21 

H2O2  O2  H2O2 circle between the DAAO and hematin has been demonstrated to 22 

be the driving force to accelerate the deamination reaction. The enzyme kinetics has 23 

shown that the ELP-DAAO/hematin-CNTs conjugate exhibited a catalysis efficiency 24 

more than three times that of free ELP-DAAO, demonstrating its ability mimicking 25 

multi-enzyme catalysis. The methodology for highly specific immobilization of 26 
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enzyme is not restricted to carbon nanotubes, and can be extended easily to other 1 

micro and nanomaterials as supports for specific immobilization of oxidases.  2 

Keywords: D-amino acid oxidase; hematin; immobilization; multi-enzyme 3 

Introduction 4 

   Enzymes are "green" biocatalysts and have been utilized to catalyze various 5 

transformations for producing fine chemicals, foods, and pharmaceuticals.
1,2

 D-Amino 6 

acid oxidases (DAAOs) are technologically useful flavoenzymes and have been 7 

extensively investigated for use as biocatalysts in industrial applications.
3-6 

DAAO 8 

serves as the key enzymes involved in the two-step bioconversion of cephalosporin C to 9 

7-aminocephalosporanic acid, the important intermediate for semisynthetic 10 

cephalosporin antibiotics.
7 

Some routes of production of 7ADCA propose that H2O2 is 11 

eliminated.
8
 The reactions catalyzed by DAAO can also be used to produce α-keto 12 

acids from essential D-amino acids,
9,10

 to separate racemic mixtures of amino acids,
11

 13 

and to detect and quantify D-amino acids content in foods and in biological fluids.
12-17

 14 

DAAO cooperating with other enzymes can promote the catalysis processes.
18,19

 Some 15 

L-amino acid which is obtained through DAAO catalysis is a key intermediate for the 16 

synthesis of pharmaceuticals.
20 17 

   D-Amino acid oxidases catalyze the O2-dependent transformation of D-amino acid 18 

substrates into the corresponding α-keto acid, H2O2, and NH3. However, hydrogen 19 

peroxide can induce enzyme deterioration, and DAAO can be partially destroyed in 20 

the presence of hydrogen peroxide.
21, 22 

In addition, the evolved hydrogen peroxide 21 

can lead to the by-product inhibition effect on the conversion processes. These two 22 

aspects indicate that accumulation of hydrogen peroxide around the enzyme DAAO 23 

can reduce the catalytic efficiency of the enzyme.
23

 To decompose the evolved 24 

hydrogen peroxide, the DAAO catalysis was carried out in the presence of catalase 25 
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and horseradish peroxidase,
24-26

 and catalase was co-immobilized with DAAO on a 1 

support.
10,11, 27, 28

 On the other hand, D-Amino acid oxidases are flavoenzymes with a 2 

non-covalently bound flavin adenine dinucleotide (FAD) cofactor. The coenzyme FAD 3 

plays an important role in the activity of DAAO.
29-31 

During the catalysis process, the 4 

FAD cofactor is first reduced and subsequently reoxidized by molecular oxygen to 5 

yield hydrogen peroxide. For efficient utilization of molecular oxygen from the 6 

environment, Ghisla et al. investigated O2 diffusion pathways to enhance reactivity,
32

 7 

Bolivar et al. studied real-time sensing of O2 availability inside porous carriers to 8 

quantify diffusional restrictions in DAAO immobilizates.
33

  9 

  In this work, D-Amino acid oxidase was genetically modified by fusion to an 10 

elastin-like polypeptide (ELP). Elastin-like polypeptides ELPs undergo a sharp and 11 

reversible phase transition at a specific temperature, thus ELP-DAAO was purified 12 

through phase transition, which has been demonstrated to be an efficient and simple 13 

way for purifying the DAAO.  Multi-walled carbon nanotubes (MWCNTs) were 14 

selected as the model support to immobilize DAAO. Mora et al. studied the 15 

interaction of DAAO with single-walled CNTs for preparation of biosensors by 16 

adsorption of the enzyme on SWCNTs.
17

 Herein we will demonstrate a novel 17 

approach for immobilization of DAAO on MWCNTs, as illustrated in scheme 1. 18 

MWCNTs were functionalized with hematin, and ELP-DAAO was specifically 19 

immobilized on the hematin-functionalized CNTs (hematin-CNTs), with the enzyme 20 

