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Dual enzyme-inorganic hybrid nanoflowers incorporated 

microfluidic paper-based analytic devices (µPADs) biosensor  

for sensitive visualized detection of glucose 

Xueli Zhu, Jin Huang, Jinwen Liu, Hang Zhang, Jianhui Jiang*, Ruqin Yu*
 

 

A novel microfluidic paper-based analytic devices (µPADs) biosensor is developed for sensitive and visualized detection of 

glucose. This biosensor is easily fabricated using the wax printing technique, with a hybrid nanocomplex composed of dual 

enzymes of glucose oxidase (GOx) and horseradish peroxidase (HRP) and Cu3(PO4)2 inorganic nanocrystals incorporated in 

the detection zones. The hybrid nanocomplex is found to exhibit a flower-like structure, which allows co-immobilization of 

these two enzymes in a biocompatible environment. These nanoflowers not only preserve the activity and enhance the 

stability for the enzymes, but also facilitate transport of the substrates between the two enzymes. The biosensor is 

demonstrated to enable rapid and sensitive quantification of glucose in the concentration range of 0.1 - 10 mM with a 

limit of detection (LOD) of 25 μM. It is also shown to be applicable to colorimetric quantitative detection of glucose in 

human serum and whole blood samples, implying its potential for clinical applications. 

Introduction 

Enzymes, as biological species with excellent catalytic activity 

and reaction specificity, have been widely used in the fields 

like chemistry, medicine, pharmaceutical science, agriculture 

and industry.
1-5

 The emergence of excitingly enzyme-mimetic 

nanomaterials that possess an intrinsic peroxidase like activity, 

including magnetic nanoparticles (MNPs), metal and its oxide 

nanomaterials, carbon nanomaterials etc,
6-14

 created new 

opportunities for the application of nanomaterials in these 

fileds. Additionally, this kind of “nanozyme” is more 

inexpensive, stable, durable and easier to store compared with 

biological enzymes.
15-19

 Nevertheless,  nanozymes suffer from 

their own drawbacks, for instance, some of them possess 

toxicity, poor biocompatibility, harsh working condition, 

complicated procedure of preparation and relatively low 

catalytic activity, which restrict their widespread applications. 

      The development and application of biomolecule-metal 

phosphate have attracted considerable interest in potential                       

applications related to proteomic analysis, sensing, drug 

delivery, catalysis, tissue engineering and so on,
20-29 

since the 

report of a novel synthetic strategy for protein-inorganic 

hybrid nanoflowers.
30

  The previous results show that these 

nanoflowers are non-toxic, easy to prepare, highly 

biocompatible. They also exhibit dramatically enhanced 

activity, stability, durability and reusability due to the 

immobilization of enzymes in the nanoflowers and their high 

specific surface compared with free enzyme and most enzyme-

mimetic nanomatarials.
31-33

 Given their many advantages, 

these nanoflowers open the avenues for explore new 

methodologies for biosensor and biomedical applications. 

      Microfluidic paper-based analytic devices (µPADs), since 

firstly developed,
34

 has drawn increasing attention as a 

powerful tool for rapid qualitative and quantitative analysis in 

fields such as biochemical analysis, food safety, environmental 

monitoring, and point-of-care clinical diagnostics, by 

integration with different detection techniques including 

chemilunescence, mass spectrometry, colorimetric and 

electrochemical.
35-40

 As a widely applicable method, µPADs 

possess variety of advantages such as simplicity, low cost, 

visual detection, high throughput, portability and minimal 

sample consumption, making them ideal for analytical 

practices with limited resources. Furthermore, as the major 

component of µPADs, white paper can provide high contrast 

with a colored indicator, allowing colorimetric assays to be 

specially useful for qualitative and quantitatively analyse of a 

range of analytes.  

