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Abstract: In this research work, a non-enzymatic amperometric sensor for the determination of
glucose was designed based on carbon nanodots (C-dots) and copper oxide (CuO) nanocomposites
(CuO-C-dots). The CuO-C-dots nanocomposites were modified on the surface of a screen-printed
carbon electrode (SPCE) to increase the sensitivity and selectivity of the glucose sensor.
The as-synthesized materials were further analyzed for physico-chemical properties through
characterization tools such as transmission electron microscopy (TEM) and Fourier-transform
infrared spectroscopy (FTIR); and their electrochemical performance was also studied. The SPCE
modified with CuO-C-dots possess desirable electrocatalytic properties for glucose oxidation in
alkaline solutions. Moreover, the proposed sensing platform exhibited a linear range of 0.5 to 2 and 2
to 5 mM for glucose detection with high sensitivity (110 and 63.3 µA mM−1cm−2), and good selectivity
and stability; and could potentially serve as an effective alternative method of glucose detection.

Keywords: non-enzymatic; carbon nanodots; copper oxide; glucose sensor; amperometry

1. Introduction

Diabetes is a disease that occurs when blood glucose level in the body is extremely high, reducing
the cells’ ability to absorb sugar and convert it into energy. Normal blood glucose levels in humans
should be less than 5.5 mM, with diabetics recording 7.0 mM or more (National Institute for Health
and Care Excellence, NICE) [1]. Diabetics are required to check their glucose levels several times a day
and take insulin to maintain stability. Hence, the determination of glucose concentration in body fluids
is important for the effective diagnosis, monitoring, and treatment of diabetic patients. The challenge
in controlling diabetes is strongly associated with the accurate, rapid, and sensitive monitoring of
glucose levels and extensive efforts have been devoted to this end in recent years [2–5].

Glucose biosensors have greatly contributed to the monitoring of glucose levels in diabetic
patients [6–9]. Enzymatic electrochemical biosensors, for example, offer good selectivity and
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sensitivity [6,10–13]. However, they also have drawbacks, such as tedious immobilization steps,
constrained operational conditions, and poor stability/reproducibility [6,14]. To overcome these
shortcomings, enzyme-free (non-enzymatic) glucose biosensing platforms are being designed and
developed on the basis of direct oxidation of glucose [15–18].

Another available and widely used technique for glucose detection is the amperometry.
Amperometry offers several advantages, such as ease of use, short analysis time, low detection
limit, and lower cost when compared to other sensors [19–21]. The traditional amperometric glucose
sensor uses an enzyme—glucose oxidase (GOx)—to catalyze the oxidation of glucose and realize high
performance (high selectivity/sensitivity). The GOx acts as a catalyst for the oxidation of glucose at
the electrode, forming gluconolactone and hydrogen peroxide. The detection of hydrogen peroxide
generated at the electrode relates to the concentration of glucose in the sample. However, the enzyme
has limitations, such as high cost, poor stability, and low reproducibility. Enzyme activity is also easily
affected by temperature, pH, and chemicals [6]. A non-enzymatic sensor, thus, is a suitable alternative,
using nanostructured materials that offer enzyme-like activity or nanozymes modified on the surface of
the electrode. The nanozymes act as electrocatalysts to generate electrical current by directly oxidizing
glucose on the surface of the electrode. They offer several advantages, such as longer storage life,
simple modification process, and high selectivity/sensitivity. Therefore, extensive research efforts have
been devoted to developing an enzyme-free glucose sensor [22–26]. Non-enzymatic glucose sensors
form an oxidation layer, which catalyzes a glucose oxidation reaction, similar to that of the enzyme
activity. Various metal nanostructures and their oxides are used as catalysts, including noble metals
such as platinum (Pt), gold (Au), and silver (Ag), which exhibit high sensitivity and low detection
limits for glucose detection. However, noble metal electrodes have high production costs further
limiting their potential applications. Therefore, low-cost materials such as nickel (Ni) and copper (Cu)
and their oxides can be used instead [27–32].

In this work, we used copper oxide (CuO) as a catalyst because of its superior capabilities—low
cost, low toxicity, facile preparation, and remarkable electrochemical catalytic property [33–36]. The
electrocatalysis process of glucose oxidation is mediated by Cu(II) in an alkaline solution, which
oxidizes into Cu(III) on the surface electrode. Cu(III) is a highly oxidizing state and oxidizes glucose
into gluconolactone before reverting back to Cu(II). The current signals acquire electrons by the
redox process of Cu(II) and Cu(III) [37–39]. Researchers have focused on employing carbon-based
nanostructures—such as carbon nanotube (CNT), graphene or graphene oxide (GO)—as supporting
materials, with the aim to modify working electrodes, improve sensitivity of the electrode, enhance
the surface area, and transfer charge to the nanozyme. Carbon nanodots (C-dots), thus, are a newly
emerging class of carbon materials that consist of carbon nanoparticles with diameter less than
10 nm and several hydrophilic surface groups exhibiting excellent water dispersibility, high surface
area, and chemical stability [40–42]. In addition, a screen-printed carbon electrode (SPCE) has been
conveniently used for glucose detection owing to advantages such as flexible design and scope for
modification. In this study, a non-enzymatic amperometric glucose sensor based on carbon nanodots
(C-dots) and copper oxide (CuO) nanocomposites acting as nanozymes was judicially designed and
developed. The as-developed nanocomposites were appropriately characterized and subsequently
used to modify SPCE to construct an enzyme-free glucose sensor. The as-constructed non-enzymatic
sensing platform possesses unique properties with high active surface area and electrocatalytic activity.
In comparison to other materials reported previously, the CuO-C-dots provide primary advantages of
improving sensitivity due to the synergistic effects of the nanocomposite (good catalytic activity for
glucose oxidation of CuO nanoparticles), increase in surface area of the electrode, and prevention of
agglomeration of CuO nanoparticles from C-dots. Besides, the as-developed sensor platform requires
facile fabrication and do not involve complicated production processes.
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2. Materials and Methods