in proximity to the hematin. The ELP-DAAO/hematin-CNTs conjugate sequentially 21 

catalyzes the deamination of D-alanine and the decomposition of the evolved H2O2, 22 

mimicking multi-enzyme catalysis. The deterioration and inhibition effect by 23 

hydrogen peroxide can be significantly reduced, and molecular oxygen can be 24 

efficiently utilized to reoxidize the FAD factor. The methodology for highly specific 25 
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immobilization of enzyme is not restricted to the support carbon nanotubes, it can be 1 

easily extended to other micro and nanomaterials for immobilization of oxidases, such 2 

L-amino acid oxidase and glucose oxidase. 3 

 4 

Scheme 1. Schematic presentation of procedures for specific immobilization of 5 

ELP-DAAO on the hematin-functionalized CNTs.  6 

CNTs were coated with MPTS, hematin was conjugated through the reaction between the sulfydryl and 7 

alkene groups. ELP-DAAO was specifically immobilized through amidation reaction. The substrate 8 

D-alanine was converted to pyruvic acid catalyzed by the immobilized ELP-DAAO. The hematin 9 

catalyzed the decomposition of the generated hydrogen peroxide, and the evolved oxygen was recycled 10 

to oxidize the reduced cofactor FAD of DAAO. The forming of H2O2  O2  H2O2 circle is a driving 11 

force to accelerate the deamination reaction 12 

  13 
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Experimental methods  1 

Materials. Restriction enzymes, DNA polymerase and DNA ligase were obtained 2 

from New England Biolabs and Fermentas. PCR and ligation products were separated 3 

and identified by gel electrophoresis (1% agarose) with appropriate DNA ladder and 4 

extracted using an extraction kit (OMEGA). SDS–PAGE analysis was performed on 5 

12% polyacrylamide gels. Oligonucleotide primers were synthesized by BGI Tech 6 

(Shenzhen, China). E. coli (Escherichia coli) strain DH5α was used as a host for DNA 7 

manipulation, and the strain BL21 (DE3) was used as a host for the production of 8 

elastin-like polypeptides and enzymes. Multi-walled carbon nanotubes (MWCNTs) 9 

were purchased from Nanotech Port Co., Ltd (Shenzhen, China). The purity is higher 10 

than 95%, and the catalyst residue is less than 0.2 %. All other reagents were 11 

purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) or 12 

Sigma-Aldrich (Shanghai, China) and used without additional purification processes. 13 

Double-distilled water was used in making solutions. Gene constructions and cloning 14 

for an elastin-like polypeptide (ELP) and expression vector construction have been 15 

described in supporting materials. 16 

 Protein purification. Proteins were purified using inverse transition cycling.
34

 17 

E.coli cells were harvested by centrifugation at 4°C and resuspended in 50 mL of PBS 18 

buffer. Cells were lysed by ultrasonic disruption on ice, and the lysate was centrifuged 19 

at 10,000g at 4 °C for 30 min to remove cell debris. The supernatant was transferred 20 

to a fresh tube, and sodium chloride solution (3 M) was added and mixed with the 21 

sample. The resulting sample was heated to 30 °C for 10 minutes followed by 22 

centrifugation at 30 °C for 10 minutes. The purification process was repeated three 23 

times. 24 

Functionalization of carbon nanotubes with hematin. 100 mg of purified 25 
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MWCNTs were dispersed in 20 ml of ethanol under sonication for 15 min. 3 ml of 1 

ammonia solution and 100 mg of 3-mercaptopropyltriethoxysilane (MPTS) were then 2 

added to the mixture and sonicated at 50 °C for 4 h. MPTS-coated CNTs 3 

(MPTS-CNTs) were finally obtained by filtering the solution through a polycarbonate 4 

membrane (0.2 μm), rinsing thoroughly with ethanol and subsequently with water.  5 

