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Reduced graphene oxide (rGO) based mixed copper nanocomposite, Cu/CuO-rGO is prepared through a novel synthetic 

approach: a simple one-step oxidation-reduction reaction between aqueous graphene oxide (GO) and copper (II) chloride 

(CuCl2) solutions at ambient temperature and pressure. The nanocomposite shows enhanced peroxidase-like catalytic 

activity by rapidly catalyzing TMB (3,5,3',5'-tetramethyl benzidine)-H2O2 reaction that develops a visible blue color in 

solution due to the oxidation of TMB. The catalyst follows Michaelis-Menten reaction mechanism and exhibits strong 

affinity towards both H2O2 and TMB. The blue color developed by Cu/CuO-rGO-TMB-H2O2 system becomes colorless in 

solution when glutathione is present even at very low concentration (0.032 μM).  This distinct color change provides the 

basis of the present colorimetric method for highly sensitive and selective detection of GSH in solution as well as on paper-

strip within <5 mins time period. The use of Cu/CuO-rGO as enzyme-like catalyst in TMB-H2O2 mediated GSH sensing 

process shows the benefits of simplicity, cost-effectiveness and provides an alternative non-enzymatic way of glutathione 

estimation in real samples such as commercially available tablets and human blood plasma. 

Introduction 

The use of graphene-nanoparticle composites as enzyme 

mimics has received considerable attention in a wide range of 

biomedical and environmental applications. Various graphene-

based inorganic nanocomposites containing metals,
1-3

 metal 

oxides
4-6

 and metal sulphides
7
 have been reported for enzyme-

mimetic sensor performances, because they appear with 

unique physicochemical properties due to enlarged surface 

area and synergistic effects from graphene structures and 

associated materials.
8, 9

 Most of the nanomaterials grafted 

graphene composites were synthesized via reduction of metal 

precursor and graphene oxide (GO), that homogeneously 

distribute nanoparticles on the 2D graphene sheets. This 

reduction may happen through one of the different processes: 

solvothermal synthesis,
3, 10

 UV-assisted photocatalytic 

reduction,
11

 microwave irradiation
12

 and chemical reduction,
6, 

13, 14
 which often requires involvement of toxic chemicals, 

harsh reaction conditions (e.g. higher temperature and 

pressure, UV/Microwave irradiation) and use of expensive 

instruments for monitoring the synthesis. Among these 

processes, chemical reduction is considered to be the most 

economical one but still loading of nanomaterials onto 

graphene matrix is complicated and time-consuming.
14, 15,16, 17

 

Therefore, it is highly desirable to explore a simple process by 

which graphene-nanoparticle composites can easily be 

prepared with good water-solubility, high stability and 

excellent catalytic behaviour.  

Motivated by these clear demands, we present an entirely 

new phenomenon; one-step synthesis of a reduced graphene 

oxide based copper/copper oxide nanocomposite (Cu/CuO-

rGO) by in-situ reduction-oxidation reactions between 

graphene oxide (GO) and copper precursor (CuCl2), similar to 

the mechanism of gold nanoparticles synthesis by reduction of 

AuCl4
-
 using citrate ions.

18
 During the formation of Cu/CuO-

rGO, we assume that Cu
2+

 ions attach 

electrostatically/covalently with GO which undergo reduction 

process to Cu(I)-GO intermediates followed by  
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disproportionation of Cu(I) to Cu(0) and CuO nanoparticles, 

anchored on  rGO matrix. The reduction of Cu
2+ 

ions may 

happen through a concerted oxidation and removal of GO-

COOH functional groups, which apparently brings the reduced 

graphene characteristics in the GO matrix. Currently, most of 

the copper-graphene nanocomposite was prepared either by 

using external reducing agents (e.g. hydrazine,
19

 

borohydride,
13

 ammonia
6
) or hydrothermal

20
/ 

solvothermal
3
/pyrolysis

21
 process with/without adding 

reducing agents. To the best of our knowledge, this simple and 

one-step synthetic approach using only GO and CuCl2 would be 

the first demonstration for the preparation of Cu/CuO-rGO 

nanocomposite that can be used for various potential 

applications including nonenzymatic sensing in clinical 

diagnostics. 

