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A Biocatalyst and Colorimetric/Fluorescent Dual Biosensors of H2O2 

Constructed via Hemoglobin-Cu3(PO4)2 Organic/Inorganic Hybrid 

Nanoflowers 

Jiaojiao Gao, Hui Liu*, Lingyan Pang*, Kai Guo, Junqi Li 

School of Materials Science and Engineering, Shaanxi University of Science and Technology, Xi’an 

710021, P. R. China 

ABSTRACT: In this paper, the 3-dimensional Hemoglobin (Hb)-Cu3(PO4)2 organic/inorganic 

hybrid nanoflowers (Hb-Cu3(PO4)2 HNFs) self-assembled by nanopetals were synthesized via a 

facile one-pot green synthetic method. The compositions and microstructure of the Hb-Cu3(PO4)2 

HNFs were well characterized with X-ray diffraction, scanning electron microscopy, transmission 

electron microscopy, X-ray photoelectron spectroscopy, Fourier transform infrared spectroscopy 

and UV-vis spectrometer, respectively. The as-prepared Hb-Cu3(PO4)2 HNFs to be used as an 

biocatalyst to constructed colorimetric/fluorescent dual biosensors. The experimental results show 

that the colorimetric/fluorescent dual biosensors exhibited two linear responses in the range of 2-10 

ppb and 20-100 ppb for H2O2. The colorimetric and fluorescent detection limits were 0.1 ppb and 

0.01 ppb respectively. Compared with the free Hb, the biocatalytic activity of the Hb-Cu3(PO4)2 

HNFs can be improved for 3~4 times under the optimal conditions. The sensing performance of 

these Hb-Cu3(PO4)2 HNFs based dual biosensors can be contributed that the active sites of Hb 

molecules were more exposed on the surface of the Cu3(PO4)2 nanopetals. Secondly, the unique 

nanopetals assembled hybrid flower-like structure was favorable to contact of the detected 

substance with the biosensors. The dual biosensors were successfully applied for the determination 
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of H2O2 in rainwater, tap water and waste water samples. These results show that the dual 

biosensors had potential application in the field of medical analysis, environmental monitoring and 

food engineering. 

KEYWORDS: organic/inorganic hybrid nanoflower, hemoglobin, biosensor, fluorescent, 

colorimetric, H2O2 

INTRODUCTION  

Hydrogen peroxide (H2O2) is a common oxidizing agent and an essential intermediate or final 

product in food, biomedical, pharmaceutical, industrial and environmental and enzymatic 

reactions.
1-4

 Researchers found that H2O2 is immediately dangerous to human health and life when 

its concentration exceeds to 75 ppm.
5
 Thus, it is necessary and urgent to establish a quick and 

accurate method to monitoring the concentration of H2O2. In the fields of food, industry, 

environment, and clinical diagnosis, many methods have been explored for the detection of H2O2, 

such as electrochemical,
3
 bioelectrochemical,

6
 liquid chromatography,

7
 colorimetric,

8
 fluorescence 

analytic methods,
9
 etc. Among the above methods, fluorescent and colorimetric analytic methods 

are broadly used for detection of H2O2 due to their peculiar advantages, such as low-cost, simplicity, 

high sensitivity and excellent practicability.
10-13

 Especially, the fluorescent/colorimetric biosensors 

based on the biocatalytic activity of enzymes or other proteins are the main developing direction 

and research focus. So far several enzymes or other proteins, such as horseradish peroxidase (HRP), 

glucose oxidase (GOD), bovine serum albumin (BSA) and hemoglobin (Hb), are frequently used to 

construct of the fluorescent/colorimetric biosensors due to their high specificity and excellent 

catalytic activity. 

Hb is a tetrameric heme protein consisting of aglobular protein and four iron-containing 

hemes.
14, 15

 Heme is an important iron porphyrin compound, which is structurally similar to 
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3 

peroxidases,
16, 17

 and exhibits a mimetic peroxidase activity for the detection of H2O2. However, due 

to its complex structure, i.e., iron-containing heme active sites are deeply embedded in the peptide 

chains, Hb display a weak catalytic capacity compared with that of peroxidase although it has a 

preferable structural stability.
18

 To solve the above problems, a few methods, such as chemical 

modified Hb,
19

 Hb-polymer conjugates
20

 and immobilization of Hb on nanomaterials,
21

 have been 

reported to improve the exposure of hemoglobin active sites. Among these methods, immobilization 

of Hb on nanomaterials is a most commonly used method, which is favorable to exposes more 

highly accessible active sites and enhance the catalytic activity of Hb. A variety of nanomaterials 

have been developed as support matrix for immobilization of Hb, such as, SiO2, carbon nanotube, 

CoO, Ag and TiO2/graphene nanocomposite with different morphologies, etc.
22-26

 Especially, 

flower-like nanostructure to be found have a better promoting effect for the enhancement of the 

biological activity of Hb molecules because this hierarchical structure show a large surface area, 

which is beneficial to expose more active sites on the surface of nanomaterials and contact of the 

detected substance with the Hb carrier.  

In addition, the combination ways between nanomaterial and Hb exhibit an important influence 

on the biological activity of Hb. Traditionally, there are mainly four combination ways for the 

immobilization of proteins with nanomaterials: physical or chemical adsorption, covalent, 

entrapment and cross-linking.
27-30

 Most of the immobilized proteins exhibit increasing stability, 

higher activity, and good repeatability. However, these conventional protein immobilization 

methods are very difficult to ensure the active sites of proteins while maintaining biological activity. 