2.1. Materials, Chemicals, and Instrumentation

The materials and chemicals used in this work are listed as follows: graphite rod (99.999%,
St. Louis, MO, USA, Sigma-Aldrich), ultrapure water (18.2 MΩ cm−1), ethanol (99.9%, Bangkok,
Thailand, RCl Labscan Limited), sodium hydroxide (Lobachemie, Mumbai, India), copper(II)
oxide nanopowder (Sigma-Aldrich, St. Louis, USA), poly-(dimethyldiallylammonium chloride)
(PDDA, MW = 200,000–350,000, 20 wt% in water, Sigma-Aldrich, St. Louis, MO, USA), D-glucose
(Fisher scientific, New Hampshire, USA), sucrose (Ajax Finechem, Prospect, South Australia), lactose
(Fluka, St. Louis, MO, USA), dopamine (Sigma-Aldrich, St. Louis, MO, USA), ascorbic acid
(Ajax Finechem, Prospect, South Australia), and uric acid (Sigma-Aldrich, St. Louis, MO, USA).
All the chemicals used were of analytical reagent grade.

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) images were
obtained using a transmission electron microscope (JEM 2010, Jeol, Japan) and a field emission
scanning electron microscope (JSM 6335 F, Jeol, Japan), respectively. FTIR spectrum was recorded on
a FTIR spectrophotometer (Thermo Scientific, Massachusetts, USA) from 400 to 4000 cm−1. EmStat
potentiostats (PalmSens, Houten, Netherlands) was employed for electrochemical detection.

2.2. Synthesis of carbon nanodots (C-dots)

C-dots were synthesized with an electrochemical exfoliation method, using two graphite rods
(diameter 3 mm) as the working electrode and the counter electrode placed at a distance of 1.0 cm.
Typically, ethanol (140 mL), ultrapure water (10 mL), and NaOH (0.12 g) were mixed to obtain an
electrolyte precursor solution. Static potential of 60 V from a direct current (DC) power supply was
applied to the two electrodes for 3 h under continuous stirring and N2 atmosphere. After 3 h, the excess
precipitates were removed by centrifugation at 6000 rpm for 10 min. Consequently, a homogeneous
supernatant containing C-dots dispersion was obtained [43,44].

2.3. Synthesis of carbon nanodots and copper oxide nanocomposite (CuO-C-dots)

Firstly, 45 mL C-dots and 0.020 g CuO were mixed for 30 min with continuous stirring and the
solution was then heated to 100 ◦C. Secondly, 5 mL of 0.5 M NaOH was added to the boiling solution
and kept at that temperature for 5 min. After cooling down to room temperature, the suspension
was copiously washed with water and ethanol. Finally, the product was subjected to evaporate and
CuO-C-dots were collected [45].

2.4. Preparation of the CuO-C-dots Nanocomposite Modified Electrode

The prepared 10 mg of CuO-C-dots nanocomposite was dispersed in 1.00 mL of ultrapure water
by ultrasonic treatment for 30 min. Then 3 µL of the suspension was dropped on the surface of the
SPCE (diameter 2 mm) and dried under an infrared lamp. Finally, 5 µL of 0.5% PDDA solution was
coated onto the electrode surface and dried under an incandescent lamp.

2.5. Electrochemical Measurement of Glucose

EmStat potentiostats was used for chronoamperometric glucose detection with a three-electrode
system using the modified SPCE as a working electrode, carbon as an auxiliary electrode, and Ag/AgCl
as a reference electrode using 50 µL of 0.1 M NaOH solution as a total volume of electrolyte solution.
The current response was recorded for 100 s for all amperometric experiments.
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3. Results and Discussion

3.1. Characterizations of C-dots and CuO-C-dots

C-dots were synthesized by the electrochemical exfoliation method. A graphite rod acted as the
carbon source and alkaline alcohol as an electrolyte. After 3 h, the colorless solution changed into a
dark yellow solution, indicating successful preparation of C-dots. The morphology of the synthesized
C-dots was further characterized by TEM. It was found that well-dispersed C-dots were of uniform
(small spherical) shape with an average diameter of 2 nm, as shown in Figure 1A,B, respectively.
Moreover, the lattice fringe of C-dots was analyzed through high-resolution TEM (HRTEM), as shown
in Figure 1C. The lattice fringe of about 0.367 nm can be assigned to the (002) reflection plane of
graphite [46,47].
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Figure 1. Transmission electron microscopy image (A), size distribution histogram (B) and
high-resolution transmission electron microscopy image (C) of the as-synthesized carbon nanodots.

