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3D Porous Graphene Aerogel@GOx Based Microfluidic Biosensor 
for Electrochemical Glucose Detection†
Jian Xu, a Kangkai Xu, a Yu Han, a Di Wang, a Xiao Li, a Tao Hu, *a Hong Yi *a and Zhonghua Ni *a

As a chronic disease, diabetes may result in serious complications that endanger the health and life of patients. Accurate 
and real-time detection of blood sugar levels is of great significance for the prevention and treatment of diabetes. In this 
paper, an enzymatic electrochemical microfluidic biosensor for glucose detection was developed based on three-
dimensional (3D) porous graphene aerogel and glucose oxidase (GOx). The graphene aerogel was prepared by freeze-drying 
graphene hydrogel and has a high electrical conductivity, the 3D porous structure provided a good near-biological condition 
for GOx and the increased specific surface area allowed more GOx to be immobilized on the graphene aerogel. The 
microfluidic system greatly reduced the consumption of samples during tests. Amperometric measurements were carried 
out to test glucose concentrations, and the enzyme biosensor showed a liner range from 1 mM to 18 mM (R = 0.991). The 
limit of detection (LOD) was 0.87 mM (S/N = 3) and the sensor showed excellent selectivity and stability. Finally, monitor of 
glucose in serum samples was achieved by the proposed sensor and the good recoveries were obtained. Due to its excellent 
performance, the proposed biosensor has a favorable application prospect in the prevention and clinical diagnosis of 
diabetes. Furthermore, our method, which is to prepare the graphene aerogel modified electrode in a microfluidic chip, can 
be widely used in various electrochemical sensors.

1. Introduction
Abnormal blood glucose level in humans will trigger serious 
diseases,1,2 the most common of which is diabetes. As a chronic 
disease, diabetes can cause serious complications that 
endanger the health and life of patients.3 At present, the 
number of diabetic patients is increasing.4 Accurate and real-
time determination of glucose level is of great significance to 
the treatment of diabetes. The detection of glucose with 
conventional analytical instruments like high performance 
liquid chromatography (HPLC),5,6 capillary zone electrophoresis 
(CZE)7,8 and gas chromatography (GC)9,10 is accurate and 
reliable, but these methods rely on expensive instruments and 
complex operation. Therefore, a variety of electrochemical 
sensors for glucose detection have been developed, which can 
mainly be divided into two categories: enzymatic-based sensors 
and non-enzymatic sensors.11

As to non-enzymatic glucose sensors, which usually utilize 
metal,12,13 and metal nanomaterials14-17 as electrodes, they 
exhibit good sensitivity and low limit of detection (LOD). 
However, the selectivity for glucose detection with these 
sensors seems to be unsatisfactory and the sensors’ electrodes 
have possibility of being interfered by proteins, chlorides ions 

and other species, which limit their application in practical 
monitoring glucose.

Enzymatic-based methods, which immobilize enzymes on 
sensors, achieve the determination of glucose level by detecting 
the product (such as H2O2) of catalytic oxidation of glucose or 
directly exploring the process of catalytic reactions. 
Electrochemical enzymatic-based sensors for glucose detection, 
particularly amperometric GOx-based sensors have been widely 
studied and commercialized since 1962,18,19 and have played a 
dominant role in simple, fast, easy-to-use blood sugar 
monitoring,20,21 for their high sensitivity, wide linear range, 
excellent selectivity, low cost and low LOD. However, compared 
to other methods, despite amperometric GOx-based sensors’ 
unparalleled advantages and being extensively applied in 
practical glucose detection, one of the non-ignorable 
drawbacks of these enzymatic-based methods is the difficulties 
for immobilization of high active enzymes,20 external 
environmental factors (like temperature, pH and humidity)22 
and instability originating from the nature of enzymes may 
result in the reduction of enzymes activity,23-25 which will affect 
the accuracy of detection systems. Thus, reliable means to 
immobilize enzymes and maintain their activity are expected to 
improve the performance of enzyme sensors and improve their 
reutilization.
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Hence, we combined 3D porous graphene aerogel with GOx 
in microfluidic system to prepare a new biosensor for accurate 
electrochemical detection of glucose. The 3D porous graphene 
aerogel was prepared by freeze-drying graphene hydrogel, 
which was gained through in situ chemical reduction of 
graphene oxide by L-ascorbic acid. In addition to its high 
electrical conductivity, simple synthesis and low cost,26 the 
porous structure of this prepared 3D graphene aerogel greatly 
increased the specific surface area, which meant that more GOx 
could be modified on graphene and thus the sensitivity of the 
sensor was increased. On the one hand, the graphene aerogel 
provided good physiological conditions for GOx, on the other 
hand, its 3D porous structure made GOx well wrapped in a 
graphene aerogel, which avoided contamination of GOx. Both 
were good for maintaining enzyme activity and improving the 
stability and reutilization of the sensor.

