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g r a p h i c a l a b s t r a c t
� PEI-rGO-Hemin-BSA nanocomposites
were fabricated via p-p interactions.

� The PEI-rGO-Hemin-BSA demon-
strated high peroxidase-like catalytic
activity.

� The PEI-rGO-Hemin-BSA can
combine further with an oxidase to
detect its substrate.

� Glucose, cholesterol, L-lactate, and
choline were detected sensitively and
easily.

� The strategy could find an application
in multiple metabolites detection.
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The ultrasensitive bioassays are increasingly demanded for disease diagnosis and environmental
monitoring. The combined unique natures of the components in nanocomposites have led to their wide
applications in bioanalysis. In the current study, a simple strategy for preparing polyethyleneimine-
functionalized reduced graphene oxide-hemin-bovine serum albumin (PEI-rGO-Hemin-BSA) nano-
composites as peroxidase mimetics was demonstrated. The developed nanocomposites of PEI-rGO-
Hemin-BSA showed an excellent peroxidase-like activity. Importantly, through the glutaradelhyde
crosslinking, PEI-rGO-Hemin-BSA could be further simply combined with various oxidases such as
glucose oxidase, cholesterol oxidase, lactate oxidase and choline oxidase for the detection and quanti-
tative measurement of multiple metabolites including glucose, cholesterol, L-lactate, and choline. The
developed detection strategy, which is sensitive, convenient, low-costed, and in tiny sample consump-
tion, could be expected wide applications in the disease diagnosis and management of metabolite
disorders.

© 2019 Elsevier B.V. All rights reserved.
ang@qfnu.edu.cn (H. Wang).
1. Introduction

Quantitative measurement or monitoring of small molecule
metabolites in blood or other biological samples, such as glucose,
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cholesterol, and lactate, is of central importance in diagnosis and
healthcare. To accurately evaluate metabolite levels, investigation
of multiple metabolites is necessary [1e5]. However, for most of
the current methods, this is limited by the requirement of a large
amount of samples, different assays, special instruments, long
waiting time and high cost [6,7]. In this work, a new type of
peroxidase mimetic nanocomposites was developed for the
measurement of multiple metabolites in samples, which is sen-
sitive, prepared easily, low-costed, and in tiny sample
consumption.

Natural enzymes are well known because of their high spec-
ificity and high catalytic efficiency under mild conditions [8],
however, their practical applications have been restricted
significantly due to their properties such as high cost of prepa-
ration, purification and storage, low stability caused by dena-
turation and digestion, and sensitivity of catalytic activity to
environmental conditions [9,10]. Therefore, the development of
cheap, stable and efficient artificial enzyme mimics has become
an increasingly important focus for researchers in the past few
decades.

In the field of artificial enzymes, nanoenzymes, i.e. nano-
materials showing enzyme-like catalytic activities, have attracted
enormous interest due to their convenient preparation and storage,
excellent chemical stability, feasible surface modification, low cost
of production and high flexibility in composition, size, shape con-
trol [11e14]. Particularly, a large variety of nanoenzymes including
magnetic nanomaterials [15e17], metal oxide nanoparticles
[18e21], metal nanoparticles [22e25], metal nanoclusters [26e29],
carbon nanomaterials [30e34], and nanocomposites [35e41] have
shown peroxidase-like catalytic activities since the first
nanoparticle-based artificial enzyme, Fe3O4 nanoparticle, was re-
ported to possess an enzyme activity similar to natural peroxidase
[42]. For example, the peroxidase-like artificial enzyme based on
hemin is one of them [43e50].

Hemin, iron protoporphyrin, is the active center of hemeprotein
family including cytochromes, peroxidase, myoglobins and hemo-
globins, and it has similar catalytic activity as that of the peroxidase
enzyme [44,45]. However, there are challenges for the direct
Scheme 1. Schematic representation of the fabrication of polyethyleneimine-functionalize
composites as peroxidase mimetics for metabolites detection.
application of hemin because of its low catalytic activity caused by its
poor aqueous solubility and high tendency to form inactive dimers
[46]. Therefore, the design of hem-containing artificial peroxidase
has become an increasingly important topic [47,48]. Our group has
previously reported hemin-bovine serum albumin (Hemin-BSA)
composites as peroxidase-like enzymes displaying high catalytic
activity in the typical redox reaction of TMB and H2O2 [49,50]. Based
on these work, in the present study, the hemin-BSA composites will
be combined with polyethyleneimine-functionalized reduced gra-
phene oxide (PEI-rGO) to obtain a new type of nanocomposites with
peroxidase-like catalytic activities, as shown in Scheme 1. Poly-
ethyleneimine (PEI), a water-soluble polymer, can easily react with
the materials containing carboxyl or epoxy groups due to its active
amine groups. Therefore, PEI is an ideal candidate for the modifica-
tion of graphene to prevent its aggregation and extend its further
application [51,52].