  100 mg of MPTS-CNTs were dispersed in 50 ml of DMSO under sonication for 30 6 

min, and then 20 mg of hematin and 20 mg of azobisisobutyronitrile (AIBN) were 7 

added. The mixture was incubated under shaking (200 rpm) at 60 °C for 12 h. The 8 

solution was then filtered through a polycarbonate membrane (0.2 μm), rinsed 9 

thoroughly with DMSO and subsequently with water. The samples were lyophilized. 10 

 The Ellman method
35

 was adopted to determine the amount of SH groups. The 11 

Ellman agent is 5,5'-Dithiobis(2-nitrobenzoic Acid) (DTNB). According to the Ellman 12 

method
35

, 3-mercaptopropionic acid was used to react with DTNB. By measuring the 13 

adsorption at 412 nm, the standard curve for SH groups was obtained as shown in Fig. 14 

S1.  15 

10 mg of MPTS-coated CNTs were dispersed in 3 ml of water by sonication for 5 16 

min, and then 0.1 ml DTNB solution (4.0 mg/ml, pH 8, 0.1M PBS) was added. After 17 

5 min of the Ellman reaction, the solution was filtered to remove the MPTS-coated 18 

CNTs, and the adsorption at 412 nm was measured for the filtrate. The standard curve 19 

for hematin is shown in Fig. S2. By detecting the hematin in the original hematin 20 

solutions and washing solutions after reaction, the amount of hematin immobilized on 21 

the MPTS-coated CNTs was determined to be 0.109±0.003mg hematin/mg 22 

MPTS-coated CNTs.  23 

Enzyme immobilization. The covalent attachment of ELP-DAAO onto the 24 

hematin-functionalized CNTs (hematin-CNTs) was based on the method previously 25 
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described.
36

 Briefly, 200 mg of hematin-CNTs was dispersed in 200 mL of MES 1 

buffer (50 mM, pH 6.2), and then the mixture was added to a solution of NHS in MES 2 

buffer. The mixture was sonicated for 15 min, followed by addition of EDC (20 3 

mmol/L). The resulting mixture was shaken at 200 rpm for 1 h. The activated 4 

hematin-CNTs solutions were then filtered through a polycarbonate membrane (0.45 5 

μm) and rinsed thoroughly with MES buffer to remove excess EDC and NHS. The 6 

filtered hematin-CNTs were transferred to the ELP-DAAO solutions (4.0 mg/mL) and 7 

sonicated to redisperse the hematin-CNTs. The mixtures were then shaken (150 rpm) 8 

at 4 °C for 10 h. The mixtures were then centrifuged (4 °C) for 10 min at 7000g and 9 

the supernatants were removed. Typically, six washes were performed, with fresh 10 

buffer added each time to remove unbound ELP-DAAO. The concentrations of 11 

ELP-DAAO in the solutions were determined using the micro bicinchoninic acid 12 

(BCA) assay, as described in our previous work.
37

 By detecting the protein in the 13 

original ELP-DAAO solutions, supernatants, and washing solutions after 14 

immobilization, the amount of ELP-DAAO immobilized on the hematin-CNTs was 15 

determined. Average values were obtained from triplicate measurements of three 16 

immobilization operations. The amount of ELP-DAAO immobilized was finally 17 

determined to be 0.32±0.01 mg ELP-DAAO/mg hematin-CNTs. 18 

Enzyme assay and analyses. The enzyme activity was assayed at 30 
0
C. Free or 19 

immobilized ELP-DAAO was dissolved in a PBS buffer (50 mM, pH 8.0) with a 20 

concentration of 0.27 mg/mL. Protein concentration was measured by the BCA 21 

method.
37

 The D-alanine concentrations were ranged from 15 to 80 mM, which were 22 

determined by HPLC. Kinetic parameters were determined by fitting the Michaelis–23 

Menten equation to the initial rates, and substrate specificity and catalytic efficiency 24 

were calculated based on the parameters. At a relatively large scale (100 ml), 25 
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consecutive use of the immobilized enzyme was investigated. The substrate 1 

concentration was 100 mM, the enzyme concentration was 0.5 mg/ml, and the 2 

reactions were carried out 100 ml of PBS buffer (50 mM, pH 8.0). For each batch of 3 

immobilized enzyme, the catalysis was carried out at a constant temperature of 40 
0
C. 4 