In our detection system, the accurate determination of 
glucose level was achieved through amperometric 
measurement of hydrogen peroxide (H2O2), the product of 
catalytic oxidation of glucose by GOx. Due to the specificity of 
GOx for glucose, the selectivity of our sensor for glucose 
detection was quite satisfactory. Furthermore, the potential 
used during our detection process was relatively low (-0.3 V), 
which was critical for detection.27 Relatively low potential 
restrained the reduction of other substances (such as ascorbic 
acid (AA), uric acid (UA), etc.) when detecting H2O2 (the product 
of catalytic oxidation of glucose) with our sensor, which further 
improved the selectivity and accuracy of the sensor. In addition, 
the dimensions of the sensor was designed to be very small to 
form a microfluidic chip, which meant the reduction of sample 
consumption (less than 3 μL) and the sensor manufacturing 
cost. Therefore, the proposed low-cost, excellent performance 
enzyme-based sensor is expected to be well applied in practical 
situations such as large-scale screening of diabetes and self-
management of diabetics.

2. Experimental section
2.1   Reagents and materials

All chemicals were analytical grade. Methanol, absolute 
ethanol, H2SO4, KMnO4 and NaNO3 were purchased from 
Sinopharm Chemical Reagent Co.,Ltd (Shanghai, China). N-(3-
dimethylaminopropyl)-N'-ethylcarboiimide hydrochloride 
(EDC), N-hydroxysulfosuccinimide (NHS), glucose oxidase (GOx), 
fructose, maltose, sucrose and lactose were purchased from 
Aladdin (Shanghai, China). Uric acid (UA), glucose and 1-
pyrenecarboxylic acid (PCA) were purchased from Sigma-
Aldrich (St. Louis, USA). Ascorbic acid (AA) was purchased from 
Alfa Aesar (Shanghai, China) and silver conductive paint was 
purchased from Mechanic (Hong Kong, China). ITO glass 
(thickness of ITO film: 185 nm; square resistance: ≤6 Ω) was 
customized by South China Xiangcheng Technology (Hunan, 
China). 
2.2   Fabrication of the microfluidic biosensor

As it is shown in Supplementary Fig. S1a, the proposed sensor 
consists of four parts, including ITO glass, 3D graphene, 

microchannel and PDMS cover. The dimensions of the custom 
ITO glass and the dimensions of the microchannel are shown in 
Fig. S1b and S1c, respectively. The microchannel was obtained 
by spin-coating PDMS on a polyimide film and drying, followed 
by laser processing. It is only 50 μm in height, which means the 
detection system is extremely small and the sample 
consumption is greatly reduced. The preparation process of the 
biosensor was described below.

First, microchannel was bonded to ITO glass through a 
plasma treatment and a thin layer of conductive silver paste was 
applied to the specific part of ITO to enhance the adhesion of 
ITO to graphene. Second, 4 mL graphene oxide solution (5 
mg/mL, prepared through the modified Hummers' method28) 
was mixed with AA and then 1 mL PCA/methanol suspension (3 
mg/mL) was added to the mixture. 10 μL of the mixture was 
evenly dropped onto the silver paste, then the chip was heated 
in 40℃ water bath for 16 h. The chip was immersed in ultrapure 
water with low-speed magnetic stirring for 1 h to remove 
residual AA, and water droplets on the chip surface was blown 
out with nitrogen. Third, the chip was kept in the refrigerator at 
-20℃ for 48 h and then was freeze-dried to obtain 3D graphene 
structure. Fourth, the carboxyl groups of PCA was activated by 
EDC and NHS, then 20 μL GOx (50 mg/mL) was spread onto the 
activated graphene and the chip was incubated at 0℃ for 12 h. 
Last, the chip was encapsulated with PDMS cover. (Before 
bonding, only PMDS cover needed plasma treatment, while the 
microchannel just needed to tear off the polyimide film on it.) 
The complete chip is shown in Fig. 1a.
2.3   Chronoamperometry (CA) detection of glucose