Recently, graphene-copper nanocomposites have been 

used as enzyme-like substrates for colorimetric and electro-

analytical detections of various biologically important analytes 

(glucose, catechol, ascorbic acid, H2O2, carbohydrates).
3, 7, 14, 20, 

22
 In colorimetric detection, the nanocomposite exhibits 

intrinsic peroxidase activity that can catalyze oxidation of 

3,3,5,5-tetramethylbenzidine (TMB) in presence of hydrogen 

peroxide, and offers the potential for their utilization in colour-

based diagnostic applications. Based on this consideration, we 

explore whether our one-step synthesized Cu/CuO-rGO can 

show significant peroxidise behaviour in TMB-H2O2 reaction for 

the detection of a biologically important small peptide 

molecule, i.e. glutathione (GSH) in real samples. It is worth 

noting that GSH is the major intra/inter-cellular thiols found in 

humans and involved in many biological processes including 

the defence mechanism against a variety of diseases.
23

 Lack of 

GSH is increasingly recognized as a risk factor in heart disease, 

asthma, neurodegenerative disorders, cognitive-behavioural 

problems, and various types of cancer.
24

 Nevertheless, the 

GSH level determination is important in cerebral malaria—

inflammation; some of studies have reported that low 

concentration of GSH in parasite infected RBC is an indicative 

of high level of malarial infection.
25

 Thus, a simple and 

affordable technique for GSH detection in human blood 

plasma is always demanding for determining GSH level under 

certain clinical conditions. To date, different colorimetric and 

electrochemical techniques have been developed for the 

detection of GSH.
3, 26-35

 Colorimetric detection methods offer 

several advantages in comparison to other techniques, 

specifically due to its low cost, simplicity and practicality. 

Among various colorimetric techniques, catalytic TMB-H2O2 

based system would be highly beneficial owing to the cost-

effectiveness and excellent stability of the enzyme-mimics 

over natural enzymes.  

In this study, we demonstrate a one step approach for the 

fabrication of an rGO-copper nanocomposite (Cu/CuO-rGO) by 

employing simultaneous oxidation and reduction of graphene 

oxide and CuCl2 at room temperature and find its application 

as a peroxidase-like catalyst for highly sensitive and selective 

colorimetric detection of GSH in real samples.  In comparison 

to the conventional techniques, this oxidation-reduction 

process for the production of enzyme-like  catalyst, Cu/CuO-

rGO using only GO and CuCl2 exhibits the benefits of easy 

synthesis and low cost. As prepared Cu/CuO-rGO shows 

excellent peroxidase-like activity that  catalyzes the oxidation 

of TMB in presence of H2O2 to yield a stable blue colored 

product, i.e. oxidized TMB. Since GSH can be oxidized to GSSG 

in presence of H2O2, the addition of GSH to Cu/CuO-TMB-H2O2 

system suppresses the blue color intensity generated which 

encourage us to develop a simple colorimetric assay, both in 

solution as well as on paper substrate, for the determination 

of GSH in qualitative and quantitative ways. Paper based 

estimation of GSH using Cu/CuO-rGO shows rapid analysis of 

GSH with low consumption of the chemicals and low waste 

production which is similar to chromatographic type sensing 

used for glucose and malaria detection. To the best of our 

knowledge such nanocomposite based GSH detection on paper 

strip has not been reported earlier. 