Therefore, it is imperative to seek a new way for protein immobilization with high activity. Recently, 

Zare and co-workers
31

 discovered that the flower-like organic-inorganic hybrid nanostructures 

composed of protein and copper (II) compound displayed much higher enzyme activity and stability 
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than free and conventional immobilized enzymes, which provided a novel enzyme immobilization 

approach that could greatly enhance the activity and stability of the enzyme. 

Herein, we report the synthesis of a Hemoglobin (Hb)-Cu3(PO4)2 organic/inorganic hybrid 

nanoflowers (Hb-Cu3(PO4)2 HNFs) self-assembled by nanopetals through facile water-bath 

synthesis strategy. In this mild and green synthetic process, no toxic elements are involved. The 

flower-like structure make Hb-Cu3(PO4)2 HNFs as a biocatalyst for H2O2 decomposition has many 

advantages as follows: Firstly, the active sites of Hb molecules are more exposed on the surface of 

Hb-Cu3(PO4)2 HNF due to its special organic-inorganic hybrid structure. Meanwhile, the 

Hb-Cu3(PO4)2 HNFs can be easily separated from the reaction system and reused several times. 

Secondly, Cu3(PO4)2 nanopetals with excellent biocompatibility can provide a protective 

microenvironment for the Hb to retain their bioactivity and stability. Thirdly, the unique nanopetals 

assembled hybrid flower-like structure is favorable to contact of the detected substance with the 

biosensors. As shown in Scheme 1, Hb-Cu3(PO4)2 HNFs can effectively accelerate the 

decomposition of H2O2 to hydroxyl radical (•OH) which can oxidize excess I
-
 to form I3

-
 and then it 

combines with  Rhodamine 6G (Rh6G) to form (Rh6G~I3)n association particles. The (Rh6G~I3)n 

association particle gives strong resonance scattering effect, fluorescence quenching, and 

hypochromatic color effect. Therefore, in the present report, a novel colorimetric/fluorescent dual 

biosensors of Hb-Cu3(PO4)2 HNFs-based multi-substance biocatalytic system have been proposed 

and the proposed method has potential applications in the detection of H2O2 in rainwater, tap water 

and waste water. 

EXPERIMENTAL SECTION 

Materials and Aparatus. Hemoglobin (Hb, from bovine blood) was purchased from 

Sigma-Aldrich. Rhodamine 6G (Rh6G) was supplied by Shanghai Reagent Factory (China). 
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CuSO4·5H2O, KI, H2O2 (30% w/v), NaH2PO4·2H2O, Na2HPO4·12H2O), CH3COONa and 

CH3COOH were obtained from Sinopharm Chemical Reagent Co., Ltd., China. All the reagents 

used were of analytical grade and ultrapure water (18.2 MΩ, Millipore, USA) was used for all 

experiments. The X-ray diffraction (Rigaku XRD, D/max2200, Japan, Cu Kα 0.154 nm) was used 

to analyze the crystal structures of Hb-Cu3(PO4)2 HNFs. The microstructure and morphology of the 

Hb-Cu3(PO4)2 HNFs were investigated by field-emission scanning electron microscope (FE-SEM, 

Hitachi S-4800 & Hiroba EDX electron microscopy) and transmission electronic microscopy (TEM, 

FEI Tecnai F20). The morphological changes were determined using environmental scanning 

electron microscopy (ESEM, FEI Q45). Surface electronic structure was analyzed by X-ray 

photoelectron spectroscopy (XPS, ESCALAB 250Xi). The decomposition process of the Hb 

molecule during heat treatment was characterized by the thermogravimetric-differential scanning 

calorimetry (TG-DSC, Netzsch Corporation STA409PC). Fourier-transform infrared (FTIR) spectra 

were recorded from sample powder palletized with KBr (sample ratio, 1.5 to 100 mg) on a Bruker 

TENSOR27. Ultraviolet-visible (UV-vis) absorption spectra were obtained using an Agilent Cary 

5000 spectrophotometer. The fluorescence spectra emission spectra of the system were measured 

using an EDINBURGH FS5. 

Synthesis of Hb-Cu3(PO4)2 HNFs. In a typical experiment, an aqueous solution of CuSO4 

(120 mM, 60 µL) was added into 9 mL of phosphate buffered saline (PBS) solution (0.1 M, pH 7.4) 

containing different concentrations of Hb (0.05 mg/mL, 0.1 mg/mL and 0.5 mg/mL, labeled as 

HNFs-1, HNFs-2 and HNFs-3), followed by incubation at 25 °C for 3 day. After incubation, 

turquoise precipitates were collected by centrifugation (3500 rpm for 5 min) and the precipitate was 

washed with ultrapure water and stored in ultrapure water at 4 °C. Furthermore, to probe the growth 

mechanism of Hb-Cu3(PO4)2 HNFs, the samples were prepared with different incubation times (1, 
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24, 48 and 72 h).  

Detection of H2O2. The different concentrations of H2O2 solutions were prepared in water and 

the feasibility investigation of H2O2 sensing was carried out in HAc-NaAc buffer solution + Rh6G 

+ KI + Hb-Cu3(PO4)2 HNFs system. The detailed procedure was as follows: Firstly, 0.5 mL Rh6G 

(1.0×10
-4 

M), 0.3 mL HAc-NaAc buffer solution (0.1 M, pH 4.7), 0.7 mL KI aqueous solution (0.03 

M), Hb (0.2 mL 1.0×10
-5 

M) or Hb-Cu3(PO4)2 HNFs (0.2 mL 3.225 mg/mL), and equal volumes of 

different concentrations of H2O2 (5 µL, 0~1 ppm) were added into the centrifuge tube (10 mL), 

diluted to 5 mL with ultrapure water and shaked adequately. Subsequently, the reaction solution was 

centrifuged at 3500 rpm for 6 min to remove the Hb-Cu3(PO4)2 HNFs. Finally, the colorimetric 

response (λab=527 nm) as well as fluorescence response (λem=557 nm)of the supernatant was 

recorded by using the UV-Vis spectroscopy and fluorescent spectrometer, respectively. 

