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for heart disease, kidney failure, and 
blindness.[1] To avoid diabetic emergen-
cies, frequent testing of physiological 
blood glucose level is crucial for the con-
firmation of effective treatment. In this 
regard, the glucose detection techniques 
have been extensively studied in health-
care field.[2] Among diverse glucose detec-
tion strategies, the glucose biosensors 
employing GOx play a leading role due 
to their simplicity to perform with high 
selectivity and sensitivity. However, there 
are still unresolved issues of enzyme-
based glucose determination, such as 
enzyme immobilization, limited operating 
condition, and instability. Therefore, the 
development of highly efficient glucose 
biosensors to enable convenient, stable, 
and accurate glucose level monitoring is 
still imperatively needed.[3]

Organic–inorganic hybrid nanostruc-
tures with flower-like morphology, termed 
nanoflowers, have received an increasing 
attention owing to their capability to greatly 
enhance the activity, stability, and durability 
of entrapped organic biomolecules.[4,5] Bio-
molecules, such as proteins or DNAs con-

taining nitrogen atoms in their amide or amine groups, were 
suggested to form complexes with inorganic metal ions such 
as copper, zinc, cobalt, and manganese via coordination inter-
actions, which drive nucleation of primary metal phosphate 
crystals and concomitant anisotropic growth to form highly 
branched, multilayered flower-like structures.[6,7] The syn-
thetic procedure of nanoflowers is very simple by just coincu-
bating biomolecules and metal ions in an aqueous phosphate 
buffer at around neutral pH and room temperature but yields 
a hierarchical structure with a large surface-to-volume ratio, 
which entraps a large amount of biomolecules without placing 
severe mass transfer limitations. Synthesis begins with the 
spontaneous formation of nanostructured biomolecule-metal 
phosphate complexes and generally takes 3 d for the flowers 
to bloom fully.[6] In our previous study, we have reported an 
innovative strategy to significantly reduce the time taken to syn-
thesize nanoflowers from the conventional 3 d to only 5  min 
via sonication treatment, which greatly facilitates their prac-
tical utilization.[8] Based on these advantageous characteristics, 

It is reported that glucose oxidase (GOx)-copper hybrid nanoflowers embedded 
with Fe3O4 magnetic nanoparticles (MNPs) exhibit superior peroxidase-
mimicking activity as well as substrate channeling for glucose detection. This 
is due to the synergistic integration of GOx, crystalline copper phosphates 
and MNPs being in close proximity within the nanoflowers. The preparation 
of MNP-embedded GOx-copper hybrid nanoflowers (MNPs-GOx NFs) 
begins with the facile conjugation of amine-functionalized MNPs with GOx 
molecules via electrostatic attraction, followed by the addition of copper 
sulfate that leads to full blooming of the hybrid nanoflowers. In the presence 
of glucose, the catalytic action of GOx entrapped in the nanoflowers 
generates H2O2, which is subsequently used by peroxidase-mimicking 
MNPs and copper phosphate crystals, located close to GOx molecules, to 
convert Amplex UltraRed substrate into a highly fluorescent product. Using 
this strategy, the target glucose is successfully determined with excellent 
selectivity, stability, and magnetic reusability. This biosensor based on hybrid 
nanoflowers also exhibits a high degree of precision and reproducibility when 
applied to real human blood samples. Such novel MNP-embedded enzyme-
inorganic hybrid nanoflowers have a great potential to be expanded to any 
oxidases, which will be highly beneficial for the detection of various other 
clinically important target molecules.
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Glucose Biosensing

1. Introduction

Currently, ≈200 million people worldwide are afflicted with 
diabetes mellitus, which is considered as one of the principal 
causes of death and disability as well as highly responsible 
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nanoflowers have been utilized in various areas including 
biosensors,[9,10] biocatalysts for protein digestion and dye 
removal,[11,12] and biofuel cells.[13]