The reaction time employed for each cycle was 6 h. 5 

X-ray photoelectron spectroscopy. XPS spectra were acquired using a Thermo VG 6 

ESCALAB250 X-ray photoelectron spectrometer, which was operated at the pressure 7 

of 2 × 10
-9 

Pa using Mg Ka X-ray as the excitation source. Analysis of the data was 8 

carried out with Thermo Avantage XPS software.  9 

FTIR spectra measurement. Infrared spectra for the samples were collected using a 10 

Fourier transform infrared (FTIR) spectrometer (Bruker TENSOR 27) equipped with 11 

a horizontal, temperature-controlled attenuated total reflectance (ATR) with ZnSe 12 

Crystal (Pike Technology). Infrared spectra were collected using a 13 

liquid-nitrogen-cooled mercury- cadmium- telluride detector that collected 128 scans 14 

per spectrum at a resolution of 2 cm
-1

. All spectra were corrected by a background 15 

subtraction of the ATR element spectrum. Ultrapure nitrogen gas was introduced at a 16 

controlled flow rate to purge water vapor.  17 

Results and discussion 18 

Expression and purification of recombinant D-amino acids oxidase. By employing 19 

recombination cloning, the genes coding for DAAO and an elastin-like polypeptide 20 

(ELP) were joined. The fusion protein ELP-DAAO was expressed in Escherichia coli. 21 

Elastin-like polypeptides are artificial polypeptides.
34

 ELPs undergo a sharp and 22 

reversible phase transition at a specific temperature. This property has been utilized to 23 

separate and purify proteins from fermentation broth.
38

 Herein, ELP-DAAO was 24 

purified by using inverse transition cycling method using NaCl to trigger the phase 25 
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transition at 30 
0
C.

34
 ELP-DAAO from the induced cultures was analyzed by 12% 1 

SDS–PAGE and visualized by Coomassie blue staining. A prominent protein band 2 

was clearly observed (Fig. S3, see supporting information), showing that ELP-DAAO 3 

was approximately 65.3 kDa in size, in agreement with the theoretically predicted 4 

molecular weight. After three successive rounds of inverse transition cycling, 5 

ELP-DAAO was purified that the contaminants were significantly decreased to a 6 

negligible level (Fig. S3, see supporting information).  7 

Specific immobilization of ELP-DAAO. Scheme 1 shows the procedures for the 8 

specific immobilization of ELP-DAAO on the hematin-functionalized MWCNTs. 9 

Purified MWCNTs were coated with 3-mercaptopropyltriethoxysilane (MPTS) 10 

conferring sulfydryl groups on their surfaces. Compared to the purified MWCNT (Fig. 11 

1a), the MPTS-coated MWCNT (Fig. 1b) shows a covered layer of MPTS with a 12 

rough surface. Purified MWCNTs precipitated at the bottom of the solution (Fig. 1a), 13 

while MPTS-coated MWCNTs floated on the top of the solution (Fig.1b) because of 14 

the density difference (MPTS, 0.987 g/cm
3
). When adding 15 

5,5'-Dithiobis(2-nitrobenzoic Acid) (DTNB) to the test tube, the solution become 16 

yellow (Fig.1b), due to the reaction of DTNB with the sulfydryl groups.
39

 The coating 17 

of MWCNTs by MPTS was also confirmed by the FTIR spectra as illustrated in Fig. 18 

2a. The two intense bands at 1096 and 1030 cm
-l 

were assigned to Si–O–Si 19 

asymmetric stretching and Si–O–C, respectively, they are the characteristic bands of 20 

MPTS.
40

 This is consistent with the results of X-ray photoelectron spectroscopy (XPS) 21 

(Fig. 2b). Compared to that of purified MWCNTs, the XPS spectrum for 22 

MPTS-coated MWCNTs exhibited bands for sulphur and silicon elements, they are 23 

from the MPTS (Fig. 1b), indicating that the MWCNTs have been coated with MPTS.  24 

   Through the reactions between the sulfydryl groups of MPTS and the alkene 25 
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groups of hematin, as illustrated in Scheme 1, the CNTs were functionalized with 1 

hematin. After grafting hematin, the conjugate precipitated at the bottom of the 2 

solution (Fig. 1c), this is ascribed to the larger density of hematin (7.87 g/cm
3
). When 3 

adding DTNB to the solution of hematin-MPTS-CNTs, the solution did not become 4 

yellow, indicating that the sulfydryl groups had reacted with the hematin, no sulfydryl 5 

groups were available to react with DTNB. The FTIR spectrum (the line in olive in 6 