Detecting H2O2 in Real Samples. The rainwater, tap water and waste water were collected 

without any treatment and stored at room temperature prior to analysis. The spiked samples were 

prepared by the addition of standard H2O2 in rainwater, tap water or waste water. The analysis 

process was similar to the sensing procedure, as described in Section 2.3. 

RESULTS AND DISCUSSION 

Chemical and Physical Structure of the Prepared Hb-Cu3(PO4)2 HNF. To analyses the 

chemical and physical structure of the Hb-Cu3(PO4)2 HNFs, XRD, SEM, TEM, EDX and XPS 

experiments have been conducted. The inset of Figure S1 shows the photo images of pure 

Cu3(PO4)2 (top) and Hb-Cu3(PO4)2 HNFs (down). On the macro point of view, the pure Cu3(PO4)2 

sample present a blue colour while the Hb-Cu3(PO4)2 HNF is blue-green. This is mainly due to the 

fact that the Hb as an organic component in Hb-Cu3(PO4)2 HNFs is red colour. Figure S1 present 

the XRD patterns of the Hb-Cu3(PO4)2 HNFs (red curve) and pure Cu3(PO4)2 (black curve). All 
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diffraction peaks in the XRD patters of both samples are match well with the JCPDS X-ray powder 

diffraction file of No. 22-0548 belong to Cu3(PO4)2·3H2O ). Compared with the pure 

Cu3(PO4)2·3H2O nanosheets, the relative intensities of all diffraction peaks of the Hb-Cu3(PO4)2 

HNFs is decreased. The reason is that the introduction of Hb reduced the crystallinity of the 

Cu3(PO4)2 the relative intensities of all diffraction peaks of the Hb-Cu3(PO4)2 HNFs. 

To further confirm the composition and chemical configuration of the obtained Hb-Cu3(PO4)2 

HNFs, XPS analysis was carried out. Figure 1a shows the survey spectrum of the prepared 

Hb-Cu3(PO4)2 HNFs. Besides the Cu 2p and P 2p signals belong to Cu3(PO4)2 were observed, clear 

N 1s signal derived from hemoglobin molecules were also obtained. As for the signal of C 1s, it 

may be contributed to both of the hemoglobin molecules and detection environment. For the Cu 2p 

XPS spectrum (Figure 1b), the peaks corresponding to Cu 2p1/2 and Cu 2p3/2 were observed at 

954.94 eV and 935.0 eV, respectively.
32

 Compared with that of the pure Cu3(PO4)2·3H2O 

nanosheets counterparts (Figure S2), in which the Cu 2p1/2 and Cu 2p3/2 were located at the binding 

energies of 954.78 eV and 934.79 eV, respectively, the Cu 2p1/2 and Cu 2p3/2 peaks for 

Hb-Cu3(PO4)2 HNFs shifted towards higher binding energy regions by amounts of 0.16 eV and 0.21 

eV. This may be contributed that the Cu-N and Cu-O bonds are formed between Cu
2+

 and Hb 

molecules. Figure 1c shows the Fe 2p XPS spectrum, it can be found that the peaks Fe 2p3/2 and Fe 

2p1/2 of Fe (III) were located at 711.33 eV and 721.46 eV, respectively. And the satellite peak 

founded at 716.54 eV indicates the presence of Fe (II) on the surface of the HNFs.
33, 34

 Similarly, 

the Fe 2p of the pure Hb molecular was also analyzed by XPS (Figure S3). Notably, the peaks 

corresponded to Fe 2p were not found, indicating more active centers can be exposed in the 

organic-inorganic hybrid structure. The N 1s spectra of Hb-Cu3(PO4)2 HNFs can be separated into 

C-N / N-H (399.62 eV) and N-C=O (400.0 eV) (Figure 1d) belong to Hb molecular.
35

 The C1s XPS 
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spectrum of Hb-Cu3(PO4)2 HNF was decomposed into four components, assigned to C-C/C-H 

(284.6 eV), C-S/C-N (286.1 eV), amide (287.7 eV) and carboxyl (289.7 eV) groups of the Hb 

molecules (Figure 1e).
36, 37

 The XPS analysis was also found the binding energies of P 2p at 131.15 

eV corresponded to characteristic of PO4
3-

 (Figure 1f).
38

 

Morphology of the Prepared Hb-Cu3(PO4)2 HNF. Morphology of the Hb-Cu3(PO4)2 HNF 

was exposed by SEM and TEM measurement. The SEM images of Hb-Cu3(PO4)2 HNFs (Figure 2a 

and b) shows that the as-prepared sample display a regularly flower-like structure assembled by a 

great deal of interlaced nanopetals with the thickness of about 20~25 nm, and the average diameter 

of these hybrid nanoflower with good monodispersity were determined to be 10~15 µm. As shown 

in Figure 2c, the low-resolution TEM image of the partial nanoflower further confirmed the 3-D 

hierarchical structure of the Hb-Cu3(PO4)2 HNFs. The high-resolution TEM image of the nanopetal 

was illustrated in Figure 2d. The spacing between adjacent lattice planes is 0.212 nm, corresponding 

to the diffraction peak at 2θ = 41.988. The actual area (BET) of Hb-Cu3(PO4)2 HNF is 15.01 m
2
/g 

and it turned out that the hierarchical flower-like structure can effectively increase the specific 

surface area of the biocatalysts, which is beneficial to contact with substrates and improve their 

biocatalytic activity (Figure S4). The energy dispersive X-ray spectroscopy (EDX) was further 

confirmed that the Hb-Cu3(PO4)2 HNFs are consisted of Cu, P, C, O, N, Ca and Cl elements (Figure 

S5). As for the Ca and Cl elements, it may be derived from PBS solution.  