Chronoamperometry (CA) was used to detect glucose to obtain 
its calibration curve. First, 3 μL PBS without glucose was injected 
into the sensor by continuous syringe pump at a speed of 15 
μL·min-1 and the current of the system was recorded using CA 
(potential: -0.3 V). Then 3 μL PBS with glucose was injected into 
the sensor in the same way. After 15 min, the system current 
was determined again with CA at voltage of -0.3 V.
Before the reuse of the sensor, ultrapure water was used to 
clean the sensor by continuous syringe pump at a speed of 15 
μL·min-1 for 2 min.
2.4   Instrumentation and measurements

Scanning electron microscopy (SEM, Helio NanolabTM 600i, FEI 
Company, America) and Raman spectroscopy measurements 
(Alpha 300 Raman-AFM, Witec, Germany) were used to observe 
the morphology of the proposed 3D graphene sample. X-ray 
diffraction system (XRD, D8-Discover, Bruker, Germany) was 
used to analyze the composition of the sample. The cyclic 
voltammetry (CV) and chronoamperometry (CA) were 
conducted on the electrochemical workstation (CHI660E, 
Chenhua, Shanghai, China) with a three electrode configuration 
containing a working electrode of the graphene modified 
indium tin oxide (ITO), a reference electrode of Ag/AgCl and a 
counter electrode of ITO (more details about the electrodes can 
be seen in Fig. S2).

3. Results and discussion
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3.1 Characterization of graphene aerogel modified electrode

Graphene aerogel’s 3D porous structure can immobilize more 
GOx on graphene electrode and maintain enzyme activity, 
which can improve the sensitivity and stability of sensor. As 
described in experimental section 2.2, we successfully obtained 
graphene hydrogel though in situ chemical reduction of 
graphene oxide, and freeze-dried the hydrogel to prepare 3D 
porous graphene aerogel. In order to verify the successful 
synthesis of graphene aerogel and its 3D porous structure, the 
graphene electrode was characterized by SEM, Raman 
spectroscopy and XRD. Fig. 1b is the SEM image of the graphene 
samples, manifesting the 3D porous structure of graphene 
aerogels. The Raman spectroscopy of the samples is shown in 
Fig. 1c. Two strong bands D (1349.69 cm-1) and G (1580.26 cm-1), 
which are well known for graphene, and two weak, broad bands 
D’ and G’ were all observed. The results are consistent with 
previous work about 3D graphene aerogels,29,30 manifesting a 
similar 3D structure and defect density.31,32 The 3D porous 
structure of graphene aerogel can greatly increase the specific 
surface area. This facilitates the immobilization and protection 
of the enzyme and allows the electrode to be in better contact 
with the detection liquid, which can thereby improve the 
performance of the sensor. XRD spectra results are shown in 
Fig. 1d. A weak, broad diffraction peak (002) appears at 25.5° (2θ) 
indicates the successful synthesis of graphene and that 
graphene aerogel is a multilayer structure rather than a single 
layer planar structure.32 In the figure, no diffraction peak 
appears between 10 and 20 degrees, indicating the perfect 
reduction of oxygen-containing functional groups of graphene 
oxide. 

3.2 Validation of sensing principle and Optimization of the 
graphene aerogel biosensor

Scheme 1 elaborates the detection platform and the sensing 
principle of our proposed biosensor. When glucose is injected 

into the biosensor, it is catalytically oxidized by GOx 
immobilized on the 3D graphene electrode into gluconolactone 
and H2O2. Graphene has certain electrocatalytic ability to H2O2, 
24 which means the current of electrochemical system based on 
graphene electrode will change because of the existence of 
H2O2. Thus the level of glucose can be indirectly determined by 
measuring its product H2O2 based on the change of current in 
the electrochemical system. In order to verify the sensing 
principle of our biosensor, detection of H2O2 with the proposed 
sensor was firstly conducted. 

Measurements of H2O2 under macroscopic conditions for 
verifying the feasibility of the sensing principle were conducted 
firstly. Fig. S3 shows the Cyclic voltammetry (CV) curves of the 
3D graphene electrode immersed in PBS in presence and 
absence of 3mM H2O2. As shown in Fig. S3, the 3D graphene 
electrode immersed in PBS with 3mM H2O2 exhibits an obvious 
increase in cathodic reduction peak compared to that without 
H2O2. According to the literature,33,34 the mechanism for H2O2 
electro-reduction can be described by the following equations.

H2O2 + e- → OHad + OH-                          (1)
OHad + e- → OH-                               (2)

2OH- + 2H+ → 2H2O                             (3)
This result proves the 3D graphene's electrocatalytic ability 

to H2O2. In fact, the presence of graphene enhances the 
reduction of H2O2 at negative low potentials,35,36 which 
improves the anti-interference capability of the sensor during 
detection.