Recently, several groups reported a strategy to incorporate 
multiple enzyme components within hybrid nanoflowers to 
detect target analytes from multistep cascade reactions.[14–16] 
Representatively, glucose oxidase (GOx) and horseradish per-
oxidase (HRP) were employed as two different enzyme com-
ponents with copper sulfate in phosphate buffered saline 
(PBS), resulting in multienzyme incorporated hybrid nano-
flowers, which can be utilized for detecting target glucose via 
the GOx-HRP mediated cascade enzyme reaction.[16] Further-
more, another type of organic components, such as antibody,[17] 
streptavidin,[18] or concanavalin A,[19] all of which have high 
affinity for their corresponding target molecules, were added to 
generally used enzymes and inorganic metal ions, to develop 
triple component-incorporated hybrid nanoflowers. The nano-
flowers described above were proven to have multifunctionali-
ties composed of biorecognition and signal amplification, which 
were arisen from the entrapped biomolecules, including anti-
body, streptavidin or concanavalin A, mediating specific recog-
nition and the enzymes catalyzing signaling, respectively. The 
multifunctionality of nanoflowers allowed for the selective and 
sensitive detection of disease-indicating biomarkers or patho-
genic bacteria in food.[18,20] These recent examples demonstrated 
the potential of nanoflowers with multiple-components to 
extend and diversify their applicability. However, there has been 
little effort to incorporate multiple inorganic components rather 
than biomolecular components within hybrid nanoflowers, 
presumably due to their intrinsic deficiency of amine or amide 
moieties, which are generally required as the starting sites to 
bloom the flower-like structures. Therefore, successful incorpo-
ration of inorganic components such as nanoparticles can make 

it possible to develop much more versatile nanoflowers due to 
their exceptionally unique characteristics including optical, cata-
lytic, electronic, and magnetic properties.[21,22]

In the present study, we report a new class of multifunc-
tional organic–inorganic hybrid nanoflowers that incorporate 
Fe3O4 magnetic nanoparticles (MNPs) within GOx-copper 
hybrid nanoflowers (MNPs-GOx NFs). MNPs have been uti-
lized in many different applications, such as magnetic reso-
nance imaging,[23] drug delivery,[24] and magnetic separation 
for repeated catalysis.[25] Recently, MNPs were reported as per-
oxidase mimics that may have diverse biotechnological appli-
cations.[26] However, there has been no study to successfully 
incorporate MNPs within hybrid nanoflowers until now. In this 
study, we confirmed that MNPs-GOx NFs exhibited superior 
peroxidase-like activity and allowed substrate channeling, both 
of which facilitated the cascade reaction mediated by GOx and 
peroxidase-mimicking MNPs and copper phosphate crystals, 
located in close proximity within hybrid nanoflowers, for the 
successful detection of target glucose. Various analytical charac-
teristics of MNPs-GOx NFs and glucose sensing system based 
on them, such as specificity, sensitivity, stability, magnetic reus-
ability, and detection precision were investigated.

2. Results and Discussion

Overall scheme for the synthesis of MNPs-GOx NFs and the 
detection mechanism for glucose sensing are illustrated in 
Figure  1. To efficiently incorporate MNPs with GOx within 
nanoflowers, MNPs were first functionalized with 3-aminopropyl 
triethoxysilane to prepare amine-functionalized MNPs, followed 
by 2  h incubation in a buffer solution adjusted at pH 5.5 with 
GOx molecules to induce electrostatic attraction between GOx 
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Figure 1.  Schematic illustration for a) preparation of MNPs-GOx NFs and b) glucose detection mechanism via cascade reactions.
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and amine-functionalized MNPs. Buffer solution containing 
copper (II) sulfate was added, and incubation at room tempera-
ture (RT) for 3 d induced full blooming of nanoflowers via the 
anisotropic growth of copper phosphate crystals. The amine 
or amide moieties preserved on the surface of GOx as well as 
MNPs are expected to form complexes with the applied copper 
ions mainly through the coordination interaction, which conse-
quently mediates the formation of highly branched flower-like 
structures.[27] As expected, we were unable to observe flower-like 
structures when free MNPs rather than amine-functionalized 
MNPs were used for the synthesis of MNP-GOx NFs (Figure S1, 
Supporting Information). It was anticipated that MNPs-GOx 
NFs would serve as an efficient glucose biosensor due to the 
synergistic integration of MNPs, GOx, and crystalline copper 
phosphates in close proximity within the nanoflowers. Spe-
cifically, in the presence of target glucose, GOx entrapped in 
the nanoflowers catalyzes the oxidation of glucose to generate 
H2O2, which can be further used by the peroxidase-mimicking 
MNPs and copper phosphate crystals,[28,29] located close to GOx 
molecules, to convert the selected Amplex UltraRed (AUR) sub-
strate into a highly fluorescent product (Figure 1).