Growth mechanisms of the prepared Hb-Cu3(PO4)2 HNF. To monitoring the growth process 

of Hb-Cu3(PO4)2 HNFs, time-depend ESEM, UV-vis and FT-IR experiments have been applied to 

analyses the as-prepared samples after the different growth stages. It is worth noting that in order to 

avoiding the destroy of the Hb molecular structure on the surface of the sample, the ESEM 

measurement was used to observe the growth process of Hb-Cu3(PO4)2 HNFs. Before the detection, 
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the as-prepared Hb-Cu3(PO4)2 HNFs were dispersed in an aqueous solution and maintained at a 

constant temperature of 20 °C. As shown in Figure 3a, a large numbers of chain-like complexes are 

observed after 1 h of incubation. The quaternary structure of Hb changed when Cu
2+

 is added into 

PBS containing Hb at pH 7.4. Subsequently, the four subunits dissociated from each other and then 

they can stretch into loose peptide chains.
39

 It is known that the pI point of Hb is 6.7, which is lower 

than the pH value of the incubation system.
40

 Therefore, the protein molecules were negatively 

charged and can form complexes with Cu
2+

 through coordination interactions of -COO
-
 and amide 

groups in the Hb backbone.
41

 Thus these chains are Cu
2+

/Hb complexes and provided the growth 

sites for nucleation of the primary crystals. With the increasing of incubation time (24 h), some of 

curly petal-like nanosheets are appeared in Figure 3b. The growth of copper phosphate crystals 

were controlled by the kinetically under the induction of protein molecules and then the petals was 

generated. Additionally, it can also be found that the growth and self-assembly of petals were 

carried out at the same time. The self-assembled petals had further grown up after 48 h of 

incubation (Figure 3c). At the final stage, nanopetals were continuously grown up and assembled to 

form a three dimensional hierarchical flower-like structure when the incubation time reached 72 h 

(Figure 3d). The growth rate of the each part of reaction system is different due to the influence of 

the experimental operation. Therefore, there are some Hb-Cu3(PO4)2 HNFs appearing in each time 

period. With the increasing of the incubation time (From 1 h to 24 h, 48 h and 72 h, respectively), 

the sizes of Hb-Cu3(PO4)2 HNFs are 6.7 µm, 8 µm, 10.7 µm and 13.3 µm, respectively. This result 

show that the formation of the petals and the self-assembly of the Hb-Cu3(PO4)2 HNFs were carried 

out at the same time. The nucleation of the copper phosphate crystals in protein molecules and then 

grew in different directions under the induction process of proteins. This special organic-inorganic 

hybrid structure enables Hb-Cu3(PO4)2 HNFs to have the biological activity of the organic 
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components and the stability of the inorganic components, and can be easily separated from the 

reaction system. What's more, the conformational changes also expose more active centers on 

surface, which effectively increasing the peroxidase-like catalytic activity of Hb. 

To verify the formation of the Hb-Cu3(PO4)2 HNFs, pure Hb (curve a), Cu3(PO4)2·3H2O (curve 

f) and the Hb-Cu3(PO4)2 HNFs (curve b, c, d and e) with different incubation time were analyzed by 

FT-IR spectroscopy (Figure S6). In the FT-IR spectra of pure Hb (curve a), typical absorption band 

of amide I was observed at 1652 cm
-1

, which is attributed to C=O stretching vibration of peptide 

linkages in the backbone of protein.
42, 43

 The absorption band at 1531 cm
-1

 is caused by the 

combination of N-H bending/C-N stretching (amide II) and -COO
-
 asymmetric stretching.

42-44
 And 

the 1393 cm
-1

 band has been associated with the -COO
-
 symmetric stretching.

44, 45
 As for the pure 

Cu3(PO4)2·3H2O (curve f), the absorption bands belong to phosphate groups were located at 1152 

cm
-1

 (stretching vibration of P=O bond), 1049 cm
-1

 (asymmetrical stretching of P-O bond), 989 

cm
-1

 (stretching vibration of P-O bond), 624 cm
-1

 (bending vibration of P-O bond) and 553 cm
-1

 

(in-plane bending vibration phosphate ion).
46, 47

 Compared with that of pure Hb and 

Cu3(PO4)2·3H2O, the FT-IR spectra of Hb-Cu3(PO4)2 HNFs prepared by different incubation 

time(Curve b, c, d and e) possess all the characteristic absorption bands of above mentioned. This 

proved that the prepared Hb-Cu3(PO4)2 HNFs were composed of Hb and Cu3(PO4)2·3H2O. And the 

presence of amide I and amide II also indicated that Hb retained the essential features of its native 

secondary structure in Hb-Cu3(PO4)2 HNFs.
48

 In addition, it is also found that the absorption bands 

of amide I (1659 cm
-1

), amide II/-COO
-
 asymmetric stretching (1537 cm

-1
) and -COO

-
 symmetric 

stretching (1401 cm
-1

) of Hb-Cu3(PO4)2 HNFs had a blue shift in the curve e. The blue shift of the 

three characteristic absorption bands of the Hb revealed that the coordination interaction between 

Cu
2+

 and the amide groups and -COO
-
 of Hb backbones.