FTIR was then used to analyze the functional groups of C-dots, as shown in Figure 2. The presence
of the oxygen-containing groups can be confirmed by the stretching vibration bands of broad peak
of O−H at 3300 cm−1, C=O at 1648 cm−1, and the epoxide group at 1087 cm−1. Moreover, there
were a few absorption peaks, including C−H stretching at 2974 cm−1, bending vibrations of aromatic
C=C, and aromatic =C−H around 1378 cm−1 and 879 cm−1, respectively. Owing to the presence of
polar functional groups, the synthesized C-dots showed a highly hydrophilic property and excellent
dispersibility in water [43,44,48,49].
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X-ray photoelectron spectroscopy (XPS) of the CuO-C-dots nanocomposite was done to further
confirm the product’s composition and chemical states. The high-resolution XPS spectrum of C 1s
showed the highest intensity, demonstrating the presence of carbon in the nanocomposite structure, as
shown in Figure 3A. The main peak at 285.0 eV corresponds to sp2 (C-C, C=C) bonding. The shoulders
at about 288.5 eV and 290.0 eV correspond to C=O and O-C=O binding energies (BEs), respectively.
The BEs for the chemical states of C-OH and C-O-C typically lies at 286.6 eV. The high high-resolution
O 1s spectrum in Figure 3B further confirms the presence of CuO and Cu2O. The other two peaks are
tentatively assigned at 532.6 eV, ascertained by to the presence of Cu-O-C bonding and the C=O groups
in C-dots. The BE at 533.7 eV can be attributed to the original oxygen in C-dots and chemisorbed water
molecules (H2O). Besides, the high-resolution XPS spectrum of Cu 2p shows two characteristic peaks
with BEs at 932.1 and 951.7 eV, which can be assigned to Cu 2p3/2 and Cu 2p1/2, respectively (Figure 3C).
The binding energy of the Cu 2p3/2 peaks lies in the range of 932.2 eV and 933.3–934.5 eV for Cu1+ in
Cu2O and Cu2+ in CuO, respectively, suggesting the presence of CuO in the nanocomposite catalyst.
The BEs at 932.1, 933.3, and 954.5 eV correspond to Cu 2p1/2 and Cu 2p3/2, respectively, in CuO. The
BEs at 951.7, 952.9, and 954.1 eV correspond to Cu 2p1/2 and Cu 2p3/2 in Cu2O, respectively [35,47].
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The nanocomposites of PDDA/CuO-C-dots were then prepared for application as nanozymes
for the detection of glucose. The SEM image of the surface of CuO-C-dots modified on SPCE is
shown in Figure 4A. It was found that CuO-C-dots were well covered on the electrode surface with
larger surface area, and carbon, oxygen, and copper was found in the EDS spectrum, as shown in
Figure 4B. In addition, reticular structures were obtained on incorporation of PDDA onto CuO-C-dots,
as presented in Figure 4C. The EDS spectrum shown in Figure 4D confirms the existence of carbon,
copper, oxygen, nitrogen, and chloride (from PDDA), indicating that the PDDA/CuO-C-dots were
successfully modified.
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spectrum (B) of the CuO-C-dots on SPCE, and scanning electron microscopy image (C), and its
corresponding energy dispersive Spectrometry spectrum (D) of the PDDA/CuO-C-dots on SPCE.

3.2. Electrochemical Characterization of the Proposed Electrode

Cyclic voltammetry was used to investigate the electrochemical characteristics of glucose oxidation
on various modified electrodes in 0.10 M NaOH solution with 5 mM glucose. Cyclic voltammograms
are shown in Figure 5. There was no obvious signal response obtained from bare SPCE and PDDA/SPCE.
When C-dots were modified on SPCE, a slightly higher background current was observed because
of a large surface area of C-dots. Similarly, the current response was significantly increased on the
CuO/SPCE, indicating that CuO had ample electrocatalytic activity to glucose oxidation. In addition,
the PDDA/CuO-C-dots exhibited a markedly improved current response of glucose oxidation with
oxidation peak of about 0.50 V vs. Ag/AgCl. The probable reason for this might be the synergistic
effects of nanocomposites, which include (1) good electrical conductivity and high stability of PDDA,
(2) good catalytic activity for glucose oxidation of CuO nanoparticles, and (3) enhanced surface area of
the electrode and prevention of agglomeration of CuO nanoparticles from C-dots.Sensors 2020, 20, x FOR PEER REVIEW 7 of 12 
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The electrocatalytic oxidation of glucose in alkaline solution at the PDDA/CuO-C-dots/SPCE can
be described as follows: CuO is firstly oxidized to CuOOH as a strong oxidizing agent. The Cu(III)
species then electrochemically oxidized glucose to gluconolactone, responding to the oxidation peak of
glucose’s oxidation reaction, as shown in Figure 5 (purple line) [50].

3.3. Effect of CuO-C-dots Modified on Screen-printed Carbon Electrode

A higher current response of glucose oxidation was obtained from a large catalytic active site on
the modified electrode surface. Therefore, the amount of CuO-C-dots nanocomposite was optimized
by depositing different layers of CuO-C-dots (each layer is 3 µL of CuO-C-dots suspension) before
coating the electrode surface with PDDA. The as-coated multiple layers of suspension were studied by
constructing calibration graphs of glucose in a range of 0.5 to 2 mM using amperometric detection
at a constant potential of +0.50 V vs. Ag/AgCl; the slopes obtained indicate sensitivity of different
layer-modified electrodes. Sensitivity obviously increased with rise in CuO-C-dots layer up to four
layers and decreased after continuous deposition, as shown in Figure 6. Thick films can hinder electron
transfer between glucose and the electrode surface, and reduce the electrocatalytic active area of the
modified electrode. Thus, four sequential layers of CuO-C-dots were selected for further study.
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3.4. Amperometric Detection of Glucose by the Proposed Electrode