The scanning electron microscopy (SEM) images of MNPs-
copper hybrid nanoflowers (MNPs NFs), GOx-copper hybrid 
nanoflowers (GOx NFs), and MNPs-GOx NFs show flower-like 
hierarchical structures with a high surface-to-volume ratio in all 
cases (Figure 2). It was also observed that MNPs NFs showed 
much sharper and flatter petals of a larger size (≈30  µm in 
diameter) than GOx NFs, presumably due to the insufficient 
amount of active amine moieties on the surface of MNPs 
(≈10  nm) while GOx molecules (5.2  nm  ×  6.0  nm  ×  7.7  nm; 
≈6.0  nm)[30] naturally possessing abundant amine and amide 
moieties, well distributed in their peptide backbones.[27] Much 
lower particular concentrations of MNPs (≈70  × 10−9 m) than 
that of GOx (≈1250  × 10−9 m) would also contribute to the 
reduced number of active amine moieties available for the syn-
thesis of MNPs NFs. This presumably reveals that a decrease in 
the number of nucleation sites in MNPs results in nanoflowers 
of a bigger size with less-numbered and larger sized petals.[10] 
Both MNPs NFs and GOx NFs were incubated in PBS (pH 7.4) 
to bloom flowers similar to those from the conventional syn-
thetic strategy.[6] However, a different buffer adjusted at pH 5.5 
was employed to prepare MNPs-GOx NFs, in order to maintain 
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Figure 2.  SEM images of a,b) MNPs NFs, c,d) GOx NFs, and e,f) MNPs-GOx NFs.
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electrostatic attraction between MNPs and GOx, which was 
confirmed by zeta potential analysis (Figure S2, Supporting 
Information). Although complexation between copper ions and 
amine moieties was known to be less efficient in acidic pH than 
in neutral pH,[27] MNPs-GOx NFs were successfully prepared at 
a slightly acidic condition of pH 5.5, showing both similar size 
and morphology compared to those of GOx NFs.

We also confirmed that MNPs-GOx NFs were not correctly 
formed at pH 3 and pH 7.4 (Figure S3, Supporting Informa-
tion), indicating the importance of synthetic buffer pH for the 
successful preparation of MNPs-GOx NFs. Considering the 
pI values of GOx (≈4.2)[31] and amine-functionalized MNPs 
(≈10.0),[32] it is presumed that no flower-like structure was 
produced at pH 3 due to the net positive surface charge of 
both MNPs and GOx, resulting in strong repulsion between 
MNPs and GOx, which does not provide good nucleation sites 
for the formation of nanoflowers (Figure S3a, Supporting 
Information). On the other hand, poorly grown petal-like mor-
phologies at pH 7.4 (Figure S3c, Supporting Information) can 
be explained by stronger coordination bonding, which depletes 
most of the Cu2+ ions in the form of copper phosphate and 
interrupts the growth of hierarchical flower-like structures. In 
other words, optimized charge interaction between oppositely 
charged MNPs and GOx as well as efficient coordination inter-
action between Cu2+ and amine moieties of MNPs and GOx at 
pH 5.5 is critical for the successful preparation of MNP-GOx 
NFs. For the MNPs-GOx NFs, the utilization of 0.1 mg mL−1 of 
GOx with 1 mg mL−1 of MNPs achieved the highest encapsu-
lation yield (over 90%), defined as the ratio of the amount of 
incorporated GOx to the total amount of GOx used (Table S1, 
Supporting Information), and this sample was used for further 
experiments.