      Here we develop a novel paper-based biosensor for directly 

quantitative detection of glucose using wax printing µPADs 

with deposited enzyme-inorganic hybrid nanoflowers. Glucose 

level in blood is related to diabetes mellitus, one of the most 

common diseases globally, and it is of great importance for 

rapid and reliable detection of glucose for diagnosis and 
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monitoring of diabetes. Many of current methods for glucose 

detection suffer from the drawbacks such as high cost, time-

consuming, complicated operations, sophisticated 

instrumentation, undesirable detection limit or incapability of 

using for whole blood samples.
10-11, 41-45

 A convenient yet 

effective approach for monitoring glucose levels is  still 

urgently needed. Our developed biosensor for glucose relies 

on the combination of µPADs and enzyme-inorganic hybrid 

nanoflowers, as illustrated in Scheme 1. A hybrid nanoflower 

complex of two enzymes, glucose oxidase (GOx) and 

horseradish peroxidase, with Cu3(PO4)2 nanocrystal is 

synthesized through a self-assembly process. The 

nanocomplex allows co-immobilization of two enzymes in a 

biocompatible nanostructure, which not only preserves the 

activity and enhances the stability for the enzymes, but also 

facilitates mass transfer of the substrates between and to the 

enzymes. A µPAD is design and fabricated using the standard 

wax printing technique, which consists of eight circular 

detection zones, microfluidic channels, and one central zone 

for sample injection. The biosensor is then readily prepared by 

depositing the hybrid nanoflowers on the detection zones in 

the designed µPAD. When a sample introduced in the central 

zone, the glucose-containing solution can be spontaneously 

distributed through the microfluidic channels. At the detection 

zones, glucose is used by GOx to produce H2O2, which in turn 

be used by HRP to oxidize a colorless substrate TMB into a blue 

product, enabling colorimetric detection of glucose in the 

sample. Because the high activity of the enzymes in the hybrid 

nanoflowers and the simplicity of the fabridication and 

operation of the µPADs, the developed biosensor can provide 

a simple, portable, low-cost platform for highly sensitive 

detection of glucose. Moreover, because the paper-based 

microfluidic channel can filter the cells and only the glucose 

solution can be distributed to the detection zone, which 

eliminates the interference from red cells with the colorimetric 

detection of glucose, our sensor hold the potential for direct 

assay of glucose even in complicated whole blood samples.  

 

Scheme. 1 Illustration of (A) the formation process of nanoflowers, 

and (B) the biosensing strategy for the detection of glucose based on 

the integration of nanoflowers and µPADs.
 

Experimental 

Chemicals and materials  

GOx and HRP were obtained from Merck Millipore (USA). 

Glucose, fructose, mannose, galactose, BSA were all purchased 

from Sigma Aldrich (USA). DNA was synthesized by Shanghai 

Sangon Biotechnology Co. Ltd. (Shanghai, China). MgCl2·6H2O, 

Cu2SO4·5H2O, CaCl2·6H2O, NaCl, KCl were aquired from 

Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). 

Whatman grade 1 chromatography filter paper was obtained 

from GE Healthcare (UK). Human serum samples was provided 

by Xiangya Hospital at Central South Unversity. Other regents 

used in the work were of analytical grade and used as received. 

All stock solutions were prepared with ultrapure water 

(resistance>18.2) obtained from a milli-Q water purification 

system (Billerica, MA). All experiments were performed at 

room temperature unless specific mention was made 

otherwise. 

Design and fabrication of the µPAD 

The µPADs were produced by the wax patterning fabrication 

process.
46

 The wax patterns were designed using CorelDraw X7 

software, followed by printing wax on chromatography filter 

paper by a wax printer (Xerox Colorqube 8570). The printed 

paper was heat treated at 150 °C for 2 min and then cooled to 

room temperature so that the wax can melt and penetrate 

through the paper to form hydrophobic wax barriers. As 

shown in Scheme 1, the µPAD consists of eight circular 

detection zones (5 mm), microfluidic channels (3 mm width 

and 10mm length), and one central zone (15 mm) for sample 

injection. 

Preparation of the GOx&HRP-Cu3(PO4)2 hybrid nanoflowers 

The synthesis of GOx&HRP-Cu3(PO4)2 nanoflowers was 

performed according to a literature method.
30

 Briefly, 20 μL of 

aqueous CuSO4 solution (20 mM) was added in 480 μL of 

phosphate buffered saline (PBS) solution (pH 7.4) containing 

different concentrations of GOx and HRP. The reaction was 

allowed to proceed at room temperature for 12 to 72 h, in 

which the suspension of the as-prepared hybrid nanoflowers 

were obtained.  