Chronoamperometry was employed as a detection technique to determine glucose using
PDDA/CuO-C-dots/SPCE as a working electrode at a constant oxidation potential of +0.50 V. The
steady current from 80–100 s was used as a current response, and current increased with increasing
glucose concentration, as shown in Figure 7A. The calibration graph in Figure 7B shows two linear
ranges: 0.5 to 2 mM and 2 to 5 mM with a limit of detection of 0.2 mM. The current began to saturate
at a glucose concentration higher than 5 mM due to limitations of the active surface of the modified
electrode. Their corresponding linear equations were I (µA) = 3.4708C (mM) + 0.3777 with R2 = 0.9994
and I (µA) = 1.9552C (mM) + 2.6148 with R2 = 0.9977, respectively. It was found that sensitivity at high
concentration was lower than that at low concentration due to the saturated adsorption dynamics of
the former. A summary of the analytical performance of various glucose sensors, including enzymatic
and non-enzymatic ones, is shown in Table 1. The developed non-enzymatic glucose sensor exhibited
good analytical characteristics such as good linearity and high sensitivity. Moreover, the preparation
and detection procedures of the proposed method were also simple, quick, and cost-effective.
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concentrations (0.5–5 mM) in 0.1 M NaOH at +0.50 V (A) and their calibration curve of current
response vs. glucose concentration (B).

Table 1. Comparison of the analytical performance of different glucose-sensing electrodes.

Sensing Electrode Detection
Method

Potential
(V)

Sensitivity
(µA mM−1cm−2)

Linear Range
(mM) LOD (mM) Ref.

GOx/CdS/Gr on GCE CV - 1.76 2–16 0.7 [51]
PDDA/Ch/GOx/PtAuNPs/PtZn on Pt Amp +0.60 17.85 0.01–8 0.001 [52]
Au/GO on GCE Amp +0.0 5.20, 4.56 0.1–2, 2–16 0.025 [53]

Cu/Cu2O/CSs on GCE Amp +0.65 63.8, 22.6 0.01–0.69,
1.19–3.69 0.005 [54]

Nafion/NPC-CB on GCE Amp +0.64 33.75 0.006–3.369 0.002 [55]
PDDA/CuO-C-dot on SPCE Amp +0.50 110, 62.3 0.5–2, 2–5 0.2 This work

Amp = amperometry, Gr = graphene, GCE = glassy carbon electrode, PtAuNPs = platinum and gold nanoparticles,
GO = graphene oxide, CSs = carbon spheres, and NPC-CB = nanoporous copper and carbon back

3.5. Selectivity and Stability of the Glucose Sensor

The physiological level of glucose concentration is normally about 3–8 mM, which is higher than
that of main interferences such as ascorbic acid (0.1 mM) and uric acid (0.1 mM) [56]. Therefore, the
amperometric responses of the proposed sensor with 1 mM glucose and other interfering species
(ascorbic acid, uric acid, dopamine, sucrose, and lactose) at a concentration of 0.1 mM were investigated.
Figure 8 shows a negligible current response of other species, compared to glucose, demonstrating that
the fabricated sensor had excellent selectivity toward glucose.
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Furthermore, the stability of the PDDA/CuO-C-dots/SPCE was studied by measuring the current
response of 5 mM glucose by storing the modified electrode at room temperature. It was found that
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there was no obvious change in current response after 12 days, thus highlighting good stability of the
proposed sensor. Batch variation of the CuO-C-dots-based amperometric sensor was evaluated. The
repeatability of the modified electrode was found to be 2.6% RSD (n = 7).

3.6. Applicability of the Prepared Sensor for Glucose Measurement in Real Time

To evaluate the practical usefulness of the as-fabricated sensor, the proposed sensor was used
to determine glucose levels in human blood serum samples. Although many proteins in serum
samples can act as insulators and block electron transfer between the solution and the electrode surface,
the serum samples should be significantly diluted (100 times with 0.1 M NaOH solution) before
analysis. The samples were spiked with standard glucose to obtain final concentrations at 0.5, 1.0, and
3.0 mM. The recoveries of the spiked samples were found from 88 to 94%, as shown in Table 2. The
analytical results indicate that the PDDA/CuO-C-dots nanocomposite modified on SPCE is reliable for
determining glucose, and nanocomposites could be a possible alternative nanozyme in constructing
new kind of glucose sensors. However, to enhance the applicability of the sensor for low-level detection,
sample preparation should be optimized to further separate other type of interferences.

Table 2. Determination of glucose in human blood serum samples.

Sample Spiked Glucose (mM) Detected Glucose (mM) %Recovery

1 0.5 0.47 ± 0.05 94
2 1.0 0.88 ± 0.08 88
3 3.0 2.71 ± 0.26 90

4. Conclusions

In summary, we successfully prepared a CuO-C-dots nanocomposite and fabricated a
non-enzymatic glucose sensor based on PDDA/CuO-C-dots, modified on an SPCE electrode. Due
to the synergistic effects of the high surface area of C-dots, good electrical conductivity of PDDA,
and remarkable catalytic active sites of CuO nanoparticles, the as-prepared nanocomposites showed
excellent electrochemical properties in catalyzing the oxidation reaction of glucose. The developed
sensor (CuO-C-dots/SPCE) offers several advantages, which include simple procedures for preparation
and detection, fast analysis, high sensitivity, and good selectivity and stability. Moreover, the satisfied
recoveries indicate that the sensor is reliable and can be applied to the determination of glucose in
real samples.

Author Contributions: Conceptualization, J.J. and T.S.; methodology, T.S., J.J., C.K. and A.T.; investigation, T.S.;
data analysis, T.S. and J.U.; writing—original draft preparation, T.S. and J.U.; writing—review and editing, J.J. and
G.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Thailand Research Fund grant numbers RSA6080007 and RTA6180004.

Acknowledgments: The authors would like to thank the Science Achievement Scholarship of Thailand (SAST) for
the supporting scholarship to TS and JU. The Thailand Research Fund (Grant #RSA6080007 and RTA6180004),
Chiang Mai University, and Center of Excellence for Innovation in Chemistry are gratefully acknowledged for
their research support.