Moreover, as shown in Scheme 1, using glutaraldehyde (GA) as a
crosslinker, the obtained PEI-rGO-Hemin-BSA can further binewith
an oxidase such as glucose oxidase (GOx), cholesterol oxidase
(COx), lactate oxidase (LOx) and choline oxidase (ChOx). The as-
developed PEI-rGO-Hemin-BSA-GOx, PEI-rGO-Hemin-BSA-COx,
PEI-rGO-Hemin-BSA-LOx, and PEI-rGO-Hemin-BSA-ChOx can
detect metabolites including glucose, cholesterol, lactate, and
choline, respectively. Thus, a simple strategy of detecting multiple
metabolites is proposed, which could be expected to find use in
diagnosis and management of metabolic disorders and the associ-
ated diseases.

2. Experimental

2.1. Reagents and apparatus

Glucose oxidase fromAspergillus niger, cholesterol oxidase from
microorganisms, lactate oxidase from Aerococcus viridans, choline
oxidase from Alcaligenes sp., Hemin from bovine blood, N-(3-
Dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride (EDC
hy-drochloride), ascorbic acid (AA), dopamine (DA), uric acid (UA),
glucose, bovine serum albumin (BSA), cholesterol, choline, lactate
d reduced graphene oxide-hemin-bovine serum albumin (PEI-rGO-Hemin-BSA) nano-
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and N-Hydroxysuccinimide (NHS) were purchased from Sigma-
Aldrich (USA). Expandable graphite (EG) 8099200 was purchased
from Qingdao BCSM. Co., Ltd. (China). Dimethyl sulfoxide (DMSO),
98% H2SO4, 30% H2O2, polyethyleneimine solution (PEI, ~50% in
H2O, Mw: ~25,000) and KMnO4 were purchased from Shanghai
Chenyun Chemical and Engineering Company (China). Deionized
water (>18MU) was produced by an Ultrapure water system (Pall,
USA).

The colorimetric measurements of the catalytic activities of
enzymes and mimics were performed with a microplate reader
(Infinite M200 PRO, Tecan, Austria) and 96-well plates (JET BIOFIL,
Guangzhou, China). Transmission electron microscopy (TEM, FEI
Tecnai G20, USA) and UV-3600 spectrophotometer (Shimadzu,
Japan) were utilized for the characterization of the prepared
materials.

2.2. Preparation of PEI-rGO

Typically, according to the modified Hummer's method [53],
98% H2SO4 (23mL) was slowly added into the expandable graphite
(0.5 g) with continuous magnetic stirring at 0 �C for 2 h. Subse-
quently, KMnO4 (3.5 g) was gradually added into the above
mixture under stirring. Then, the reaction vessel was allowed to
stir at 35 �C for 4 h, after which water (46mL) was injected gently.
The above system was cultured for 40min at 98 �C, followed by
the addition of water (150mL). Then the mixture was cooled
down to room temperature naturally. Furthermore, 98% H2O2 was
dropped into the mixture until the solution became golden. In
addition, the above reaction solution was filtered with a 0.45 mm
filter and washed repeatedly with water until the final pH of the
filtrate was 5.0e6.0. The filter cake was collected and dried in a
vacuum drier at 60 �C.

Next, the obtained GO (10mg) was dispersed in water (40mL)
by ultrasonic-dispersion for 2 h. Then, 5mg/mL of PEI solution
(40mL) was gradually dropped into the GO suspension under
vigorous stirring. After 20min of stirring, 80% of H2N$NH2$H2Owas
added into the mixture under agitation and then they reacted at
80 �C for 2 h. After being cooled down to room temperature, the
mixture was centrifugated for 10min at 10000 rpm, followed by
washing with water, each for three times. At last, the centrifugated
PEI-rGO was suspended newly in ultrapure water for use.