Fig. 2a) is for the conjugate after grafting hematin. The band at 1720 cm
-1

 is due to 7 

C=O stretching vibrations of the carboxyl groups of hematin.
41 

The XPS spectrum of 8 

hematin-MPTS-CNTs shows a band of nitrogen (the line in olive in Fig. 2b), which is 9 

from the hematin. 10 

.  11 

  12 

  13 

Fig. 1. Carbon nanotube solutions and TEM images 14 

(a) Purified of MWCNTs; (b) MPTS-MWCNTs; (c) Hematin-MPTS-MWCNTs. 15 
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  1 

Fig. 2. Spectra of FTIR (a) and XPS (b) for purified and functionalized CNTs 2 

Black: purified CNTs; red: MPTS-coated CNTs;Olive: hematin-functionalzied CNTs; blue: 3 

ELP-DAAO immobilized CNTs 4 

    5 

ELP-DAAO was specifically immobilized on the hematin-functionalized CNTs 6 

through amidation reactions (Scheme 1). The FTIR spectrum (the blue line in Fig. 2a) 7 

is for the conjugate after ELP-DAAO immobilization. The bands at 1641 cm
-1

 and 8 

1554 cm
-1

 are due to amide I (C=O) and amide II (N-H), respectively.
42

 On the other 9 

hand, the band at 3280 cm
-1

 is attributed to hydroxyl groups from the protein. In the 10 

XPS spectrum of the conjugate with ELP-DAAO, the intensity of nitrogen is 11 

relatively increased (the blue line in Fig. 2b). This is attributed to the nitrogen atoms 12 

from the immobilized ELP-DAAO. The TEM image (Fig. 3a) shows that after the 13 

ELP-DAAO immobilization, the surface of the conjugate become much smooth 14 

compared to the rough surface of the hematin-functionalized CNTs (Fig. 1c). To 15 

further demonstrate the ability of hematin-functionalized CNTs for specific 16 

immobilization of proteins, the ELP was fused to green fluorescent protein (GFP), and 17 

ELP-GFP was immobilized on the hematin-functionalized CNTs. The 18 

ELP-GFP/hematin-CNTs conjugates were seen under optical microscope (DeltaVision 19 

OMX V3). ELP-GFP can be readily observed on the hematin-functionalized CNT 20 

(Fig. 3b). From the ELP-GFP spots, it can be known the distribution of immobilized 21 

ELP-GFP on the hematin-functionalized CNT. 22 
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a 

 

 

 

 

 
b 

 Fig. 3. TEM (a) and optical (b) images 1 

a: ELP-DAAO/ hematin-functionalized CNT 2 

b: ELP-GFP/ hematin-functionalized CNT 3 

4 
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Enzymatic activity for deamination of D-alanine. Before evaluating the enzymatic 1 

activity, the ability of the hematin for decomposing hydrogen peroxide was tested. 2 

3,3',5,5'-Tetramethylbenzidine (TMB) was added to the test tubes. In the tube only 3 

containing TMB and hydrogen peroxide, due to very slow decomposition of hydrogen 4 

peroxide, the colour change of the solution was not obviously observed after 5 min 5 

reaction (Fig. 4a). In contrast, in the tubes containing the conjugates hemain-CNTs 6 

and ELP-DAAO/hemain-CNTs, due to the immediate decomposition of hydrogen 7 

peroxide by the hematin of the conjugates, TMB was oxidized and the solutions 8 

showed the typical blue colour (Fig. 4b and 4c).
43

  9 

 10 

Fig. 4. Decomposition of hydrogen peroxide by hemain-CNTs (b)  11 

and ELP-DAAO/hemain-CNTs (c). 12 
Systems: (a) 100 mM H2O2 + 0.5 mM TMB; (b) 20 g/ml hematin-CNTs +100 mM H2O2 +  13 