Measurements and characterizations    

For SEM analysis, the suspension of the as-prepared 

nanoflowers was centrifugated and washed three times, and 

then dropped on a silicon wafer. The size and the morphology 

of the nanoflowers were characterized using a field-emission 

scanning electron microscope (SEM) (Sigma HD, Carl Zeiss) 

with an accelerating voltage of 10 kV. The crystalline structures 

of the as-prepared samples were obtained from an X-ray 

diffractometer (Bruker, Germany) using Cu Kα radiation (λ= 

0.15405 nm). UV-vis absorption spectra were recorded on a 

UV-2450 spectrometer. 

Preparation of the µPAD biosensor and colorimetric detection 

For the fabrication of the biosensor for glucose, 0.4 μL TMB 

(50 mM) and 1 μL suspension of the as-prepared GOx&HRP-

Cu3(PO4)2 hybrid nanoflowers were mixed and added on the 
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detection zones of the device. The device was dried at room 

temperature for 15 min in a humidified atmosphere. The 

obtained biosensor can be stored at 4 °C in a humidified 

atmosphere with no substantial loss of sensitivity observed for 

2 weeks.       

      For the detection of glucose in the samples, a 65 µL of 

samples with different concentrations of glucose were 

dropped in the central zone, from which the solution was 

spontaneously distributed to the detection zones through the 

microfluidic channels. After 10 min reaction, the colorimetric 

signals obtained at the detection zones were recorded using  a 

Nikon digital camera. The photos were converted to gray scale, 

which was used to analyze the color intensity and gradient by 

ImageJ software. 

      The proposed µPADs with hybrid nanoflowers were 

investigated in human whole blood samples. The samples were 

collected at Xiangya Hospital (Changsha, China) from 8 

patients using borosilicate glass microcapillary tubes. All 

samples were stored at -20 °C and thawed at ambient 

temperature before use. The procedure of detection was the 

same as described above. 

Results and discussion 

Synthesis and characterization of GOx&HRP-Cu3(PO4)2 

nanoflowers 

It was reported that biomolecule-metal phosphate based 

protein-inorganic hybrid nanocomplex provided a 

biocompatible platform to immobilize enzymes with high 

catalytic activity and enhanced stability.
30

  Motivated by these 

findings, we chose to synthesize the GOx&HRP-Cu3(PO4)2 

based hybrid nanostructure. The nanostructure was 

synthesized readily by adding CuSO4 solution in PBS (pH 7.4) 

containing GOx and HRP. The nanocomplex was obtained as 

blue precipitates after 12 to 72 h reaction. The formation of  

 

Fig. 1. (A and B) SEM images of  GOx&HRP-Cu3(PO4)2 nanoflowers. 

Inset: real flowers in nature; (C) In the absence of CuSO4; (D) In the 

absence of GOx and HRP. 

nanoflowers comprised three steps:
20

 (a) nucleation and the 

formation of primary copper phosphate crystals, (b) 

Agglomerates formation of enzymes and Cu
2+

 through binding 

with amide groups in the enzyme backbone, and (c) the 

complete formation of nanoflowers.
 

      Scanning electron microscope (SEM) was used for 

characterizing the morphology of the nanocomplex, as shown 

in Figure 1. With the concentration of GOx over 0.01 mg·mL
-1

 

(0.01, 0.05, 0.1, 0.5 mg·mL
-1

), hybrid nanocomplexes with 

structures like flowers were obtained. Interestingly, the size of 

these nanoflower structures became smaller with increasing 

enzyme concentrations (Fig. S1 in ESI†). This result indicated 

that the number of nucleation sites increased with the 

increasing concentration of GOx, revealing that the enzyme 

molecules facilitated the nucleation process. Presumably, the 

amino groups on the protein surface might coordinate with 

Cu
2+

 and result in a higher local Cu
2+

 concentration, mediating 

the nucleation process. A control experiment with no enzyme 

showed that the nanoflowers were not obtained in the 

absence of enzyme, which confirmed the essential role for the 

protein in nucleation. In addition, in the presence of 0.5 

mg·mL
-1

 GOx, when HRP of different concentrations (0.01, 0.1, 

0.5 mg·mL
-1

) were added in the solution, we obtained 

nanoflowers with similar size about 20 µm (Fig. S2 in the ESI†). 