Experimental section 

Materials  

Graphite flake was purchased from Graphene Supermarket, NY 

(USA).  3,3
/
,5,5

/
-Tetramethyl benzidine (TMB),  hydrogen 

peroxide (H2O2) were procured from Sigma Aldrich, USA. Other 

analytical grade chemicals (KMnO4, H2SO4, HCl, CuCl2, NH3) 

were purchased from Merck, Germany. Methanol purchased 

from SRL, India. Glutathione was purchased from HiMedia, 

India. L-Glutathione Tablet purchased from Health Aid, 

England. Whatman filter paper (Grade I) was used for the 

paper based GSH detection. Ultrapure water was obtained 

from Miliipore system (India) and used throughout the 

experiments.    

 

Preparation of Cu/CuO-rGO nanocomposite 

Graphene oxide (GO) was prepared from graphite flakes by 

following a modified hummers method.
36

  Cu/CuO-rGO 

nanocomposite was fabricated through the reduction of CuCl2 

on GO surface. Briefly, 5.0 ml CuCl2 (0.1M) was added into 10.0 

ml graphene oxide solution (pale yellow, concentration is 

4.3mg/ml) and mixed under stirring condition at ambient 

temperature and atmospheric pressure (pH ~4.7). After 

vigorous stirring for ~7 hrs, a brown precipitate was obtained. 

The precipitate was washed thoroughly to remove excess 

copper chloride and un-used GO by centrifugation the mixture 

at 5000 rpm for 10 mins for several times with ultrapure 

water. Finally the nanocomposite was characterized by UV-Vis, 

FTIR, transmission/scanning electron microscopy, X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 

atomic absorption spectroscopy and cyclic voltammetry 

measurement techniques (for detailed instrumentation, see 

Supporting Information). 
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Catalytic efficiency measurements of Cu/CuO-rGO nanocomposite 

In a typical experiment, 20 μL of TMB solution (5mg/ml in 

methanol) as peroxidase substrate and 20 μL of H2O2 (5M) 

were added to a (0.1M) sodium acetate buffer solution (pH ≈ 

5.2). Next, 50 μl of Cu/CuO-rGO nanocomposite solution (5 

mg/L) was added to the above mentioned mixture. The final 

volume of the mixture was maintained at 1.0 ml. The catalytic 

efficiency measurements were conducted by monitoring the 

change in absorbance (652 nm) at different time points; 0, 1, 2, 

3, 4, 5, 6, 7, 8, 9, 10, 11 mins. The study was performed with 

various concentration of H2O2 (5, 15, 30, 45, 60, 75, 90, 105, 

125 and 150 mM), keeping TMB concentration constant (0.2 

mM) and with various concentration of TMB (0.06, 0.12, 0.18, 

0.25, 0.31, 0.37, 0.44, 0.56, 0.62 mM), keeping H2O2 

concentration constant (125 mM). For each substrate i.e. H2O2 

and TMB, the initial rates were plotted against substrate 

concentration to obtain the Michaelis-Menten constant (Km).  

 

Glutathione detection 

The detection of glutathione (GSH) was initially performed 

using a known concentration GSH solution. Typically, a stock 

solution of GSH (3.257 mM, 1mg/ml) was prepared in water 

and various concentrations of GSH were obtained by serial 

dilution of the stock solution. For the quantification of GSH, 20 

µl of TMB (5 mg/ml), 20 µl of H2O2 (5M), 50 µl of Cu/CuO-rGO 

(5 mg/L) and 40 µl of GSH solutions of various concentrations 

were added sequentially in 870 µl of 0.1M sodium acetate 

buffer solution (pH ≈ 5.2). Next, the mixture was immediately 

transferred for UV–vis absorbance measurements at 652 nm. 