0.5 mM TMB; (C) 20 g/ml ELP-DAAO/hemain-CNTs +100 mM H2O2+0.5 mM TMB.  14 
All the reactions were carried out in a PBS buffer (pH5.0) for 5 min. The conjugates in samples b and c 15 
were removed by centrifugation to see the colour more clearly. 16 
 17 

The reactions of D-alanine deamination were catalyzed by both the immobilized 18 

and free enzymes. An increase in the catalytic efficiency was observed using the 19 

immobilized ELP-DAAO when compared to the same amount of free ELP-DAAO in 20 

the solution. To observe the difference in the reactions catalyzed by free and 21 

immobilized enzymes, 2,4-dinitrophenylhydrazine (DNPH) was added to the tubes 22 

after reaction. DNPH can react with pyruvic acid and form a coloured product.
45

 In 23 

the tube containing free ELP-DAAO (Fig. S4a), the solution exhibited a yellow colour; 24 

while in the tube containing immobilized ELP-DAAO (Fig. S4b), the solution 25 
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exhibited a red-brown colour. It is indicated that in the period of reaction time more 1 

pyruvic acid was produced under the catalysis of the immobilized enzyme. The 2 

difference in the colour change demonstrated that the immobilized ELP-DAAO 3 

exhibited a much high catalysis efficiency than the free enzyme.  4 

To study the enzyme kinetics, the activity of the immobilized ELP-DAAO was 5 

compared to the activity of an equimolar free ELP-DAAO over a range of substrate 6 

concentrations. The kinetic parameters are listed in Table 1. The Vmax and Km values 7 

were determined by the Lineweaver−Burk plot derived from a series of experimental 8 

determinations of the enzyme activity (Fig. S5). The kinetic parameters of the 9 

immobilized enzyme were compared to that of the free enzymes. The free 10 

ELP-DAAO exhibited a Km value 234% times that of the immobilized enzyme. It 11 

means that the immobilized enzyme has significantly improved the affinity towards 12 

the substrate.
44

 The Kcat/Km ratio is a measure of the catalytic efficiency of enzymes 13 

and has been used to compare the apparent kinetic parameters of the immobilized 14 

enzyme.
44

 The Kcat/Km value of the immobilized ELP-DAAO is 324 % times that of 15 

free ELP-DAAO, indicating a significant improvement of the enzyme catalytic 16 

efficiency. Another parameter Vmax/Km is a measure of catalytic specificity. 17 

Surprisingly, the catalytic specificity of the immobilized enzyme is more than 300% 18 

times that of free ELP-DAAO. It is meant that the immobilized enzyme exhibited a 19 

much higher catalytic specificity than the free enzyme. This is consistent with the 20 

results shown in Fig. S4. 21 

Table 1. Kinetic parameters for free and immobilized enzymes 22 

 Free ELP-DAAO Immobilized ELP-DAAO 

Vm (mM.min
-1

) 0.107 0.148 

Km (mM) 35.4 15.1 

Kcat (min
-1

) 26.0 36.0 

Kcat/Km (min
-1 .

mM
-1

) 0.734 2.38 

   23 
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The enzymatic activity analysis showed that the activity of ELP-DAAO has been 1 

significantly improved through the specific immobilization. ELP-DAAO was 2 

immobilized in proximity to hematin to form the complex. The specific assembly of 3 

cooperating ELP-DAAO and hematin facilitated the control of the sequential catalysis 4 

process by coordinating the activities of ELP-DAAO and hematin. The hydrogen 5 

peroxide of DAAO was the substrate of hematin, and it was transferred from the 6 

active site of DAAO to the active site of hematin. Due to the molecular-distance 7 

proximity, the diffusion of the hydrogen peroxide into the bulk solution was reduced, 8 

and the hydrogen peroxide was immediately decomposed to water and oxygen. The 9 

intermediate decomposition of hydrogen peroxide led to that the concentration of 10 

oxygen in the local environment around the enzyme was increased, enabling efficient 11 

utilization of molecular oxygen (O2) for the oxidation of the reduced cofactor FDA of 12 