41, 45
 It is worth noting that a weak 

Page 10 of 39

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11 

absorption band at 520 cm
-1

 was also found in curve b, c, d and e, which can be attributed to the 

stretching vibration of Cu-O bond.
49

 This further confirmed that a complex was formed between 

Cu
2+

 and protein molecules, and verified the previous conjecture. Moreover, it can be found that the 

intensities belong to the characteristic absorption bands of amide group, phosphate group and Cu-O 

bonds were progressively increased with the increasing of incubation time. The result indicated that 

the Cu
2+

/Hb complexes were gradually increasing, and with continuous growth of the Cu3(PO4)2 

crystals, the amount of the immobilized enzyme was also significantly increased. 

In order to further prove the immobilization effect of the Hb-Cu3(PO4)2 HNFs ,UV-vis 

spectroscopy has been conducted on the supernatant from the Hb-Cu3(PO4)2 HNFs suspension with 

different incubation time (1, 24, 48, and 72 h). Figure S7 show the Soret absorption band of heme 

was located at 405 nm, which was close to the pure Hb (401 nm). The Soret absorption band of 

heme proved existence on the conformational integrity of the Hb.
42, 50

 With the increasing of 

incubation time, the concentrations of the Hb in the supernatant decreased immediately. Notably, 

the Soret absorption intensity of Hb display a dramatic reduction for the first 24 h particularly, and 

after 48 h incubation, the intensity of Hb have a little change with the increasing of incubation time, 

which indicating that most of the Hb molecular was consumed to form the Hb/Cu
2+

 complexes in 

the first 24 h.  

Comprehensive analysis of time-depend ESEM, FT-IR and UV-Vis, the growth mechanisms of 

the Hb-Cu3(PO4)2 HNFs can be conclude as follows: (Ⅰ) early nucleation and formation of Cu
2+

/Hb 

complexes, (Ⅰ) growth of nanopetals, and (Ⅰ) complete formation of three dimensional flower-like 

structures (as illustrated in Figure 3e). 

Apart from the effect of incubation time, the concentration of Hb also plays important roles in 

the formation of Hb-Cu3(PO4)2 HNFs. Figure S8 showed the SEM images of Hb-Cu3(PO4)2 HNFs 
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prepared with different Hb concentrations. With the increasing of the Hb concentrations, the 

quantity of nucleation sites increased, leading to a more compact structure, while the size of HNFs 

was reduced. Correspondingly, the weight percentage of Hb in the Hb-Cu3(PO4)2 HNF was 

determined by thermogravi-metric (TG) analysis. Figure S9 displayed the TG analysis spectrum of 

the Hb-Cu3(PO4)2 HNFs (HNFs-1: 0.1 mg/mL) and the weight percentage of Hb was about 20.1%. 

It was shown that the weight percentage of Hb in the HNFs gradually increased from 0 to 23.76% 

with the increasing of Hb concentration (which increased from 0 to 0.5 mg/mL) (Table S1). The 

encapsulation efficiency (defined as the ratio of the amount of immobilized enzyme to the total 

amount of enzyme employed) of Hb in Hb-Cu3(PO4)2 HNF was determined by UV-vis spectroscopy 

method. With the increasing of Hb concentration (which increased from 0.05 to 0.5 mg/mL), the 

encapsulation efficiency decreased from 87.75 to 58.47% (Table S2). According to the results of 

tests, the concentration of Hb has impact on the morphology and catalysis of Hb-Cu3(PO4)2 HNF. 

The lower the Hb concentration, more large the size of nanopetals, and then the three-dimensional 

structure is not easily to be maintained. At the Hb concentration of 0.5 mg/mL, the Hb-Cu3(PO4)2 

HNF exhibits an overdense flower-like structure as well as the highest Hb conten. But the active 

site of Hb is again blocked in the inorganic microspheres due to the overdense structure. 

Therefore, in all the following experiments, the optimum synthesis conditions of the 

Hb-Cu3(PO4)2 HNF are as follows: reaction temperature 25Ⅰ, pH 7.4, incubation time 72 h and the 

concentration of Hb is 0.1 mg/m. 

Catalytic mechanism and Kinetics of Hb-Cu3(PO4)2 HNF. The catalytic activity of 

Hb-Cu3(PO4)2 HNF was confirmed in the multi-substance biocatalytic system (HAc-NaAc + Rh6G 

+ KI + H2O2). As illustrated in Scheme 1, H2O2 can be catalyzed to product hydroxyl radical (·OH) 

by Hb immobilized in Hb-Cu3(PO4)2 HNFs, and then I
-
 can be oxidized to I2 by ·OH.

51
 Of excessive 
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I
-
 can be combined with I2 to form I3

-
, and I3

-
 reacts with Rh6G to form hydrophobic Rh6G~I3 

ion-association complexes. Finally, these hydrophobic complexes can easily aggregate into a larger 

(Rh6G~I3)n association particles. The reaction mechanism of system is described as follows: 

�����Ⅰ� + ��	� + �

 → �����Ⅰ� +· 	� + ��	                       (1) 

· 	� + 
� → 
�                           (2) 


� + 

� → 
�

�                           (3) 


�
� + ��6�
 → ��6�~
�                           (4) 

�	��6�~
� → ���6�~
���                           (5) 

In multi-substance biocatalytic system, Rh6G is selected as the indicator due to its excellent 

absorption and fluorescent properties.
52, 53

 As shown in Figure S10, Rh6G exhibits a strongest 

absorption peak at 527 nm and a strongest fluorescence peak at 557 nm under excitation at 500 nm. 