To evaluate the selectivity of the Cu/CuO-rGO-TMB- H2O2 

system, 20 µl of TMB (5 mg/ml), 20 µl of H2O2 (5M), 50 µl of 

Cu/CuO-rGO and 100 µl of Cysteine, Homocysteine, 

Hemoglobin (Bovine), Glutamic Acid, Glutamine, Asparagine, 

Proline, Trytophan, Tyrosine, Phenyl Alanine, D-Alanine, 

Arginine, Threonine, Serine, Isoleucine, Aspartic Acid, 

Histidine, Glycine, Leucine, Methionine, Lysine, Valine, Human 

Serum Albumin (HSA) and GSH (all solutions strength were 

1.0μg/mL) were added sequentially in 810 µl of 0.1M sodium 

acetate buffer solution (pH ≈ 5.2). Color changes of the 

solutions were observed visually by naked eye and recorded 

using a digital camera. The corresponding UV-vis absorption 

spectra were also recorded. Analyses of GSH on paper 

substrate were performed using Whatman filter paper (Grade 

I) integrated with Cu/CuO-rGO-TMB-H2O2 system (Details are 

in Supporting Information). 

For the detection of GSH in unknown samples (tablet and 

human blood plasma), a standard addition method was 

employed. Commercially available GSH labeled tablet (1 tablet) 

was finely powdered and 5mg dissolved in 200 ml of ultrapure 

acid water (pH≈ 5). The solution was filtered through a 

Whatman filter paper before use. The solution was divided 

into four parts (50 ml x 4), one part (50 ml) was used as un-

spiked while other three parts (50 ml x 3) were used as spiked 

tablet samples. Different amounts of GSH powder (HiMedia, 

India) were added to three different 50 ml tablet solutions to 

obtain the spiked-tablet solutions with the added GSH 

concentrations 0.4, 0.6 and 0.8 mg/L. For the detection GSH in 

human blood plasma sample (of a healthy male), the isolated 

blood plasma (3.5 mL) was treated with cold methanol (6.5 ml) 

to precipitate all plasma protein and diluted the supernatant 

with ultrapure water (7.0 mL). An aliquot (40.0 μL) was used as 

unspiked while rest of the volume was used for spiking with 

standard GSH solutions (HiMedia, India) to final added GSH 

concentrations of 0.1, 0.2 and 0.3 mg/L respectively. All spiked 

and unspiked samples for both tablet and plasma were 

analyzed by using same procedures as described above. The 

clinical human blood samples were obtained from Durgapur 

Steel Plant (DSP) Hospital, West Bengal, India. The research 

with human blood samples was conducted with due approval 

from the institutional ethical committee of CSIR-Central 

Mechanical Engineering Research Institute, Govt. of India. 

Personnel handling blood samples during the experiments 

used disposable gloves and protective clothing. The 

contaminated laboratory wastes were discarded into wet 

strength bag and sent to the Pathology department of DSP 

Hospital for incineration. 

Results and discussion 

Characterization and stability of Cu/CuO-rGO nanocomposite 

Fig. 1 demonstrates the schematic of a novel one-step 

synthesis of Cu/CuO-rGO nanocomposite and its working 

principle for easy sensing of glutathione (GSH). The Cu/CuO-

rGO was fabricated by in-situ chemical reduction of CuCl2 on 

the surface of graphene oxide (GO) at ambient temperature 

and pressure. The synthesis involved simple mixing of two 

aqueous solutions of CuCl2 and GO which was stirred for ~ 7 

hrs to obtain a brown color precipitate.  The occurrence of 

brown precipitate from a pale yellow solution mixture 

indicates the formation of Cu/CuO-rGO. The morphology of 

the nanocomposite was initially investigated by transmission 

electron microscopy (TEM). From Fig. 2 (inset), it is clearly 

observed that two different sized nanoparticles, 90.0 nm 

(spherical shaped with less population) and 270.0 nm (spindle  

Fig. 1 Schematic presentation of a novel one-step synthesis 

of Cu/CuO-rGO nanocomposite and its working principle for 

easy detection of glutathione (GSH). 
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Fig. 3 XRD patterns of the Cu/CuO-rGO nanocomposites: 

peaks at 2θ = 32.5, 35.01, 35.7, 38.8, 46.5, 48.8, 51.2, 53.3, 

57.2 and 62.1 corresponds to the (110), (002), (1̄11), (111), 

(1̄12), (2̄02), (112), (020), (202), (1̄13) crystal planes of CuO 

phase. The small peak at 2θ = 44.3 indicates (111) 

crystalline plane of copper phase. 