In order to further verify the sensor's ability to detect H2O2, 
more experiments were used to optimize the detection 
potential and measure different concentrations of H2O2 on this 
basis using chronoamperometry (CA). First, 3 μL PBS without 
H2O2 was injected into the sensor by continuous syringe pump 
and the current of the system was recorded using CA. Then 3 μL 
PBS with H2O2 was injected into the sensor to determine the 
system current in the same way. Due to the cathodic reduction 
peak appeared at about -0.2 V (Fig. S3), experiments of 
detecting 3 mM H2O2 at -0.4 V, -0.3 V, -0.2 V and -0.1 V were 
conducted respectively to determine the optimal detection 
potential. As shown in Fig. 2a, -0.3 V is chosen as the optimal 

Fig. 1 (a) The image of the proposed biosensor. (b) SEM image of 3D graphene aerogel. 
(c) Raman spectroscopy of 3D graphene aerogel. (d) XRD spectra of 3D graphene 
aerogel.

Scheme 1 Schematic illustration of electrochemical glucose detection using the 
proposed 3D porous graphene aerogel@GOx based microfluidic biosensor.
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detection potential because the current percentage change at -
0.3 V is the largest. Different concentrations of H2O2 were 
detected by the same method at -0.3 V. Fig. 2c shows that the 
percentage change in current is liner with the logarithm of H2O2 
as the following equation (4).

(I - I0) / I0 = 0.83697 + 0.2683 log10 (concentration of H2O2)     (4)

Where, I is the current of sensor after injecting H2O2, and I0 
is the sensor current of PBS without any H2O2.

Good linear relationship between H2O2 and current 
response (R2 = 0.992) illustrates the sensor's ability to detect 
H2O2, verifying the feasibility of the program.

As for the detection of glucose, it is mainly determined by 
detecting H2O2, the product of catalytic oxidation of glucose by 
GOx. Therefore, a very important factor in the detection is the 
incubation time after glucose is injected into the sensor. The 
incubation time was optimized using CA at -0.3 V when 3 mM 
glucose was injected into the sensor. As shown in Fig. 2b, after 
3 mM glucose is injected into sensor, the system current 
response increases with increasing incubation time and 
stabilizes at an incubation time of 15 min, thus the incubation 
time is optimized to 15 min.

Furthermore, detection of glucose using the sensor without 
GOx immobilized on the 3D graphene electrode was conducted 
under the optimal conditions to form a contrast experiment. 
The results are shown in Fig. 2d. Obviously, compared to that of 
sensor with GOx, the current response of the sensor without 
GOx modification is much smaller than that of the sensor with 
GOx modification, which further validates the correctness of the 
sensing principle of our enzyme-based sensors.

3.3 Amperometric detection of glucose with the proposed sensor

Our proposed enzymatic electrochemical microfluidic biosensor 
was used to obtain the calibration plots for glucose 
concentration detection by measuring different concentrations 
of glucose in PBS. The measurements were conducted under he 
optimal conditions determined in 3.2. The biosensors were 
firstly incubated by different concentrations of glucose for 15 
min, and then they were detected with chronoamperometry 
(CA) (potential: -0.3 V), respectively. Fig. 3 shows the current 
responses of sensors after incubation by different 
concentrations of glucose. Obviously, the percentage change in 
current of the sensor is positively correlated with the glucose 
concentration. Furthermore, the percentage change in current 
is liner with the logarithm of glucose concentration as the 
following equation (5).

 (I-I0)/I0 =0.83947 + 0.27378 log10 (concentration of glucose)  (5)

Where, I is the current of sensor after incubation by glucose, 
and I0 is the sensor current of PBS without any glucose. 

The sensor’s linear range of detection is from 1 mM to 18 
mM (R2 = 0.99) and the limit of detection (LOD) for glucose 
detection with our sensor is 0.87 mM (S/N = 3). Compared with 
other glucose biosensors (Table S1), although the proposed 
sensor does not seem to have an advantage in terms of LOD, 
the LOD and linear range of the proposed sensor are enough to 
analyze the glucose in practical situation. (According to 2018 
American Diabetes Association (ADA) diagnostic criteria, the 
normal fasting plasma glucose (FPG) of human is 3.9~5.6 mM. 
Diabetes is diagnosed as FPG ≥7.0 mM and/or 2-h postprandial 
glucose (2-h PG) ≥11.1 mM. Prediabetes is defined as FPG ≥5.6 
mM and ≤6.9 mM, 2-h PG ≥7.8 mM and ≤11.0 mM.) 
Furthermore, the proposed sensor consumes much less sample 
than other sensors.