The formation of (Rh6G~I3)n associative nanoparticles can result in decreasing of the absorbance 

and the fluorescent intensity of the system. According to the Beer-Lambert law:
54

  

A = KbC                                   (6) 

where A is the absorbance value, K is the molar absorption coefficient, b is the thickness of the 

solution, and C represents the substrate concentration. The absorbance is proportional to the 

concentration of the absorbing substrate when the thickness of the solution is constant. From 

Equation (1)-(5), the relationship between the H2O2 concentration C1 and the Rh6G concentration 

C2 is C2 = C0 - C1/2 (C0 is the initial concentration of Rh6G in system). Then, the equation of A = 

kbc is written as: 

A = Kb�C� −
��

�
�                                   (7) 

Equation (7) indicates that the A is inverse proportional to the concentration of the H2O2 while 

other conditions are kept constant. So a catalytic kinetics determination methods of Hb-Cu3(PO4)2 
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HNFs were investigated, meanwhile, a method for for detection of H2O2 concentration was 

constructed based on hypochromatic color effect and fluorescence quenching of Rh6G. 

The time-dependent absorbance changes (∆A) of Rh6G at the three systems (without Hb, free 

Hb and Hb-Cu3(PO4)2 HNFs) are showed in Figure 4. Here, the initial concentration of Rh6G was 

1.0×10
-5

 M in all the systems. Without the addition of free or immobilized Hb, ∆A527 increased 

slowly and reached the reaction platform over 82 min. When the free Hb was added into the system, 

the reaction time was about 62 min and it decreased about a quarter of the previous. This indicates 

that the Hb had a catalytic activity for the system. Remarkably, the reaction time of system reduced 

to only 15 min under the addition of Hb-Cu3(PO4)2 HNFs, which indicate that the immobilization of 

Hb on the Hb-Cu3(PO4)2 HNFs can immensely enhance the catalytic activity of Hb. The Inset of 

Figure 4 show that the approximate linear relationship between -ln Isub (Isub is the value obtained by 

subtracting the real-time ∆A from the saturated one) and t (the reaction time), indicating the 

pseudo-first-order kinetics of the system.
55

 According to the linear relationship, the average reaction 

rate of constants (k) is 3.048×10
-1

 min
-1

, 5.827×10
-2

 min
-1

 and 3.087×10
-2

 min
-1

 under the addition 

of the HNFs, free Hb and without Hb, respectively. This enhancement in the catalytic activity of the 

Hb-Cu3(PO4)2 HNFs compared to free Hb can be ascribed to Hb stabilization by flower-like 

structures featuring large surface areas and extensive confinement, which promotes the accessibility 

of the substrate to the active sites of Hb. 

Colorimetic and Fluorescent Detection of H2O2. Based on the biocatalytic properties 

mentioned above, the Hb-Cu3(PO4)2 HNFs could be used as a biocatalyst to build the 

colorimetic/fluorescent dual sensors for H2O2. Figure 5 shows the UV absorbance and fluorescence 

emission intensity of different biocatalytic reaction systems. Strong absorbance and fluorescence 

emission intensity were observed at 527 nm and 557 nm in system 1
#
, which accord with the 
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characteristic of Rh6G. For the addition of KI (system 2
#
), free Hb (system 3

#
) or H2O2 (system 4

#
) 

alone into the system 1
#
, there are little effect on the absorbance and fluorescence emission intensity 

of Rh6G. The addition of Hb-Cu3(PO4)2 HNFs (system 5
#
) decreased the absorbance and 

fluorescence emission intensity of system 1
#
 slightly. This change can be mainly attributed that the 

Hb-Cu3(PO4)2 HNFs had a few amount of adsorption for Rh6G, resulting the concentration 

reduction of Rh6G in the reaction system. The simultaneous addition of KI and H2O2 (system 6
#
) to 

the system 1
#
 caused a decrease of the absorbance and fluorescence emission intensity of Rh6G, 

which reveal that reactions can occur under this experiment conditions. Free Hb and Hb-Cu3(PO4)2 

HNFs as catalyst were respectively added into system 6
#
, causing different degrees of decline of the 

absorbance and fluorescence emission intensity in system 7
#
 and system 8

#
. System 8

#
 has the most 

to the decline of the absorbance and fluorescence emission intensity, followed by system 7
#
 and 

system 6
#
. Such results are mainly ascribed to the excellent catalytic performance of Hb-Cu3(PO4)2 

HNFs. In addition, the influence of different H2O2 concentration on the biocatalytic reaction 

efficiency is further explored (Figure S11). With the increasing of H2O2 concentration increasing 

from 2 ppb to 1000 ppb, the time, which the absorbance (λ=527 nm) of system reached the platform, 

is shorted immediately to 15min from the previous 40 min. This experimental result indicates that 

system 8
#
 can be used for the detection of H2O2. 

The biosensor performance for the detection of H2O2 of the HAc-NaAc + Rh6G + KI + HNFs 

system was also investigated through colorimetic/fluorescent dual methods. The color variations of 

the biocatalytic system were observed and the results were shown in the inset of Figure 6 A. With 

the increasing of H2O2 concentration, the color of the solution gradually changed from pink to 

colorless. Subsequently, the absorbance of Rh6G at 527 nm of system with the concentration of 

H2O2 was further tested by UV-vis spectrophotometer, as shown in the Figure 6A. An obvious 
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decrease in the absorption peak at 527 nm was clearly observed with increasing of H2O2 

concentration from 0 to 1000 ppb. Figure 6B demonstrates the variation curve between the 

absorbance and H2O2 concentration. Two linear ranges are found between the absorbance and H2O2 

concentration in the range of 2-10 ppb (R
2
=0.9900) and 20-100 ppb (R

2
=0.9928), the limitation of 

detection (LOD) of H2O2 detection limit was ∼ 0.1 ppb (Inset in Fig. 6B a and b).  