DAAO as illustrated in Scheme 1. Maintaining the function of cofactors is important 13 

for enzymatic catalysis.
46

 Thus the substrate D-alanine was converted in a high 14 

efficiency. The cooperation of the DAAO and hematin is a synergism which increases 15 

the productivity. In addition, the in situ decomposition of hydrogen peroxide can 16 

greatly reduce its potential deleterious effect on the immobilized DAAO, and 17 

significantly prevent the potential oxidation of production.
47

   18 

The effect of pH on the activity retaining for free and immobilized enzymes is 19 

shown in Fig. S6a. The optimal pH for the enzyme is around pH 8. As can be seen, at 20 

lower and higher pH values, the percentage of activity retained by the immobilized 21 

enzyme is much higher than that by the free enzyme. The effect of temperature on the 22 

activity retaining for free and immobilized enzymes is shown in Fig. S6b. The optimal 23 

temperature for the free enzyme is at 30
 0
C, that for the immobilized enzyme is at 40 24 

0
C. The temperature effect on the activity retaining for the immobilized is not 25 
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significant, while for the free enzyme, the change of activity retaining is relatively 1 

larger. Consecutive use of the immobilized enzyme was investigated as well. As can 2 

been in Fig.5, there was some decrease in the activity after five reaction/cleaning 3 

cycles, but not significant. 4 

   5 

Fig. 5. Activity of immobilized enzyme after use in several consecutive cycles 6 
   7 

Conclusions 8 

D-amino acid oxiodase was genetically modified and the purification of the enzyme 9 

was performed in an efficient and simple way in a sustainable manner, with no 10 

poluants taken into the process water. Highly specific immobilization of ELP-DAAO 11 

has been demonstrated. On the surface of the hematin-functionalized CNTs, 12 

ELP-DAAO is in proximity to the hematin at a molecular distance. This facilitates the 13 

transfer of the hydrogen peroxide from the active site of DAAO to the active site of 14 

hematin, and the hydrogen peroxide can be immediately converted with the catalysis 15 

of hematin. The local concentration of oxygen molecules around DAAO is much high 16 

compared to the bulk solution, and the molecular oxygen (O2) can be efficiently 17 

utilized to oxidize the reduced cofactor FDA of DAAO. The immobilized enzyme has 18 

a catalysis efficiency more than three times that of the free enzyme. The 19 

ELP-DAAO/hematin-CNTs conjugate showed the ability mimicking multi-enzyme 20 

complex system. The methodology for highly specific immobilization of enzyme is 21 
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not restricted to carbon nanotubes, and can be extended easily to other micro and 1 

nanomaterials as supports for specific immobilization of oxidases, such as glucose 2 

oxidase, nucleoside oxidase, monoamine oxidase, NADH oxidase, and xanthine 3 

oxidase, as illustrated in Fig. S7.  4 

  From environmental point of view, the presence of hydrogen peroxide in process 5 

water has caused the concerns of wastewater reuse. Industrial strength hydrogen 6 

peroxide is a strong oxidizer and as such requires special handling precautions.
48

 In 7 

addition, hydrogen peroxide
 
can interfere the analysis of chemical oxygen demand in 8 

wastewater.
49

 Immobolization of catalase on the supports has been used to remove 9 

H2O2 in order that process water can be returned to the environment.
48,50

 The 10 

ELP-DAAO/hematin-CNTs conjugate can in situ decompose hydrogen peroxide 11 

evolved, eliminating the concerns of hydrogen peroxide presence in process water. In 12 

the process, ELP-DAAO was purified through an efficient and simple way in a 13 

sustainable manner, with no pollutants taken into the process water; the solvents used 14 

for the functionalization of carbon nanotubes were ethanol and DMSO, and the 15 

enzyme immobilization was performed in MES buffer. Ethanol,
51-53

 DMSO,
54-56

 and 16 

MES buffer
57

 have been utilized as environmentally benign and green solvents. In 17 

addition, carbon nanotubes can be produced from a green process,
58

 and the enzyme 18 

immobilized on carbon nanotubes can be easily recovered from the reaction media.
36

 19 

It can be concluded that the process from purification to specific immobilization of 20 

D-amino acid oxidase is green and environmentally begin. 21 
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A table of contents entry 1 

 2 

The specifically immobilized enzyme and hematin sequentially catalyze the conversion of D-alanine 3 

and the decomposition of the generated hydrogen peroxide. 4 
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