2.3. Preparation of the Hemin-BSA composite

According to the previous report [49], the native hemin deriv-
atized with carboxyl groups was covalently bound onto the protein
scaffold of BSA to produce a Hemin-BSA composite. Firstly, 19.17mg
EDC and 17.37mg NHS were added into 1.0mg/mL hemin (4mL)
and kept activated for 1 h with gently stirring. Then 40mg/mL of
BSA (4mL) was injected into the above mixture, followed by the
adjustment of pH to 9.0e10.0 by using 0.05MNaOHunder vigorous
stirring. Finally, the reaction vessel was allowed to stir at 37 �C for
12 h. The so-obtained Hemin-BSA products was collected to be
stored at 4 �C for use.

2.4. Preparation of PEI-rGO-Hemin-BSA and PEI-rGO-Hemin-BSA-
GOx

10 mg/mL of PEI-rGO (50 mL) was first dispersed into the Hemin-
BSA composite (500 mL) under sonication for 4 h. Then PEI-
rGO-Hemin-BSA could be obtained by centrifugation
(10000 rpm, 10min), followed by washing with water for
three times.

The obtained PEI-rGO-Hemin-BSA was incubated with 2.5% of
GA solution (500 mL) at 4 �C overnight. The GA functionalized PEI-
rGO-Hemin-BSA was centrifugated and washed similarly as
before andmixedwith GOx solution (5mg/mL, 500 mL) overnight at
4 �C. In this way, PEI-rGO-Hemin-BSA-GOx could be obtained by
centrifugation. The centrifugated PEI-rGO-Hemin-BSA-GOx was
suspended newly in water for use. It could be calculated that the
amount of Hemin-BSA fixed on PEI-rGO-Hemin-BSA was 0.104mg/
mg and the fixed GOx on PEI-rGO-Hemin-BSA-GOx was 2.94mg/
mg.

2.5. Kinetic measurement and relative activity comparison

The chromogenic substrates consisting of TMB and H2O2 with
different concentrations were used for the comparison of the
peroxidase-like catalysis activity of native hemin, Hemin-BSA and
PEI-rGO-Hemin-BSA [54]. The experiments were performed at pH
6.0 (in phosphate and citric acid monohydrate buffer) and 37 �C,
which have been optimized beforehand. All of the reaction prod-
ucts were monitored at 652 nm. Moreover, steady state kinetic
assays were comparably carried out for native hemin, Hemin-BSA
and PEI-rGO-Hemin-BSA (2.0 mg/mL Hemin for each system),
where 2.5mMH2O2 or 0.45mM TMB was used alternatively at a
fixed concentration of one substrate while varying concentration of
the second substrate. The Lineweaver-Burk plots by the double
reciprocal of the Michaelis-Menten equation were thus performed
to calculate the Michaelis-Menten constants.

2.6. Colorimetric investigations of the response of PEI-rGO-Hemin-
BSA-GOx to glucose

The response activity of PEI-rGO-Hemin-BSA-GOx was investi-
gated by colorimetric tests with the glucose-TMB substrate. Herein,
rGO, PEI-rGO, Hemin-BSA, GOx, and the mixture of Hemin-BSA and
GOx with the same concentrations were used as controls. Firstly,
the glucose-TMB substrate was prepared as followed, TMB (25mg)
was added into the 5mL of dimethyl sulfoxide (DMSO) to form
solution A. NaH2PO4$2H2O (0.368 g) and citric acid monohydrate
(0.102 g) were added intowater (10mL) to form solution B. Solution
C was formed with the glucose solution of 1M, the solution A and B
(1:1:10, volume ratio). Then, the controls and samples with the
same volume were added into 96-well plates respectively. Simul-
taneously, 200 mL of solution C was added into the above 96-well
plates respectively. Absorbance was measured at 652 nm using
the microplate reader 20min later.

Furthermore, different glucose-TMB substrates were prepared
with different glucose amounts (0.01e1.50mM) to investigate the
response limit of the system. To investigate the selectivity of PEI-
rGO-Hemin-BSA-GOx, its response to DA, AA and UA was studied
under the same conditions.