3.4 Selectivity and stability of the sensor

As we all know, uric acid (UA), ascorbic acid (AA) and some other 
substances usually coexist with glucose in human serum.3 

Therefore, it is of great importance to verify the selectivity of 
the biosensor. AA, UA, lactose, maltose, fructose and sucrose 
were chosen as interfering substances to evaluate the 
selectivity of the proposed sensor. The same method was used 

Fig. 2 (a) Current change of the biosensor when 3mM H2O2 is injected under voltage 
conditions of -0.1 v, -0.2 v, -0.3 v and -0.4 V, respectively. (b) Current change of the 
biosensor when 3mM glucose is injected under different incubation times. (c) Linear 
plots of the microfluidic biosensor to different concentrations of H2O2. (d) Current 
change of the biosensor when glucose is injected in presence or absence of GOx.

Fig. 3 Linear plots of the microfluidic biosensor to different concentrations of glucose.
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to detect these substances, respectively, at a concentration of 
12 mM. The result is shown in Fig. 4a. The current response of 
the sensor to glucose is much greater than those to the 
interfering species. Since the concentration of glucose is much 
higher than that of these interfering substances in physiological 
environment,37 the selectivity of our sensor is satisfactory. The 
good selectivity of the sensor can be attributed to the following 
two points. First, GOx was modified on 3D graphene so that only 
glucose was oxidized and H2O2 was formed during the 
incubation. Second, due to the low detection potential, only 
H2O2 was consumed during the detection process, while other 
substances (such as AA, UA, etc.)38,39 did not participate in the 
reaction.

Stability is also an important indicator of biosensor 
performance. The long-term storage stability of 3D porous 
graphene aerogel@GOx based microfluidic biosensor was 
examined by storing in the refrigerator at -20℃ and measured 
at an interval of 1 week. As shown in Fig. 4b and 4c, after five 
weeks, the current responses of the sensor to 12 mM and 3 mM 
glucose still retain 89% and 88% of their initial responses, 
respectively. The results prove that our sensor have favorable 
stability.

3.5 Real sample analysis

In order to evaluate the performance of the proposed sensor’s 
practical application, the levels of glucose in human serum 
samples were tested with our sensors. Blood samples were 
provided by Zhongda Hospital (Nanjing, China) and centrifuged 
to obtain serum samples. The exact values of the samples were 
determined by Beckman Coulter LX20 Automatic Biochemical 
Analyzer in the hospital. The obtained results are listed in Table 
1. The recoveries are found to be between 90% and 106% and 
RSDs are all less than 10%, which indicate that the fabricated 
sensor has potential in the practical determination of glucose. 

Table 1 Results for the determination of glucose in human serum sample.

4. Conclusion
An enzymatic electrochemical microfluidic biosensor based on 
3D porous graphene aerogel and GOx for glucose detection was 
developed. Hydrogen peroxide (H2O2), the product of catalytic 
oxidation of glucose by GOx, would lead to current change in 
the electrochemical system, and thus the determination of 
glucose could achieved by analyzing the current change in the 
electrochemical system. 3D porous graphene aerogel was 
successfully prepared through in situ chemical reduction and 
freeze-drying method and was characterized by SEM, Raman 
spectroscopy and XRD to confirm its microstructure. The 
sensing principle was verified by detecting H2O2 and the 
calibration plots for glucose concentration detection was 
obtained under the optimal conditions. Due to the specificity of 
GOx, protection of GOx by 3D structure of graphene aerogel and 
low detection potential, our biosensor showed good sensitivity 
and excellent selectivity and stability. Furthermore, the 
microfluidic biosensor was applied in glucose detection in 
human serum samples and the recoveries were satisfactory. 
Therefore, this study puts forward a low cost, good 
performance and low sample consumption biosensor for 
glucose detection, which can be potentially developed for 
practical use. 

In addition, the sensor prepared by our method has good 
biocompatibility, large specific surface area and low sample 
consumption, thus we believe that this method for preparing a 
microfluidic biosensor can be of interest in the wider materials 
chemistry community and can be applied in many related fields.
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Samples
Blood glucose 

(mM)
Found 
(mM)

Recovery 
(%)

RSD (%)
N = 3

1 6.80 6.29 92.55 2.96

2 5.60 5.81 103.75 4.17

3 8.20 7.67 93.54 5.38

4 4.65 4.21 90.11 3.97

5 10.86 11.51 105.99 7.73

Fig. 4 (a) Current change of the biosensor when glucose and other interfering 
substances are injected, respectively. Current response of the biosensor after a few 
weeks to (b) 12mM glucose and (c) 3mM glucose.
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