 

 

Fig.  2 UV-vis absorption spectra of GO (a) and Cu/CuO-

rGO nanocomposites (b). Inset: (A) Image of GO (a) and 

nanocomposite (b) in water. (B) TEM images of the 

nanocomposite showing two different sized 

nanoparticles anchored on rGO layers. 

 

shaped with high population) are strongly bound with reduced 

graphene oxide layers and dispersed without aggregation. To 

distinguish the nature of the nanoparticles, the nanocomposite 

was further characterized in details by UV-vis, powder X-ray 

diffraction, energy dispersive X-ray spectroscopy (EDS), X-ray 

photoelectron spectroscopy (XPS) and Fourier-transform 

infrared (FTIR) spectroscopy techniques.   

Fig. 2 illustrates the UV-vis spectra of GO and Cu/CuO-rGO 

nanocomposite. The absorption peak of GO appeared at 230 

nm which corresponds to π-π* transition of the double bonds 

present in graphitic skeleton. After synthesis, a new peak at 

270 nm and a very weak peak at ~ 600 nm were observed, 

which suggests the formation of both CuO and Cu-

nanoparticles on rGO matrix.
37

  The stability of Cu/CuO-rGO 

was qualitatively monitored with time by observing the 

changes in color and UV-vis profile. The nanocomposite did 

not show any significant changes in UV-vis absorption band 

position even after 4 weeks, demonstrating it robust nature in 

water. Fig. 3 illustrates the X-ray diffraction (XRD) pattern of 

the nanocomposite. The Cu/CuO-rGO showed distinct 

diffraction peaks at 2θ = 32.5, 35.01, 35.7, 38.8, 46.5, 48.8, 

51.2, 53.3, 57.2 and 62.1 which correspond to the (110), (002), 

(1̄11), (111), (1̄12), (2̄02), (112), (020), (202), (1̄13) crystal 

planes of CuO phase. The small peak at 2θ = 44.3 was also 

observed for (111) crystalline plane of copper phase. The XRD 

result thus indicates that the nanocomposite contains mixed 

CuO and bare Cu nanoparticles on rGO matrix.   The FTIR 

spectra of Cu/CuO-rGO also provided the evidence for the 

existence of copper nanoparticles along with rGO. Before 

reaction, as shown in Fig. 4a, GO showed strong peaks at 3450 

cm
-1

 and 1390 cm
-1

 due to the stretching and deformation of 

O-H groups and adsorbed water molecules. The spectrum of 

GO (curve a) also indicates the presence of the stretching 

vibration bands for C=O at 1748 cm
-1

 and C-O for epoxy and 

alkoxy at 1262 and 1053 cm
-1

 respectively.
14

 The peak at 1628 

cm
-1

 is assigned to the skeletal vibration of the graphitic 

matrix. After the formation of Cu/CuO-rGO, the above peak 

intensities at 1748 cm
-1

, 1628 cm
-1

, 1262, and 1053 cm
-1

 were 

decreased as shown in Fig. 4b, implying removal of most of the 

oxygen-containing functional groups, particularly carboxyl 

groups during nanocomposite synthesis. In addition, the 

characteristic peaks for Cu-O stretching were observed at 

around 608, 500 and 430 cm
-1

 which indicate stabilization of 

the copper nanoparticle through the residual oxygen-

containing functional groups present in rGO.
14

 

 