Conflicts of Interest: The authors declare no conflict of interest

References

1. Blood Sugar Level Ranges. Available online: https://www.diabetes.co.uk/diabetes_care/blood-sugar-level-
ranges.html (accessed on 15 November 2019).

2. Wang, J. Electrochemical glucose biosensors. Chem. Rev. 2008, 108, 814–825. [CrossRef] [PubMed]
3. Makaram, P.; Owens, D.; Aceros, J. Trends in nanomaterial-based non-invasive diabetes sensing technologies.

Diagnostics 2014, 4, 27–46. [CrossRef] [PubMed]

https://www.diabetes.co.uk/diabetes_care/blood-sugar-level-ranges.html
https://www.diabetes.co.uk/diabetes_care/blood-sugar-level-ranges.html
http://dx.doi.org/10.1021/cr068123a
http://www.ncbi.nlm.nih.gov/pubmed/18154363
http://dx.doi.org/10.3390/diagnostics4020027
http://www.ncbi.nlm.nih.gov/pubmed/26852676


Sensors 2020, 20, 808 10 of 12

4. Tian, K.; Prestgard, M.; Tiwari, A. A review of recent advances in nonenzymatic glucose sensors. Mater. Sci.
Eng. C 2014, 41, 100–118. [CrossRef] [PubMed]

5. Bruen, D.; Delaney, C.; Florea, L.; Diamond, D. Glucose Sensing for Diabetes Monitoring: Recent
Developments. Sensors 2017, 17, 1866. [CrossRef] [PubMed]

6. Gopalan, A.I.; Muthuchamy, N.; Lee, K.P. A novel bismuth oxychloride-graphene hybrid nanosheets based
non-enzymatic photoelectrochemical glucose sensing platform for high performances. Biosens. Bioelectron.
2017, 89, 352–360. [CrossRef] [PubMed]

7. Gopalan, A.I.; Muthuchamy, N.; Komathi, S.; Lee, K.P. A novel multicomponent redox polymer nanobead
based high performance non-enzymatic glucose sensor. Biosens. Bioelectron. 2016, 84, 53–63. [CrossRef]
[PubMed]

8. Muthuchamy, N.; Gopalan, A.; Lee, K.-P. Highly selective non-enzymatic electrochemical sensor based on a
titanium dioxide nanowire–poly(3-aminophenyl boronic acid)–gold nanoparticle ternary nanocomposite.
RSC Adv. 2018, 8, 2138–2147. [CrossRef]

9. Sai-Anand, G.; Gopalan, A.-I.; Kang, S.-W.; Komathi, S.; Lee, K.-P. One pot synthesis of new gold nanoparticles
dispersed poly (2-aminophenyl boronic acid) composites for fabricating an affinity based electrochemical
detection of glucose. Sci. Adv. Mater. 2014, 6, 1356–1364. [CrossRef]

10. Gopalan, A.I.; Komathi, S.; Sai Anand, G.; Lee, K.P. Nanodiamond based sponges with entrapped enzyme:
A novel electrochemical probe for hydrogen peroxide. Biosens. Bioelectron. 2013, 46, 136–141. [CrossRef]

11. Manesh, K.M.; Santhosh, P.; Uthayakumar, S.; Gopalan, A.I.; Lee, K.P. One-pot construction of mediatorless
bi-enzymatic glucose biosensor based on organic-inorganic hybrid. Biosens. Bioelectron. 2010, 25, 1579–1586.
[CrossRef]

12. Santhosh, P.; Manesh, K.M.; Uthayakumar, S.; Komathi, S.; Gopalan, A.I.; Lee, K.P. Fabrication of enzymatic
glucose biosensor based on palladium nanoparticles dispersed onto poly(3,4-ethylenedioxythiophene)
nanofibers. Bioelectrochemistry 2009, 75, 61–66. [CrossRef]

13. Anand, G.S.; Gopalan, A.I.; Kang, S.-W.; Lee, K.-P. Development of a surface plasmon assisted label-free
calorimetric method for sensitive detection of mercury based on functionalized gold nanorods. J. Anal. Atom.
Spectrom. 2013, 28, 488. [CrossRef]

14. Haldorai, Y.; Hwang, S.K.; Gopalan, A.I.; Huh, Y.S.; Han, Y.K.; Voit, W.; Sai-Anand, G.; Lee, K.P. Direct
electrochemistry of cytochrome c immobilized on titanium nitride/multi-walled carbon nanotube composite
for amperometric nitrite biosensor. Biosens. Bioelectron. 2016, 79, 543–552. [CrossRef] [PubMed]

15. Kavitha, T.; Gopalan, A.I.; Lee, K.-P.; Park, S.-Y. Glucose sensing, photocatalytic and antibacterial properties
of graphene–ZnO nanoparticle hybrids. Carbon 2012, 50, 2994–3000. [CrossRef]

16. Ragupathy, D.; Gopalan, A.I.; Lee, K.-P. Synergistic contributions of multiwall carbon nanotubes and
gold nanoparticles in a chitosan–ionic liquid matrix towards improved performance for a glucose sensor.
Electrochem. Commun. 2009, 11, 397–401. [CrossRef]

17. Anantha-Iyengar, G.; Shanmugasundaram, K.; Nallal, M.; Lee, K.-P.; Whitcombe, M.J.; Lakshmi, D.;
Sai-Anand, G. Functionalized conjugated polymers for sensing and molecular imprinting applications.
Prog. Polym. Sci. 2019, 88, 1–129. [CrossRef]