Similarly, the biocatalytic system also could be used to detect the concentration of H2O2 

through fluorescent method. Upon increasing the concentration of H2O2, the fluorescence intensity 

of the solution changed from strong to weak under 365 nm UV light (inset in Figure 7A). Figure 7A 

shows the normalized emission spectra of biocatalytic reaction systems in the presence of H2O2 at 

different concentrations (0-1000 ppb). The emission peak of system was gradually quenched with 

the increasing of the H2O2concentration (0-1000 ppb). This was mainly due to the fact that the 

formation of Rh6G~I3 association particles caused the fluorescent quenching. Figure 7B showed the 

changes of emission intensities versus H2O2 concentration. Two good linear relationships could be 

observed with the H2O2 concentration ranging from 2 ppb-10 ppb (R
2
=0.9913) and 20-100 ppb 

(R
2
=0.9969), respectively (Inset in Figure 7B a and b). The corresponding detection limitation was 

calculated to be 0.01 ppb (if the detection limitation is defined as the H2O2 concentration at which 

fluorescent intensity decrease could be observed).  

Compared with the analytic methods for H2O2 detection in recent studies, the present biosensor 

shows an extremely low detection limit and a broader linear range. (Table S3).
56-59

 The excellent 

sensing performance of dual biosensors can be ascribed to the high catalytic activity of 

Hb-Cu3(PO4)2 HNFs and the stability of system, which resulting in the gradual changes of color and 

fluorescence quenching. Besides, the colorimetric/fluorescent dual biosensors can greatly reduce the 

error caused by the change of environmental conditions by output of two related measurement 
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results, and ensure the reliability of the measurement results.  

Selectivity and Interference Immunity of the Sensors. High selectivity and interference 

immunity were important indicators to evaluate the performance of the biosensor. Here, seventeen 

possible coexisting substances in the system for fluorescent response are measured. Table S4 shows 

the relative error (%) obtained in the presence of each interfering substance (at a coexisting 

substance/H2O2 ratio of 100:1), compared to the response for H2O2 alone. No remarkable changes in 

the fluorescent intensity were observed in the presence of ascorbic acid, glucose, uric acid, 

dopamine, citric acid, a number of common metal ions (Fe
3+

, Fe
2+

, Na
2+

, Mg
2+

, Ca
2+

, Mn
2+

, Ni
2+

, 

and Co
2+

), and some anions/cations (NH4
+
, Cl

-
, SO4

2-
 and NO3

-
). The maximum relative error was 

-7.78 %, which indicated that the fluorescent method possessed an excellent selectivity and 

interference immunity towards H2O2 detection. Similarly, the interference immunity of colorimetric 

method was detected under the same condition, the maximum relative error was 12.04 %, as shown 

in table S5. Hence, the system showed a good selectivity and interference immunity for H2O2 for 

colorimetric/fluorescent methods constructed in this study. 

Real Sample Analysis. To investigate the practical application of the dual biosensors, the 

detection of H2O2 in rainwater, tap water and waste water samples was carried out. The samples 

(rainwater, tap water and waste water) were used in the detection without any pretreatment. 

Rainwater samples (containing Rh6G, KI, HAc-NaAc buffer solution) exhibited an obvious color 

change from pink to colorless with the increasing of concentration of H2O2 (Photo images inset of 

Figure 8a). As shown in Fig. 8a, an obvious reducing in the absorption peak at 527 nm was clearly 

observed with the increasing of the H2O2 concentration. And the curve of UV absorbance versus 

H2O2 concentration was obtained (Inset on Figure 8a). In addition, the practicability of the 

fluorescent method for detection of H2O2 in rainwater is also verified. Upon the addition of different 
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concentration of H2O2 (1, 10, 100 and 1000 ppb) in rainwater, a gradual fluorescence change from 

strong yellow color to colorless is observed in rainwater system (Photo inset on Figure 8b). As 

shown in Figure 8b, with the increasing of H2O2 concentration, the characteristic emission peak 

intensity of Rh6G gradually decreased. And the curve of fluorescence emission intensity versus 

H2O2 concentration is shown in the inset of Figure 8b. The absorbance and fluorescence emission 

intensity of the spiked rainwater samples depended on the concentration of H2O2, suggesting the 

feasibility of the proposed method.  

In addition, the H2O2concentration in the tap water and waste water sample had been also tested 

by colorimetric and fluorescent method. Figure S12 show the experimental results of tap water and 

waste water samples, containing different concentrations of H2O2, detected by colorimetric and 

fluorescent method, respectively. As shown in Table S6, all the experimental data are based on three 

duplicated measurement, the three real samples were analyzed by using colorimetric method. The 

recovery is between 102.82 % and 112.36 % and the relative standard deviation values varied from 

0.04% to 0.72 %. Besides, the recovery was between 88.95 % and 112.35 % and the relative 

standard deviation values varied from 1.25 % to 6.01 % through fluorescent method (Table S7). The 

results demonstrated that the dual colorimetric/fluorescent biosensors based on HAc-NaAc + Rh6G 

+ KI + HNF system possessed considerable potential for the practical detection of H2O2 in real 

water samples.  