To gain insights into the structures of MNPs-GOx NFs, they 
were subjected to X-ray diffraction (XRD), Fourier transform 
infrared (FT-IR) spectroscopy, transmission electron micro
scopy with energy dispersive X-ray spectroscopy, vibrating 
sample magnetometer (VSM), and Brunauer–Emmett–Teller 
(BET) analyses. The peaks in the XRD of MNPs NFs as well 
as MNPs-GOx NFs were found to match those in standard 
crystal structures of Cu3(PO4)2∙3H2O (Joint Committee on 
Powder Diffraction Standards (JCPDS) 00-022-0548) and Fe3O4 
(JCPDS 00-019-0629), indicating that crystalline copper phos-
phates as well as MNPs were incorporated in the nanoflowers 
(Figure S4a, Supporting Information). GOx NFs only showed 
peaks corresponding to Cu3(PO4)2∙3H2O since GOx NFs did 
not incorporate any MNPs. In addition, the chemical structures 
of MNPs-GOx NFs were compared with those of MNPs NFs 
and GOx NFs using FT-IR (Figure S4b, Supporting Informa-
tion). The peaks observed at 983–1042  cm−1 in the spectrums 
of all applied nanoflowers were attributed to P–O vibrations, 
clearly indicating the presence of phosphate groups in the nano-
flowers.[33] Two characteristic peaks at 1625 and 1540  cm−1 for 
GOx NFs and 1630 and 1535  cm−1 for MNPs-GOx NFs were 
attributed to peptide bonds,[34] indicating that GOx molecules 
were encapsulated in both nanoflowers. The above absorption 
peaks were not observed from MNPs NFs due to the absence 
of protein molecules. The absorption peaks at about 3300–3340 
and 530–540  cm−1, observed for both MNPs NFs and MNPs-
GOx NFs, were typical characteristics of the FeO bond and 

their hydroxyl groups,[35] confirming the presence of MNPs 
in both nanoflowers. As expected, the above two peaks were 
not observed for GOx NFs since they did not incorporate any 
MNPs. Elemental mappings of MNPs-GOx NFs from their scan-
ning transmission electron microscopy (STEM) image provide 
direct proof for the formation of respective multicomponent 
incorporated nanoflowers, where representative elements cor-
responding to copper phosphate (Cu and P), MNPs (Fe), and 
GOx (N) were clearly observed throughout the nanoflowers 
(Figure 3a). MNPs corresponding to Fe elements were not evenly 
distributed and were aggregated in some regions on the outside 
of the flowers. This is presumably due to the fact that excess 
amount of MNPs may have high free energies and mobilities 
leading to some degree of aggregation caused by weak ferromag-
netic interactions generated by dipole–dipole interactions.[36,37] 
However, there were still many MNPs homogeneously dis-
persed within the nanoflowers, possibly leading to enhanced 
peroxidase activity as compared to free MNPs, which are prone 
to aggregation when suspended in aqueous solution.[38,39] VSM 
analysis clearly indicated that both MNPs NFs and MNPs-GOx 
NFs have magnetic properties due to their incorporation of 
MNPs, whereas GOx NFs did not develop magnetic properties 
due to the absence of MNPs (Figure 3b). With large saturation 
magnetization, our target MNPs-GOx NFs could be separated 
from the reaction medium rapidly (within 30  s) and easily in 
an external magnetic field, which facilitates their recycling and 
reutilization (Figure  3c). The surface area, pore volume, and 
average pore diameter of MNPs-GOx NFs were determined to 
be 18.5 m2 g−1, 0.094 cm3 g−1, and 19.0 nm, respectively, using 
the BET method, confirming their porous structure as well as 
high surface-to-volume ratio (Figure S5, Supporting Informa-
tion). All these characterizations confirm that MNPs-GOx NFs 
were successfully formed by incorporating MNPs, GOx, and 
crystalline copper phosphate within the nanoflowers.