18. Sai-Anand, G.; Sivanesan, A.; Benzigar, M.R.; Singh, G.; Gopalan, A.-I.; Baskar, A.V.; Ilbeygi, H.; Ramadass, K.;
Kambala, V.; Vinu, A. Recent Progress on the Sensing of Pathogenic Bacteria Using Advanced Nanostructures.
Bull. Chem. Soc. Jpn. 2019, 92, 216–244. [CrossRef]

19. Komathi, S.; Gopalan, A.I.; Kim, S.-K.; Anand, G.S.; Lee, K.-P. Fabrication of horseradish peroxidase
immobilized poly(N-[3-(trimethoxy silyl)propyl]aniline) gold nanorods film modified electrode and
electrochemical hydrogen peroxide sensing. Electrochim. Acta 2013, 92, 71–78. [CrossRef]

20. Thunkhamrak, C.; Chuntib, P.; Ounnunkad, K.; Banet, P.; Aubert, P.H.; Saianand, G.; Gopalan, A.I.;
Jakmunee, J. Highly sensitive voltammetric immunosensor for the detection of prostate specific antigen
based on silver nanoprobe assisted graphene oxide modified screen printed carbon electrode. Talanta 2020,
208, 120389. [CrossRef]

21. Shanmugasundaram, K.; Sai-Anand, G.; Gopalan, A.-I.; Lee, H.-G.; Yeo, H.K.; Kang, S.-W.; Lee, K.-P. Direct
electrochemistry of cytochrome c with three-dimensional nanoarchitectured multicomponent composite
electrode and nitrite biosensing. Sens. Actuators B Chem. 2016, 228, 737–747. [CrossRef]

22. Chen, X.; Wu, G.; Cai, Z.; Oyama, M.; Chen, X. Advances in enzyme-free electrochemical sensors for hydrogen
peroxide, glucose, and uric acid. Microchim. Acta 2014, 181, 689–705. [CrossRef]

http://dx.doi.org/10.1016/j.msec.2014.04.013
http://www.ncbi.nlm.nih.gov/pubmed/24907743
http://dx.doi.org/10.3390/s17081866
http://www.ncbi.nlm.nih.gov/pubmed/28805693
http://dx.doi.org/10.1016/j.bios.2016.07.017
http://www.ncbi.nlm.nih.gov/pubmed/27453439
http://dx.doi.org/10.1016/j.bios.2015.10.079
http://www.ncbi.nlm.nih.gov/pubmed/26584775
http://dx.doi.org/10.1039/C7RA09097H
http://dx.doi.org/10.1166/sam.2014.1836
http://dx.doi.org/10.1016/j.bios.2013.02.036
http://dx.doi.org/10.1016/j.bios.2009.11.015
http://dx.doi.org/10.1016/j.bioelechem.2008.12.001
http://dx.doi.org/10.1039/c3ja30300d
http://dx.doi.org/10.1016/j.bios.2015.12.054
http://www.ncbi.nlm.nih.gov/pubmed/26748372
http://dx.doi.org/10.1016/j.carbon.2012.02.082
http://dx.doi.org/10.1016/j.elecom.2008.11.048
http://dx.doi.org/10.1016/j.progpolymsci.2018.08.001
http://dx.doi.org/10.1246/bcsj.20180280
http://dx.doi.org/10.1016/j.electacta.2013.01.032
http://dx.doi.org/10.1016/j.talanta.2019.120389
http://dx.doi.org/10.1016/j.snb.2016.01.109
http://dx.doi.org/10.1007/s00604-013-1098-0


Sensors 2020, 20, 808 11 of 12

23. Niu, X.; Li, X.; Pan, J.; He, Y.; Qiu, F.; Yan, Y. Recent advances in non-enzymatic electrochemical glucose
sensors based on non-precious transition metal materials: Opportunities and challenges. RSC Adv. 2016, 6,
84893–84905. [CrossRef]

24. Zhu, H.; Li, L.; Zhou, W.; Shao, Z.; Chen, X. Advances in non-enzymatic glucose sensors based on metal
oxides. J. Mater. Chem. B 2016, 4, 7333–7349. [CrossRef]

25. Amala, G.; Gowtham, S.M. Recent advancements, key challenges and solutions in non-enzymatic
electrochemical glucose sensors based on graphene platforms. RSC Adv. 2017, 7, 36949–36976.

26. Hwang, D.W.; Lee, S.; Seo, M.; Chung, T.D. Recent Advances in Electrochemical Non-Enzymatic Glucose
Sensors—A Review. Anal. Chim. Acta 2018, 1033, 1–34. [CrossRef] [PubMed]

27. Jothi, L.; Jayakumar, N.; Jaganathan, S.K.; Nageswaran, G. Ultrasensitive and selective non-enzymatic
electrochemical glucose sensor based on hybrid material of graphene nanosheets/graphene nanoribbons/nickel
nanoparticle. Mater. Res. Bull. 2018, 98, 300–307. [CrossRef]

28. Yang, J.; Lin, Q.; Yin, W.; Jiang, T.; Zhao, D.; Jiang, L. A novel nonenzymatic glucose sensor based on
functionalized PDDA-graphene/CuO nanocomposites. Sens. Actuators B 2017, 253, 1087–1095. [CrossRef]

29. Zhu, J.; Yin, H.; Cui, Z.; Qin, D.; Gong, J.; Nie, Q. Amorphous Ni (OH)2/CQDs microspheres for highly
sensitive non-enzymatic glucose detection prepared via CQDs induced aggregation process. Appl. Surf. Sci.
2017, 420, 323–330. [CrossRef]