Stability and Reusability of Hb-Cu3(PO4)2 HNFs. To substantiate the Hb-Cu3(PO4)2 HNF 

had excellent performance as a biocatalyst, their reusability and stability were investigated through 

two methods. The reusability of the Hb-Cu3(PO4)2 HNF was researched by determining the relative 

activities against over the course of eight rounds of reaction (Figure S13a). The HNF lost 19.35 % 

of its catalytic activity over the course of eight rounds of reaction by using fluorescent method. 
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Meanwhile, the catalytic activity of the HNF lost 15.62 % by using UV method (Figure S13b). The 

stability of the Hb-Cu3(PO4)2 HNF was further compared with that of free Hb by fluorescent and 

UV methods. As for the fluorescent method (Figure S13c), the Hb-Cu3(PO4)2 HNFs maintained 

more than 89.7 % of its catalytic activity after one month of storage in PBS solution at room 

temperature, while the free Hb only retained about 43.61 % of its initial activity. As for the UV 

method (Figure S13d), the HNF maintained 88.6 % of its catalytic activity and the free Hb retained 

about 47.97 %. It was worth pointing out that all the tests did not result in any obvious 

morphological change for the HNFs (Figure S14). Testing results demonstrated that the 

Hb-Cu3(PO4)2 HNFs exhibited fantastic reusability and stability in the chemical environment of the 

biocatalytic reaction. 

CONCLUSIONS 

In summary, flower-like Hb-Cu3(PO4)2 HNFs have been synthesized through a simple and 

green one-pot method, and subsequently it can serve as a biocatalyst to fabricate a 

colorimetric/fluorescent dual biosensors for the detection of H2O2. As one hybrid material, the 

Hb-Cu3(PO4)2 HNFs possesses a excellent stability and exhibits enhanced catalytic activity in 

comparison with the free Hb. The unique nanopetals assembled hybrid flower-like structure is 

favorable to contact of the detected substance with the biosensors. According to the reasons above, 

the prepared biosensors display a wide linear range of 2-10, 20-100 ppb, a low detection limit of 

0.01 ppb (fluorescent method) and 0.1 ppb (colorimetric method) for H2O2. The successful 

applications in real sample analysis suggest that the proposed biosensors have great potential in 

environmental monitoring. 
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The Supporting Information is available free of charge on the ACS Publications website. 

Detailed datas for the Hb-Cu3(PO4)2 HNFs characterization, activity assays, reusability and stability 

studies, real sample analysis, including Figures S1-14 and Tables S1-7 (PDF) 
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Figure Captions: 

Scheme 1. Schematic illustration of multi-substance biocatalytic reaction systems for H2O2 

detection based on the Hb-Cu3(PO4)2 HNFs. 

Figure 1. XPS spectra of Hb-Cu3(PO4)2 HNFs (a) survey spectrum, (b) Cu 2p, (c) Fe 2p, (d) N 

1s, (e) C 1s and (f) P 2p. 

Figure 2. Representative (a-b) SEM and (c-d) TEM images of Hb-Cu3(PO4)2 HNFs. 

Figure 3. ESEM images of Hb-Cu3(PO4)2 HNFs under different incubation time of (a) 1 h, (b) 

24 h, (c) 48 h, (d) 72 h. (e) Schematic illustration of growth progresses of Hb-Cu3(PO4)2 HNF. 

Figure 4. Catalytic kinetics of three biocatalysts reaction systems; Inset: Plots of -lnIsub vs time 

for three catalytic systems. Experimental conditions: room temperature, 1.0×10
-5

 M Rh6G, 4.2×10
-3

 

M KI and 1 ppm H2O2 in HAc-NaAc buffer solution (0.1 M, pH 4.8) for each system. 

Figure 5. (a) Fluorescence emission intensity (λem=557 nm) and (b) UV-vis absorbance 

(λab=527 nm) of different biocatalytic reaction systems. Inset top: fluorescence photograph 

extinction at 365nm of different biocatalytic reaction systems. Inset down: photograph in sunlight of 

different biocatalytic reaction systems (The reaction was carried out at room temperature for 15 min 

in all cases, H2O2 = 1 ppm, 1
#
. HAc-NaAc + Rh6G; 2

#
. HAc-NaAc + Rh6G + KI; 3

#
. HAc-NaAc + 

Rh6G + Hb; 4
#
. HAc-NaAc + Rh6G + H2O2; 5

#
. HAc-NaAc + Rh6G + HNF; 6

#
. HAc-NaAc + 

Rh6G + KI + H2O2; 7
#
. HAc-NaAc + Rh6G + KI + Hb + H2O2; 8

#
. HAc-NaAc + Rh6G + KI + 

HNFs + H2O2). 

Figure 6. (A) The UV-vis absorbance spectra of biocatalytic reaction system in the presence of 

H2O2 at different concentrations. Inset: colorimetric responses of the sensing system in the presence 

of different concentration of H2O2. (B) H2O2 concentration dependence of normalized absorbance at 

527 nm. Inset: the linear calibration plot for H2O2 concentration (a) 0-10 ppb and (b) 10-100 ppb. 
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Figure 7. (A) Normalized emission spectra of biocatalytic reaction systems in the presence of 

H2O2 at different concentrations (0-1000 ppb). Inset: fluorescent responses of the sensing system in 

the presence of different concentration of H2O2. (B) H2O2 concentration dependence of normalized 

emission intensities at 557 nm. Inset: The linear calibration plot for H2O2 concentration (a) 0-10 ppb 

and (b) 10-100 ppb. 

Figure 8. (a) UV-vis absorption spectra of the rainwater with different concentrations of H2O2; 

Photo inset: visual color change of the rainwater; Inset: plot of absorbance versus H2O2 

concentrations and visual color change; (b) Fluorescence emission spectra of the rainwater with 

different concentrations of H2O2; Photo inset: visual fluorescence change of the rainwater; Inset: 

plot of emission intensities versus H2O2 concentration and fluorescence change. 
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Scheme 1 
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Figure 1 
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Figure 8 
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