Peroxidase-like activity of MNPs-GOx NFs was first examined 
by performing typical reactions using AUR as a substrate in the 
presence of H2O2. The results clearly showed that MNPs-GOx 
NFs display peroxidase activity by promoting the oxidation of 
AUR to produce specific fluorescence responses (Figure  4a), 
which can be explained by peroxidase-mimicking components of 
MNPs and copper phosphate crystals within the nanoflowers.[28] 
We then compared the peroxidase activity of MNPs-GOx NFs 
with those of MNPs NFs and GOx NFs. MNPs-GOx NFs as 
well as MNPs NFs enhanced peroxidase activity by displaying 
a fluorescence intensity approximately twofold higher than that 
of GOx NFs (Figure  4b), which may result from the enhance-
ment of peroxidase activity by MNPs within the nanoflowers. 
Peroxidase activity of MNPs-GOx NFs varied depending on reac-
tion environments including pH and temperature, and optimal 
activity was observed in weak basic conditions above 37  °C 
(Figure S6, Supporting Information). Based on these results, 
we adopted pH 7.0 and 37  °C as standard reaction conditions 
for further studies. Under the optimized conditions, the lowest 
concentration of H2O2 detectable using MNPs-GOx NFs based 
system was determined. Based on the data derived from a typical 
dose-response curve, as low as 10 × 10−6 m H2O2 can be detected 
within a linear range from 0.03 × 10−3 to 1 × 10−3 m, confirming 
that MNPs-GOx NFs could serve as a new nanohybrid, useful 
for the efficient identification of H2O2 (Figure 4c,d).

Adv. Healthcare Mater. 2019, 1801507
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The peroxidase activities of MNPs and copper phosphate 
crystals would be valuable for developing a glucose sensing 
system based on MNPs-GOx NFs. GOx entrapped within the 

nanoflowers catalyzes the oxidation of glucose to generate 
H2O2, which is used by both MNPs and copper phosphate crys-
tals located near the GOx molecules, for enhanced conversion 
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Figure 3.  a) STEM image and elemental mappings of MNPs-GOx NFs. b) Magnetic properties of MNPs-GOx NFs, MNPs NFs, and GOx NFs. 
c) Pictures showing the facile magnetic separation for MNPs-GOx NFs.

Figure 4.  a) Fluorescence spectra of MNPs-GOx NFs induced AUR oxidation in the presence of H2O2. b) Comparison of peroxidase activities among 
MNPs-GOx NFs, MNPs NFs, and GOx NFs. c) Dose-response curves for H2O2 detection by MNPs-GOx NFs and d) corresponding linear calibration 
plots. Error bars represent standard deviations obtained from three independent measurements.
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of the AUR substrate into a highly fluorescent product. 
Through the typical reaction, target glucose was successfully 
detected by the generation of the respective fluorescence inten-
sity (Figure 5a). As expected, no significant fluorescence signal 
was observed when we employed MNPs NFs due to the absence 
of GOx. GOx NFs also enabled the detection of glucose, 
although the resulting fluorescence intensity corresponding to 
target glucose was ≈3.5-fold lower than that of MNPs-GOx NFs. 
This result clearly indicated that sensing performance for target 
glucose was greatly enhanced by the incorporation of MNPs in 
GOx NFs.