30. Baghayeri, M.; Amiri, A.; Farhadi, S. Development of non-enzymatic glucose sensor based on efficient
loading Ag nanoparticles on functionalized carbon nanotubes. Sens. Actuators B Chem. 2016, 225, 354–362.
[CrossRef]

31. Scandurra, A.; Ruffino, F.; Sanzaro, S.; Grimaldi, M.G. Laser and thermal dewetting of gold layer onto
graphene paper for non-enzymatic electrochemical detection of glucose and fructose. Sens. Actuators B Chem.
2019, 301, 127113. [CrossRef]

32. Baghayeri, M.; Amiri, A.; Alizadeh, Z.; Veisi, H.; Hasheminejad, E. Non-enzymatic voltammetric glucose
sensor made of ternary NiO/Fe3O4-SH/para-amino hippuric acid nanocomposite. J. Electroanal. Chem. 2018,
810, 69–77. [CrossRef]

33. Saianand, G.; Gopalan, A.I.; Lee, J.C.; Sathish, C.I.; Gopalakrishnan, K.; Unni, G.E.; Shanbhag, D.; Dasireddy, V.;
Yi, J.; Xi, S.; et al. Mixed Copper/Copper-Oxide Anchored Mesoporous Fullerene Nanohybrids as Superior
Electrocatalysts toward Oxygen Reduction Reaction. Small 2019, e1903937. [CrossRef] [PubMed]

34. Bui, Q.-T.; Yu, I.-K.; Gopalan, A.I.; Saianand, G.; Kim, W.; Choi, S.-H. Facile Fabrication of Metal Oxide
Based Catalytic Electrodes by AC Plasma Deposition and Electrochemical Detection of Hydrogen Peroxide.
Catalysts 2019, 9, 888. [CrossRef]

35. Zhang, Y.; Li, N.; Xiang, Y.; Wang, D.; Zhang, P.; Wang, Y.; Lu, S.; Xu, R.; Zhao, J. A flexible non-enzymatic
glucose sensor based on copper nanoparticles anchored on laser-induced graphene. Carbon 2020, 156,
506–513. [CrossRef]

36. Liu, X.; Yang, W.; Chen, L.; Jia, J. Three-Dimensional Copper Foam Supported CuO Nanowire Arrays:
An Efficient Non-enzymatic Glucose Sensor. Electrochim. Acta 2017, 235, 519–526. [CrossRef]

37. Namdari, P.; Negahdari, B.; Eatemadi, A. Synthesis, properties and biomedical applications of carbon-based
quantum dots: An updated review. Biomed. Pharmacother. 2017, 87, 209–222. [CrossRef]

38. Shi, L.; Zhu, X.; Liu, T.; Zhao, H.; Lan, M. Encapsulating Cu nanoparticles into metal-organic frameworks for
nonenzymatic glucose sensing. Sens. Actuators B 2016, 227, 583–590. [CrossRef]

39. Wang, X.; Liu, E.; Zhang, X. Non-enzymatic glucose biosensor based on copper oxide-reduced graphene
oxide nanocomposites synthesized from water-isopropanol solution. Electrochim. Acta 2014, 130, 253–260.
[CrossRef]

40. Miao, P.; Han, K.; Tang, Y.; Wang, B.; Lin, T.; Cheng, W. Recent advances in carbon nanodots: Synthesis,
properties and biomedical applications. Nanoscale 2015, 7, 1586–1595. [CrossRef]

41. Yulong, Y.; Xinsheng, P. Recent advances in carbon-based dots for electroanalysis. Analyst 2016, 141,
2619–2628. [CrossRef]

42. Tuerhong, M.; Yang, X.U.; Xue-Bo, Y. Review on carbon dots and their applications. Chin. J. Anal. Chem.
2017, 45, 139–150. [CrossRef]

43. Ming, H.; Ma, Z.; Liu, Y.; Pan, K.; Yu, H.; Wang, F.; Kang, Z. Large scale electrochemical synthesis of high
quality carbon nanodots and their photocatalytic property. Dalton Trans. 2012, 41, 9526–9531. [CrossRef]
[PubMed]

http://dx.doi.org/10.1039/C6RA12506A
http://dx.doi.org/10.1039/C6TB02037B
http://dx.doi.org/10.1016/j.aca.2018.05.051
http://www.ncbi.nlm.nih.gov/pubmed/30172314
http://dx.doi.org/10.1016/j.materresbull.2017.10.020
http://dx.doi.org/10.1016/j.snb.2017.07.008
http://dx.doi.org/10.1016/j.apsusc.2017.05.129
http://dx.doi.org/10.1016/j.snb.2015.11.003
http://dx.doi.org/10.1016/j.snb.2019.127113
http://dx.doi.org/10.1016/j.jelechem.2018.01.007
http://dx.doi.org/10.1002/smll.201903937
http://www.ncbi.nlm.nih.gov/pubmed/31647612
http://dx.doi.org/10.3390/catal9110888
http://dx.doi.org/10.1016/j.carbon.2019.10.006
http://dx.doi.org/10.1016/j.electacta.2017.03.150
http://dx.doi.org/10.1016/j.biopha.2016.12.108
http://dx.doi.org/10.1016/j.snb.2015.12.092
http://dx.doi.org/10.1016/j.electacta.2014.03.030
http://dx.doi.org/10.1039/C4NR05712K
http://dx.doi.org/10.1039/C5AN02321A
http://dx.doi.org/10.1016/S1872-2040(16)60990-8
http://dx.doi.org/10.1039/c2dt30985h
http://www.ncbi.nlm.nih.gov/pubmed/22751568