2.7. The activity of PEI-rGO-Hemin-BSA-COx, PEI-rGO-Hemin-BSA-
LOx, PEI-rGO-Hemin-BSA-ChOx

The preparation of PEI-rGO-Hemin-BSA-COx, PEI-rGO-Hemin-
BSA-LOx, or PEI-rGO-Hemin-BSA-ChOx was performed in the same
way as that of PEI-rGO-Hemin-BSA-GOx. The activity of PEI-rGO-
Hemin-BSA-COx, PEI-rGO-Hemin-BSA-LOx, and PEI-rGO-Hemin-
BSA-ChOx was investigated by colorimetric tests with the
cholesterol-TMB substrate, lactate-TMB substrate and choline-TMB
substrate, respectively. The cholesterol-TMB substrate was pre-
pared by the dissolution of cholesterol in Triton followed by mild
heating due to the limited dissolution of cholesterol in water at
ambient temperature. To investigate their response behavior, the
cholesterol-TMB, lactate-TMB and choline-TMB substrates were
prepared with different cholesterol concentration, lactate



Fig. 1. TEM images of PEI-rGO with different magnifications.

Fig. 3. UVevis spectra of (a) Hemin-BSA, (b) PEI-rGO, and (c) PEI-rGO-Hemin-BSA.
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concentration and choline concentration, respectively. The mea-
surement details were similar with that of the PEI-rGO-Hemin-
BSA-GOx.

3. Results and discussion

3.1. Characterization of PEI-rGO-Hemin-BSA

Firstly, as stated before, the PEI-rGO was fabricated during a
covalent grafting process of PEI to the grapheme sheets. The ob-
tained nanosheets were observed and analyzed using TEM, and the
image is shown in Fig. 1. Obviously, large graphene nanosheets are
observed folding to form wrinkles. The transparent regions are
likely to be monolayer graphene nanosheets. Simultaneously, the
formation of PEI-rGO was confirmed by SEM elemental mapping
analysis (Fig. 2). Energy disperse spectra (EDS) shows the distri-
bution of C, O, N in the PEI-rGO and rGO, inwhich the results of rGO
are shown as controls. The obvious distribution of N provides the
proof of the formation of PEI-rGO. Importantly, surface charges can
also prove the formation of PEI-rGO in that the zeta-potential
changes from �29.8mV of rGO to 33.6mV of PEI-rGO.

With active amino groups in the molecular backbone and rela-
tively high zeta-potential, the PEI-rGO suspension shows such
excellent dispersability that there is no precipitation within 24 h.
This will be essential for the fabrication of the following stable
nanoenzyme dispersion.

Then, the PEI functionalized rGO was further combined with
Hemin-BSA, in which Hemin-BSA was formed beforehand with
hemin and BSA using EDC/NHS chemical crosslinking. The forma-
tion of PEI-rGO-Hemin-BSA composite was confirmed by UVevis
absorption spectra (Fig. 3). There is an absorption peak at 266 nm
Fig. 2. SEM images of rGO (A) and PEI-rGO (B), and the corr
for the PEI-rGOmainly due to the p-p* transition of C]C bond [55],
while for Hemin-BSA, there are two peaks at 394 nm and 274 nm,
corresponding to the absorption of hemin and BSA, respectively. For
the developed PEI-rGO-Hemin-BSA composite, the peaks at 399 nm
and 268 nm present the component of PEI-rGO and Hemin-BSA.
The wavelength shift (from 394 nm to 399 nm, from 274 nm to
268 nm) may be caused by the existence of the p-p interaction of
PEI-rGO and Hemin-BSA [43].
esponding energy disperse spectroscopy (EDS) images.



Fig. 4. Absorption spectra and images of 0.4mM TMB and 10mMH2O2 in the presence
of (a) 2.5 mg/mL PEI-rGO-Hemin-BSA; (b) 0.25 mg/mL Hemin-BSA; (c) 2.5 mg/mL PEI-
rGO; (d) 2.5 mg/mL rGO; (e) blank at 37 �C in phosphate and citric acid monohydrate
buffer (pH 6.0).

Table 1
Comparison of Km and Vmax among Hemin, Hemin-BSA, and PEI-rGO-Hem-BSAwith
the reaction substrates of TMB and H2O2.