The existence of copper nanoparticles with various 

oxidation states in nanocomposite was further investigated by 

cyclic voltammetry (CV); comparative studies were performed 

with Cu/CuO-rGO, GO and only rGO at various potential ranges 

(all potential values are referred vs. the Ag/AgCl/KCl (3 M) 

reference electrode). Fig. S1 showed the CVs of the rGO, GO 

and Cu/CuO-rGO in 0.1M KOH (pH =12.6). The CV curve for 

Fig. 4 FTIR spectra of GO (a) and Cu/CuO-rGO 

nanocomposites (b). The intensity of most of the peaks of 

GO is significantly reduced or disappeared after 

nanocomposite formation. 
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nanocomposite displayed two pairs of redox peaks at -0.063/-

0.406 V (A1/C1) and -0.283/-0.571 V (A2/C2), indicating the 

presence of Cu(II) state in Cu/CuO-rGO. Peak C1 corresponds 

to the reduction of Cu(II) to Cu(I)  and peak C2 is related to the 

formation of Cu(0) species (other than bare CuNPs).
38

 In the 

anodic sweep, two peaks A1 and A2 were visible on the CV 

curve, corresponding to the oxidation potential position of 

peaks C1 and C2. Cu (0) oxidation state (elemental state) of the 

bare copper nanoparticles (CuNPs) was not observed as all the 

elemental copper may be converted and stabilized in Cu (II) 

state in 0.1M KOH. The redox behaviour of GO at ~ -0.6/-0.3 V 

which was not observed in rGO, originated from the presence 

of oxygen-containing groups on graphene matrix. Since rGO 

did not show any peaks in the working potential range, we 

assumed that the redox potential peaks (A1/C1, A2/C2) appear 

due to Cu(II)/Cu(I)/Cu(0) and reverse transitions only. From 

these results, it is understood that the Cu/CuO-rGO is mainly 

present with Cu(II) oxidation states in CuO, while less amount 

of copper is available with Cu (0) states that are not detected 

in CV because of stability issues in highly basic medium.  

 

More detailed information on the copper electronic states 

and chemical composition of Cu/CuO-rGO were obtained from 

X-ray photoelectron spectra (XPS) as shown in Fig. 5 and Fig. 

S2. The full-scan XPS spectrum (Fig. S2 of Supporting 

Information) clearly exhibits the signals of Cu, C and O 

elements. The Auger signal for Cu LMM transition at 568.5 eV, 

which is the typical binding energy value for Cu(II)-O, confirms 

that Cu element is present in the form of Cu(II) state. To 

further determine the binding nature of the elements in 

Cu/CuO-rGO, the peaks of Cu 2p and C 1s were explored by 

high resolution XPS spectra. As shown in Fig. 5, two major 

peaks of Cu2p at 931eV and 951 eV along with two satellites at 

approximately 940 and 943 eV are observed which are 

assigned to Cu (II) states (CuO). In addition a small hump is 

observed at 934 eV that is assigned to Cu(0) state. Of note, 

Cu(0) and Cu(II) normally maintain more than 2 eV 

separations.
39

 Thus, the appearance of a hump (934 eV) at 3 

eV separations from the dominant peak (931 eV) corroborates 

the presence of Cu(0)-nanoparticles along with CuO 

nanoaprticles in the composite which are in agreement with 

XRD, FT-IR and CV results.  

Nevertheless, the C1s XPS spectrum of the nanocomposite 

demonstrates successful oxidation of the oxygen containing 

functional groups of GO during synthesis of Cu/CuO-rGO. The 

composite showed a distinct peak at 284 eV corresponding to 

the non-oxygenated ring carbon (C-C). There were no 

additional peaks for C-O (hydroxyl and epoxy groups) and C=O 

(carbonyl) observed in the deconvoluted curves of C1S region.  

These studies clearly reveal that most of the oxygen containing 

groups of GO has been removed through the oxidation process 

and the released electrons have taken participation in the 

reduction of copper precursor (CuCl2) to the Cu(I)-intermediate 

followed by the end products of CuO and Cu-nanoaprticles, 

embedded on the stable consequential reduced graphene 

oxide surface. The details of the formation mechanism are 

discussed in the following section. 