We propose that spatial proximity of GOx, MNPs, and copper 
phosphate crystals present in MNPs-GOx NFs may facilitate the 
cascade enzyme reaction for target glucose detection through 
substrate channeling.[40] To gain an evidence to support this 
hypothesis, glucose sensing activity of MNPs-GOx NFs was 
evaluated and compared with those from control systems where 
either GOx or MNPs are incorporated within the nanoflowers 
and the other free component is simply mixed. We also evalu-
ated the activity of nonintegrated systems where both GOx and 
MNPs were not integrated but simply mixed with bovine serum 
albumin (BSA)-copper hybrid nanoflowers (BSA NFs). The 
results showed that MNPs-GOx NFs exhibited a significantly 
enhanced glucose sensing activity, which is approximately 
threefold higher than that of the control systems composed 
of MNPs NFs or GOx NFs with their free counterparts, and 

approximately fourfold higher than that of the nonintegrated 
systems (Figure 5b). These results indicated that incorporation 
of both MNPs and GOx, located close together within the nano-
flowers, was essential to achieve high catalytic performance of 
the cascade reaction for glucose detection. In particular, consid-
ering that MNPs NFs exhibit high peroxidase activity similar to 
MNPs-GOx NFs, it is noteworthy that MNPs-GOx NFs exhibit 
much higher activity for glucose detection than MNPs NFs 
mixed with free GOx. This can be explained by the spatial prox-
imity of GOx with peroxidase-mimicking MNPs and copper 
phosphate crystals within the nanoflower matrices. The close 
distance among them enables H2O2 molecules, the product 
of GOx-catalyzed glucose oxidation, to be enriched around the 
MNPs and copper crystals, leading to the establishment of a 
substrate channeling environment, resulting in the signifi-
cantly enhanced cascade enzyme activity required for glucose 
detection.[40]

We then applied MNPs-GOx NFs for one-step glucose 
detection. From analysis of dose-response curves, the limit 
of detection (LOD) for glucose was determined to be as low 
as 2.5  × 10−6 m with a linear range of 5  × 10−6–150  × 10−6 m 
(Figure  5c). Although the previous reports using GOx/HRP 
bienzyme system showed a lower detection limit down to 
0.3 × 10−6 m, the LOD and linear range values of our system are 
comparable to the best of recent reports describing nanostruc-
tures-based measurements of glucose (Table S2, Supporting 
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Figure 5.  a) Fluorescence spectra for the comparison of glucose sensing activities among MNPs-GOx NFs, MNPs NFs, GOx NFs, and control without 
NFs (only glucose and AUR). b) Fluorescence intensities from AUR oxidation promoted by MNPs-GOx NFs (1 and 2), MNPs NFs with free GOx 
(3 and 4), GOx NFs with free MNPs (5 and 6), and control free system composed of free MNPs, free GOx, and BSA NFs (7 and 8). c) Dose-response 
curve and linear calibration plot of MNP-GOx-NFs for glucose detection. d) Selectivity of MNP-GOx-NFs toward target glucose. In selectivity assess-
ment, glucose was used at 0.1 × 10−3 m while other sugars were used at 1 × 10−3 m. Error bars represent standard deviations obtained from three 
independent measurements.
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Information).[41,42] The proposed system also shows excellent 
selectivity toward the corresponding target glucose, while no 
significant fluorescence was generated by negative control 
sugars such as lactose, sucrose, maltose, arabinose, and fruc-
tose, even at tenfold higher concentrations (Figure  5d). Selec-
tivity of MNPs-GOx NFs was further investigated by examining 
the effects of the potentially interfering substances including 
ascorbic acid, amino acids, glutathione, human serum 
albumin, and metal ions, commonly present in human blood, 
on the detection of glucose. As a result, there was no signifi-
cant signal of the employed substances (Figure S7, Supporting 
Information). These results demonstrate that a sensitive and 
selective reaction toward only the target glucose is promoted by 
the MNPs-GOx NFs.