This result implied the co-existence of HRP with GOx did not 

affect the formation of the nanoflowers, suggesting the 

possibility of co-immobilization of two enzymes in the 

nanoflowers. Further evidence from analysis of different 

incubation times (2, 12, 36, 72 h) revealed that the 

nanoflowers continued to grow with increasing reaction time, 

exhibiting different morphologies at varying reaction time and 

forming compact flower-like nanostructures after 36 h 

reaction (Fig. S3 in ESI†).  

      The X-ray powder diffraction (XRD) patterns (Fig. S4 in ESI†) 

revealed the crystallographic structures of the nanostructures 

obtained with and without of enzymes. The diffraction spectra 

showed typical peaks of Cu3(PO4)2 (JPSCD 00-022-0548), 

implying the major crystalline components for the 

nanostructures were Cu3(PO4)2. The energy dispersive X-ray 

spectroscopy (EDX) analysis (Fig. S5 in ESI†) confirmed that the 

nanoflowers were mainly composed of the elements of P, Cu, 

C, and O, giving evidence for the Cu3(PO4)2 component in the 

nanoflowers. 

Glucose detection using the nanoflower-based µPADs biosensor 

To demonstrate the advantage of the GOx&HRP-Cu3(PO4)2 

nanoflowers based biosensor for glucose detection, we 

investigated its performance against a µPAD biosensor 

prepared using mixtures of free enzymes or the HRP-Cu3(PO4)2 

and GOx-Cu3(PO4)2 nanoflowers. Samples with glucose of 

different concentrations were added directly in the detection 

zones with immobilized nano-enzyme and free enzyme of the 

same concentration (0.5 mg·mL
-1

 GOx, 0.1 mg·mL
-1

 HRP). As 

shown in Figure 2A, it is clear that the detection zones with the 

immobilized GOx&HRP-Cu3(PO4)2 nanoflowers show much 

darker blue color than those with free enzymes, indicating that 

the hybrid nanoflowers creates a useful platform to preserve 
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and enhance the activity of the enzymes and thus afford 

improved sensitivity. Interestingly, the GOx&HRP-Cu3(PO4)2 

based sensor also displayed darker blue color than the sensor 

based on the mixture of the GOx-Cu3(PO4)2 nanoflowers and 

the HRP-Cu3(PO4)2,nanoflowers, suggesting that the GOx&HRP-

Cu3(PO4)2 nanoflower even had higher activity than the 

mixture. Presumably, the enhanced activity of enzymes in the 

GOx&HRP-Cu3(PO4)2
 
nanoflowers was attributed to the large 

specific surface and the very short-distance transport of the 

substrates between two enzymes in coherence with the 

enzymatic cascade reactions.
47

 Another control experiment 

using the sensor based on the GOx-Cu3(PO4)2 nanoflowers 

revealed that the nanoflowers did not have substantial 

peroxidase-like activity, and no appreciable color changed was 

obtained in this µPAD. A further investigation was performed 

by mixing the solutions for the nanoflowers or enzymes with 

TMB and glucose also showed that the GOx&HRP-Cu3(PO4)2 

nanoflowers gave the maximum absorbance response (Figure 

2B), confirming the enhancement of enzymatic activity in the 

nanoflowers.  

       To investigate the effect of morphologies for the 

GOx&HRP-Cu3(PO4)2 nanoflowers on the sensor’s response,  

 

 

Fig. 2. (A) Color changes responses to 0, 0.1, 0.25, 0.5, 1, 2, 4, 8 mM 

glucose obtained with µPADs sensor prepared using (a) GOx&HRP-

Cu3(PO4)2 nanoflowers, (b) mixture of HRP-Cu3(PO4)2 and GOx-

Cu3(PO4)2 nanoflowers, (c) free enzymes, (d) GOx-Cu3(PO4)2 

nanoflowers. (B) Absorbance readings obtained using the 

corresponding enzymes or nanoflowers in response to 40 µM glucose.