Mimetic Enzymes Substrates Km (mM) Vmax� 10�8 (M∙s�1)

Hemin TMB 4.26 (4.8149) 1.108 (0.91750)
Hemin-BSA TMB 3.02 (2.9749) 3.914
PEI-rGO-Hemin-BSA TMB 1.80 8.451
HRP TMB 0.43437 10.0041

Hemin H2O2 2.95 (2.8549) 0.637(0.70850)
Hemin-BSA H2O2 2.52 (2.4649) 1.091
PEI-rGO-Hemin-BSA H2O2 2.13 2.339
HRP H2O2 3.7037 8.71050
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3.2. Peroxidase-like activity of PEI-rGO-Hemin-BSA

The peroxidase-like activity of PEI-rGO-Hemin-BSA was inves-
tigated by testing the catalysis of the peroxidase substate TMB in
the presence of H2O2 [49,50]. The catalytic activity of PEI-rGO-
Hemin-BSA shows both pH value-dependent and temperature-
dependent characteristics (Fig. S1). The highest activity is pre-
sented at pH 6.0 and 37 �C, which is consistent with the catalytic
conditions of most natural enzymes. As shown in Fig. 4, the PEI-
rGO-Hemin-BSA nanocomposite can catalyze the oxidation of
TMB by H2O2 to produce a typical blue color reaction, whose
characterization absorption is located at 652 nm. In contrast, TMB
solution in the presence of only H2O2 remained colorless within the
duration of the experiment, indicating that the oxidation reaction
does not happen in the absence of catalyst. Meanwhile, the reaction
of rGO, PEI-rGO and Hemin-BSA with H2O2 and TMB were used as
controls, respectively. Obviously, the color in the PEI-rGO-Hemin-
BSA system is much darker than that of Hemin-BSA. Hemin-BSA
has been reported to show a higher peroxidase-like activity than
native hemin [49]. Therefore, the PEI-rGO-Hemin-BSA composite
exhibits a much higher activity.

3.3. Kinetic analysis of the PEI-rGO-Hemin-BSA nanocomposties

The catalytic properties of the nanocomposite was further
investigated using steady-state kinetics to get its reacting mecha-
nism as a mimetic enzyme. According to the standard method [56],
Fig. 5. Double-reciprocal plots for comparison of catalysis activities among Hemin, Hem
2.5mMH2O2 and (B) various H2O2 concentrations at fixed 0.45mM TMB.
kinetic data could be obtained by varying one substrate concen-
tration while keeping the other substrate concentration constant.
For example, for the present PEI-rGO-Hemin-BSA nanocomposite,
typical Michaelis-Menten curves were obtained with both H2O2
(Fig. 5A) and TMB (Fig. 5B) as substrates in a certain range of con-
centrations. The lineweaver-Burk plot method was used to calcu-
late the Michaelis-Menten constant based on the following
equation [56].

1
n
¼

�
Km

Vmax

��
1
½S�

�
þ
�

1
Vmax

�

where y is the initial reaction velocity, [S] is the concentration of the
substrate, Km is the M-M constant, Vmax is the maximum reaction
velocity.

The obtained Km constants and Vmax values for the PEI-rGO-
Hemin-BSA nanocomposites were listed in Table 1, together with
those of Hem, Hemin-BSA, HRP for comparison. It is clear that the
Km value of the nanocomposites with H2O2 as the substrate is
lower than that of HRP, while with TMB as the substrate, the value
becomes higher than that of HRP. As is well known, Km is an in-
dicator of enzyme affinity for the substrate. These results indicate
that the nanocomposites possess a higher affinity for TMB and a
lower affinity for H2O2 than HRP. In comparison with the reported
Hem and Hemin-BSA, the developed nanocomposites show the
lowest value both with H2O2 as the substrate and with TMB as the
substrate, demonstrating that the composites have the highest af-
finity for TMB and H2O2 than Hem and Hemin-BSA. The same
conclusion could be obtained with the Vmax values. This may be
contributed to the synergistic effects between rGO and Hemin-BSA,
in which the presence of highly delocalized p electrons on the rGO
facilitate electrons transfer between the rGO sheets and Hemin-
BSA [57].
in-BSA and PEI-rGO-Hemin-BSA by using (A) various TMB concentrations at fixed



Table 2
The analytical performance of the PEI-rGO-Hemin-BSA-GOx compared with others
reported.

Mimetic Enzymes Detection Limit(mM) Linear response(mM) Reference

GO/AuNPs 0.4728 0.002e0.03 [57]
H2TCPP-NiO 20 0.05e0.5 [58]
AueNi/g-C3N4 1.7 0.0005e0.03 [59]
VS2 1.5 0.005e0.2 [60]
PEI-rGO-Hem-BSA 0.01 0.03e1.0 This work

Fig. 6. Comparison of catalysis activities among (a) GOx, (b) Hemin-BSA, (c) the
mixture of Hem-BSA and GOx, (d) PEI-rGO and (e) PEI-rGO-Hemin-BSA-GOx in cata-
lyzing the TMB-glucose reactions, together with the corresponding photographs.