 

 

 

Mechanism of Cu/CuO-rGO nanocomposite formation  

It is well-known that GO has different kinds of oxygen 

containing functional groups such as carboxyl, epoxy, hydroxyl 

which provides negative charge on the surface.
36

 As a result, 

GO surface can electrostatically bind with positive ions during 

nanocomposite formation. In the present synthesis, when GO 

solution was simply mixed with an aqueous solution of CuCl2, 

the Cu
2+

 ions are uniformly and tightly absorbed onto the 

surface of GO via electrostatic and covalent interactions 

specifically through -COOH groups.
6
  Next, reduction of the 

Cu
2+

 may have happened through the oxidation of GO-COOH 

at pH ~ 4.5, similar to the gold nanoparticles synthesis by 

reduction of AuCl4
-
 using citrate ions.

18
 The possible reduction 

mechanism comprises at first a ligand exchange of the 

absorbed Cu
2+

 ions with GO-COOH to form copper(II)-GO 

complexes followed by a concerted oxidative-decarboxylation 

of GO-COOH and reduction of Cu(II)  to form a Cu(I)-GO 

intermediates which undergo a disproportionation reaction to 

the Cu(0) and CuO nanoparticles formation. These 

nanoparticles finally deposited on GO surface to form the 

nanocomposite.  The process can be described by eqs 1-4: 

 

CuCl2 + H2O = [Cu(H2O)4]
2+

 + 2Cl
-
 ------ (1) 

 

GO + [Cu(H2O)4]
2+

 → GO-[Cu(H2O)2]
2+

 ------ (2) 

  

GO-[Cu(H2O)2]
2+

 → rGO-[Cu(H2O)2]
+ 

+ CO2 ------ (3) 

 

rGO-[Cu(H2O)2]
+ 

→ Cu/CuO-rGO ------(4) 

 
Fig. 5 Cu2p XPS spectrum of Cu/CuO-rGO. The inset shows 

the C1s spectrum of the composite.  
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Fig. 6 UV-Vis absorption spectra of Cu/CuO-rGO + TMB + 

H2O2 (a) and only TMB + H2O2 in solution. TMB exhibits a 

blue color in presence of Cu/CuO-rGO and H2O2 with a 

strong absorption peak at ~652 nm . In absence of Cu/CuO-

rGO this blue color is absent even in presence of H2O2. 

Inset: Images of the corresponding samples (a) and (b). 

During Cu/CuO-rGO formation, the hydroxyl groups of GO 

may also have contributed to the reduction of [Cu(H2O)4]
2+

, 

since  phenolic –OHs possess some reducibility potentials.
40

 

For this reason, the number of –COOH and –OH groups 

decreases in GO after reaction with [Cu(H2O)4]
2+

 which is 

evident in FT-IR and X-ray photoelectron spectroscopy. After 

formation of Cu/CuO-rGO nanocomposite, carboxylic C=O 

band completely disappeared and the peak intensities for  C-O 

at 1262 (epoxy) and 1053 cm
-1

 (alkoxy) became weak as shown 

in Fig. 4. These results indicate that most of the –COOH and 

epoxy groups were cleaved during reduction of Cu
2+

 ions that 

ultimately leads to the formation of reduced graphene 

structure, embedded with copper nanoparticles.  This 

observation is consistent with the literature where it is 

reported that the cleavage of –COOH and C-O-C group occurs 

due to enzymatic oxidation of graphene oxide which produces 

an reduced intermediate, holey reduced graphene oxide 

(hrGO) and CO2 as one of the end products.
41

 The decrease of 

C-OH intensity at 1390 cm
-1

 also indicates that phenolic –OH 

groups are partially involved towards Cu
2+

 reduction process. 