Sensors 2020, 20, 808 12 of 12

44. Liu, M.; Xu, Y.; Niu, F.; Gooding, J.J.; Liu, J. Carbon quantum dots directly generated from electrochemical
oxidation of graphite electrodes in alkaline alcohols and the applications for specific ferric ion detection and
cell imaging. Analyst 2016, 141, 2657–2664. [CrossRef] [PubMed]

45. Zhang, L.; Hai, X.; Xia, C.; Chen, X.-W.; Wang, J.-H. Growth of CuO nanoneedles on graphene quantum dots
as peroxidase mimics for sensitive colorimetric detection of hydrogen peroxide and glucose. Sens. Actuators
B Chem. 2017, 248, 374–384. [CrossRef]

46. Liu, Y.; Liu, C.-y.; Zhang, Z.-y. Graphitized carbon dots emitting strong green photoluminescence. J. Mater.
Chem. C 2013, 1, 4902. [CrossRef]

47. Wu, J.; Wang, P.; Wang, F.; Fang, Y. Investigation of the Microstructures of Graphene Quantum Dots (GQDs)
by Surface-Enhanced Raman Spectroscopy. Nanomaterials 2018, 8, 864. [CrossRef] [PubMed]

48. Aoun, S.B. Nanostructured carbon electrode modified with N-doped graphene quantum dots–chitosan
nanocomposite: A sensitive electrochemical dopamine sensor. R. Soc. Open Sci. 2017, 4, 171199. [CrossRef]

49. Deng, J.; Lu, Q.; Mi, N.; Li, H.; Liu, M.; Xu, M.; Tan, L.; Xie, Q.; Zhang, Y.; Yao, S. Electrochemical synthesis of
carbon nanodots directly from alcohols. Chem. A Eur. J. 2014, 20, 4993–4999. [CrossRef]

50. Wei, H.; Sun, J.J.; Guo, L.; Li, X.; Chen, G.N. Highly enhanced electrocatalytic oxidation of glucose and
shikimic acid at a disposable electrically heated oxide covered copper electrode. Chem. Commun. (Camb.)
2009, 20, 2842–2844. [CrossRef]

51. Wang, K.; Liu, Q.; Guan, Q.M.; Wu, J.; Li, H.N.; Yan, J.J. Enhanced direct electrochemistry of glucose oxidase
and biosensing for glucose via synergy effect of graphene and CdS nanocrystals. Biosens. Bioelectron. 2011,
26, 2252–2257. [CrossRef]

52. Hossain, M.F.; Park, J.Y. Fabrication of sensitive enzymatic biosensor based on multi-layered reduced
graphene oxide added PtAu nanoparticles-modified hybrid electrode. PLoS ONE 2017, 12, e0173553.
[CrossRef] [PubMed]

53. Shu, H.; Chang, G.; Su, J.; Cao, L.; Huang, Q.; Zhang, Y.; Xia, T.; He, Y. Single-step electrochemical deposition
of high performance Au-graphene nanocomposites for nonenzymatic glucose sensing. Sens. Actuators B
2015, 220, 331–339. [CrossRef]

54. Yin, H.; Cui, Z.; Wang, L.; Nie, Q. In situ reduction of the Cu/Cu2O/carbon spheres composite for enzymaticless
glucose sensors. Sens. Actuators B 2016, 222, 1018–1023. [CrossRef]

55. Ling, M.; Pengcheng, Z.; Jiyun, C.; Dandan, C.; Ying, Q.; Ning, G.; Genhua, Z.; Rongjing, C. Non-enzymatic
sensing of glucose and hydrogen peroxide using a glassy carbon electrode modified with a nanocomposite
consisting of nanoporous copper, carbon black and nafion. Microchim. Acta 2016, 183, 1359–1365.

56. Safavi, A.; Maleki, N.; Farjami, E. Fabrication of a glucose sensor based on a novel nanocomposite electrode.
Biosens. Bioelectron. 2009, 24, 1655–1660. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C5AN02231B
http://www.ncbi.nlm.nih.gov/pubmed/26878217
http://dx.doi.org/10.1016/j.snb.2017.04.011
http://dx.doi.org/10.1039/c3tc30670d
http://dx.doi.org/10.3390/nano8100864
http://www.ncbi.nlm.nih.gov/pubmed/30360411
http://dx.doi.org/10.1098/rsos.171199
http://dx.doi.org/10.1002/chem.201304869
http://dx.doi.org/10.1039/b904673a
http://dx.doi.org/10.1016/j.bios.2010.09.043
http://dx.doi.org/10.1371/journal.pone.0173553
http://www.ncbi.nlm.nih.gov/pubmed/28333943
http://dx.doi.org/10.1016/j.snb.2015.05.094
http://dx.doi.org/10.1016/j.snb.2015.09.047
http://dx.doi.org/10.1016/j.bios.2008.08.040
http://www.ncbi.nlm.nih.gov/pubmed/18849160
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials, Chemicals, and Instrumentation 
	Synthesis of carbon nanodots (C-dots) 
	Synthesis of carbon nanodots and copper oxide nanocomposite (CuO-C-dots) 
	Preparation of the CuO-C-dots Nanocomposite Modified Electrode 
	Electrochemical Measurement of Glucose 

	Results and Discussion 
	Characterizations of C-dots and CuO-C-dots 
	Electrochemical Characterization of the Proposed Electrode 
	Effect of CuO-C-dots Modified on Screen-printed Carbon Electrode 
	Amperometric Detection of Glucose by the Proposed Electrode 
	Selectivity and Stability of the Glucose Sensor 
	Applicability of the Prepared Sensor for Glucose Measurement in Real Time 

	Conclusions 
	References