 

 

Fig. 3. (A) Photograph of µPADs used for the detection of glucose with 

concentrations of 0, 0.1, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 8, 10 mM; (B) The 

linearity of relative color intensity with respect to glucose 

concentration.
  

the nanoflowers obtained after 12 h and 36 h, respectively, 

reactions were used for detection of glucose (Fig. S6 in ESI†). It 

was found that the nanoflowers obtained after 12 h reaction 

showed much higher activity. According to previous SEM 

observations, the nanoflowers obtained after 12 h reaction 

had a less compact and more porous structure than those 

obtained after 36 h reaction. This porous structure increased 

largely the surface area and improved the mass transfer rate, 

thus affording better catalytic activity in the detection.  

      In order to achieve the quantitative detection of glucose 

using the developed biosensor, different concentrations of 

glucose (0.1-10 mM) were dropped on the detection zones of 

the µPADs, and a Nikon digital camera was used to take 

pictures of the µPAD after 10 min. Photos were converted to 

gray scale  (Fig. S7 in the ESI†), and then analyzed to obtain the 

color intensities and gradients using ImageJ software. As 

displayed in Fig. 3, the color of the detection zones gradually 

changed from colorless to dark blue, and a good linearity 

between the color intensity and glucose concentration was 

obtained in the range of 0.1-10 mM (R
2
 = 0.9951). The limit of 

detection (LOD) was 25 µM, which is comparable or lower than 

those for most exis\ng sensors (Table S1 in the ESI†). In 
 

 

 

Fig. 4. Storage stability of GOx&HRP-Cu3(PO4)2 nanoflowers (red curve) 

and free enzymes (blue curve) in PBS (pH 7.4) at room temperature.

 

 

Fig. 5.  Determination of the glucose levels in whole blood samples. 

The detection of glucose in the whole blood with concentrations of 2.8, 

3.4, 4.2, 4.6, 5.7, 7.9, 11.9, 14.4 mM. 
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addition, we found that the long-term stability of the hybrid 

nanoflowers based sensor was much better than that for the 

free enzyme based sensor (Fig. 4). Such enhanced stability was 

attribute to the confined configuration of the immobilized 

enzymes on Cu3(PO4)2 nanocrystals, which could prevent the 

proteins from denaturation.
48-49

  

Performance of the nanoflower-based µPADs for glucose 

detection in the whole blood
 

Next, the nanoflower-based µPADs sensor was used to detect 

the glucose levels in human serum samples collected from 

patients, some samples were diluted to the desired 

concentrations. The detection zones exhibited obvious color 

change from colorless to blue followed the addition of the 

whole blood samples (Fig. S8 in the ESI†). In accordance with 

the calibration curve, the concentrations of glucose in the 

whole blood samples were determined as Fig. 5. Thus, the 

nanoflower-based µPADs are applicable for human whole 

blood samples. 
 

     
 

 

Fig. 6. Response of the method to different analytes at room 

temperature. The concentration of glucose is 1mM, NaCl, KCl, MgCl2, 

CaCl2, mannose, galatose, fructose are all 10 mM, BSA and DNA are 

both 1 µg·L
-1

.
 

      Before applying the proposed biosensor for real sample 

analysis, the selectivity of the nanoflower-based µPAD for 

glucose was evaluated by monitoring the color intensity 

change of the detection zone in the presence of various 

analytes. As displayed in Fig. 6, the relative color intensities of 

these analytes did not interfere in the detection of glucose, 

that is to say, the proposed assay shows superior selectivity for 

glucose detection, which is promising to be applied in real 

biological samples. 

Conclusions 

In summary, we have developed a simple, low-cost, 

colorimetric biosensor for visualized detection of glucose with 

high sensitivity and stability. The use of dual enzyme-inorganic 

hybrid nanoflowers in the microfluidic paper-based analytic 

devices (µPADs) improves the enzymatic activity and stability, 

and the design of paper-based microfluidic analytic devices 

(µPADs) affords the very low cost and high contrast for 

colorimetric and visualized detection. The biosensor is 

demonstrated to enable rapid and sensitive quantification of 

glucose in the concentration range of 0.1 - 10 mM with a limit 

of detection (LOD) of 25 μM. It is also shown to be applicable 

to colorimetric quantitative detection of glucose in human 

whole blood samples. In virtue of these advantages, the 

developed method may have great potential for the low-cost 

and sensitive monitoring of glucose in real-world clinical point-

of-care tests.
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