Another advantage of the MNPs-GOx NFs based biosensor is 
its enhanced operational stability. During ≈1 month incubation 
at RT under nonshaking conditions, no significant decrease in 
activity was observed with MNPs-GOx NFs, whereas the control 
system composed of free MNPs, free GOx, and BSA NFs dis-
played a significant loss of activities (below 40%) (Figure  6a), 
probably due to the natural instability of free GOx. MNPs-GOx 
NFs were also proven to be stable over a broad range of pH 
from 2 to 10, whereas the control system lost almost half of 
its activity at low and high pH's, demonstrating their practical 
applicability (Figure S8, Supporting Information). The new glu-
cose biosensing system is also expected to be easily separated 
from the solution by applying an external magnetic force, due 
to the presence of MNPs within the nanoflowers. As a result, 
MNPs-GOx NFs were reusable, retaining over 90% of their ini-
tial activity after ten iterative cycles (Figure 6b). Such enhanced 
stability and magnetic reusability may rank MNPs-GOx NFs as 
effective and versatile for diverse applications.

Finally, the real diagnostic capability of this system was 
demonstrated by determining the glucose levels using 

human serum samples that contained representative levels 
of glucose corresponding to normal, boundary, and high 
stages of hyperglycemia (normal; ≤ 5.6  × 10−3 m, boundary; 
5.6  × 10−3–7  × 10−3 m, and high; >7  × 10−3 m).[43] Serum glu-
cose levels higher than 7 × 10−3 m when fasting are generally 
recognized to be indicative of high stage hyperglycemia, which 
can cause damage to internal organs in human.[43] To avoid and 
properly deal with hyperglycemia, particularly for people with 
diabetes, minimizing long-term exposure to high blood sugar 
levels by efficient testing them is essentially needed. The orig-
inal amount of glucose in the serum sample was first deter-
mined using a glucose assay kit (Sigma-Aldrich, USA) and then 
a predetermined amount of glucose was further added to make 
the representative levels. As a result, serum glucose levels were 
quantified with excellent precision yielding CVs in the range 
of 4.4–6.2% and recovery rates of 100.9–103.9% (Table 1), thus 
verifying the excellent reproducibility and reliability of the cur-
rent method. These observations demonstrate that the MNPs-
GOx NFs based assay system can serve as a promising analyt-
ical tool to diagnose high glucose levels in clinical settings.

3. Conclusions

We have demonstrated the development of nanoparticle-
incorporated enzyme nanoflowers, which allows for the close 
proximity of inorganic MNPs and GOx within copper-based 
nanoflowers. The MNPs-GOx NFs have highly enhanced per-
oxidase activity as well as substrate channeling for cascade reac-
tion, leading to a highly specific and sensitive glucose detection 
system, along with excellent operational stability and magnetic 
reusability. The analytical utility of this new biosensor was 
demonstrated by its use in diagnosing high level of glucose in 
human blood serum. The simple protocol for the synthesis of 

Figure 6.  a) Long-term operational stability and b) magnetic reusability of the MNPs-GOx NFs for glucose detection.

Table 1.  Detection precision of the MNPs-GOx NFs-based assay system for the determination of glucose levels in spiked human serum samples.

Original amount [× 10−3 m] Added [× 10−3 m] Expected [× 10−3 m] Measureda) [× 10−3 m] SDb) CVc) [%] Recoveryd) [%]

Normal 4.04 0 4.04 4.07 0.253 6.2 100.9

Boundary 2 6.04 6.28 0.357 5.7 103.9

High 6 10.04 10.19 0.450 4.4 101.5

a)Mean of six independent measurements; b)Standard deviation of six measurements; c)Coefficient of variation; d)Measured value/expected value × 100.
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MNPs-GOx NFs has opened up a great potential, not only for 
the development of enzyme-inorganic hybrid nanoflowers with 
the substrate channeling mechanisms but also for application 
in rapid, robust, and convenient detection of clinically impor-
tant target molecules.

4. Experimental Section
See detailed description of experimental materials and methods in the 
Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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