Fig. 8. Colorimetric investigations of the selectivity of the PEI-rGO-Hem-BSA-GOx to
(a) 1mM glucose, (b) 1mM dopamine (DA), (c) 1mM ascorbic acid (AA) and (d) 1mM
uric acid (UA), with the corresponding photographs.
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3.4. Analytical applications in the determination of small molecules
metabolite

It can be expected that when an oxidase is combined with the
peroxidase mimic, the prepared PEI-rGO-Hemin-BSA, the corre-
sponding oxidase substrate can be detected. Herein, an inte-
grated nanocomposite was developed by crosslinking GOx with
the PEI-rGO-Hemin-BSA nanocomposite using GA as a
crosslinker.

The response of the obtained PEI-rGO-Hemin-BSA-GOx toward
glucose was investigated using glucose and TMB as the substrates
using PEI-rGO, Hemin-BSA, GOx and themixture of Hemin-BSA and
GOx as controls. It can be easily seen fromFig. 6 that the quantitative
absorbance of the nanocomposite system at 652 nm is much higher
than any of the other studied systems, indicating that its catalytic
activity of glucose oxidation is the highest among all the studied
systems. Furthermore, the standard curve of the glucose response
was obtained. As shown in Fig. 7, adding glucose of various con-
centrations (containing equal TMB) into the PEI-rGO-Hemin-BSA-
GOx dispersion causes the increase of the absorbance at 652 nm to
different extents. The linear response of the absorbance versus the
glucose concentration 0.03e1.0mM (R2¼ 0.99888)with a detection
limit of 0.01 mM. According to previous reports (Table 2), the
developed PEI-rGO-Hemin-BSA-GOx is superior to some nano-
composites with catalytic activity in wider linear range and lower
Fig. 7. The linear calibration plot for glucose. The inset image is the colorimetric
photos of glucose solution from 0.03 to 1.0mM.
detection limit.
The selectivity of PEI-rGO-Hemin-BSA-GOx was further studied

using DA, AA and UA as controls under the same conditions. There
is a clear color change showing blue when adding glucose (1mM)
(containing TMB) into the dispersion of PEI-rGO-Hemin-BSA-GOX,
but no detectable absorbance at 652 nm in Fig. 8 with the addi-
tion of DA (1mM), AA (1mM) or UA (1mM) into the same
dispersion, indicating that the present system possesses a high
selectivity for glucose.

Similarly, when combining COx, the PEI-rGO-Hemin-BSA-COx
could be obtained and it can detect cholesterol at a concentra-
tion as low as 0.5 mM with a linear response from 0.01 to 0.1mM,
while for PEI-rGO-Hemin-BSA-LOx and PEI-rGO-Hemin-BSA-
ChOx, there is a linear response for lactate from 0.05 to 1mM
with a detection limit of 0.1 mM, and choline from 0.1 to 1mM
with a detection limit of 0.01 mM, respectively (Fig. 9). Thus, the
present PEI-rGO-Hemin-BSA nanocomposite can be applied to
analyze metabolite such as glucose, cholesterol, lactate, choline in
a simple and mild way. It will be a promising candidate in clinic
for metabolite analysis.
4. Conclusion

In this study, PEI-rGO-Hemin-BSA nanocomposites were pre-
pared by blending PEI-rGO with Hemin-BSA via p-p interactions.
The obtained nanocomposites exhibited high peroxidase-like ac-
tivity by catalyzing H2O2 oxidation sensitively and rapidly. Also, the
developed enzyme mimics demonstrated the ease of preparation,
low cost, high stability and selectivity. Moreover, the nano-
composites could further bind with oxidases conveniently such as
GOx, COx, LOx, and ChOx. Thus, their corresponding substrate
including glucose, cholesterol, lactate, choline could be detected
easily by naked eyes in tiny sample consumption, which provides a



Fig. 9. The linear calibration plots of PEI-rGO-Hemin-BSA-COx, PEI-rGO-Hemin-BSA-
LOx, PEI-rGO-Hemin-BSA-ChOx for cholesterol, L-lactate, and choline, respectively.
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possibility of analyzing multiple metabolites in blood or other
biofluids. It could be expected that this efficient strategy will find a
wide and important application in clinical diagnosis, healthcare,
and management of metabolic disorders and the associated
diseases.
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