The functional groups, specifically hydroxyls (-OH) which are 

not used in the reduction process, acted as stabilizing sites in 

dispersing CuO and CuNPs, improving the solution stability of 

the nanocomposite. Moreover, a new set of peaks appeared at  

430, 500 and 608 cm
-1

 due to the stretching vibration of the 

Cu-O bond that might be attributed to the presence of both 

CuO and CuNPs bonded to oxygen of GO matrix.
42

 In this 

context, total copper loading (8.63 wt% of the composite) is 

determined from the acid extract using atomic absorption 

spectroscopy (AAS) which justifies the strong affinity and 

stabilizing ability of the resultant rGO towards copper 

nanoparticles.  

The existence of the stretching vibration band at 1628 cm
-1

 

in FTIR spectrum (Fig. 4) indicates that main graphitic skeleton 

remains undisturbed after reaction, except the loss of oxygen 

containing groups (–COOH and –C-O-C-)  which ultimately 

brings partial graphene characteristics in the nanocomposite. 

The removal of –COOH and –C-O-C- groups are also evident in 

C1s XPS spectrum (Fig. 5) as only a single peak is observed at 

284 eV due to the non-oxygenated ring carbon (C-C), 

confirming a partial reduction of GO during the synthesis of 

Cu/CuO-reduced graphene oxide composite. It is worth to 

mention here is that most of the graphene-metal 

nanocomposites were prepared by reduction of the mixture of 

GO and metal salts by borohydride or hydrazine based 

reduction processes.
3, 19

 First time, we have reported here the 

direct synthesis of reduced graphene oxide-copper 

nanocomposite from GO and CuCl2 in absence of any external 

reducing agents or other chemicals. 

 

Cu/CuO-rGO as a peroxidase-like catalyst and sensing mechanism  

In this work, as-prepared mixed Cu/CuO-rGO nanocomposite is 

employed as a peroxidase-like catalyst in a H2O2-mediated 

TMB oxidation reaction for the detection of a small peptide 

molecule, i.e. glutathione. Being a chromogenic substrate, the 

colorless TMB exhibited a blue color in presence of Cu/CuO-

rGO and H2O2 with a strong absorption peak at ~652 nm as 

shown in Fig. 6 (curve a). When Cu/CuO-rGO was absent, this 

color change was not observed even in presence of H2O2 

(curve b). To further substantiate the role of nanocomposite, 

we performed the TMB-H2O2 reaction with pure Cu/CuO-rGO 

and its various components i.e. GO, rGO and bare copper 

nanoparticles that may be present either as excess reactant 

(GO) or by-products (rGO, bare copper nanoparticles) during 

the synthesis of nanocomposite  (Fig. S3 of the Supporting 

Information). It was observed that GO and bare copper 

nanoparticles (made by reduction of aqueous copper chloride 

solution using NaBH4)
43

 can minimally contribute to the blue 

color formation while Cu/CuO-rGO shows maximum color after 

the reaction. The chemically obtained reduced graphene oxide 

did not show any color as reported by Nie et al.
7
 These results 

clearly demonstrate that Cu/CuO nanoparticles when 

immobilized on rGO sheets play an important role as catalyst 

that mimics the peroxidase enzyme to generate OH
•
 radicals in 

H2O2-TMB reaction. Nevertheless, the blue color intensity of 

oxidized TMB is highly dependent on reaction time and 

catalyst concentration. Fig. S4 of the Supporting Information 

shows the time course curves of different TMB oxidations 

catalyzed by Cu/CuO-rGO at various concentrations.  It can be 

seen that the absorbance of oxidized TMB gradually increased 

with time and reached to considerably higher absorbance 

value within ~ 5 min. A nearly linear relationship is found from 

the plot of absorbance versus Cu/CuO-rGO concentrations 

ranging from 0.25 to 0.50 mg/L (Fig. S5 of the Supporting 

Information). 

Like traditional peroxidase and other nano-material based 

peroxidase mimics, the catalytic efficiency of Cu/CuO-rGO is 

dependent on the concentrations of TMB and H2O2 for 

developing the intense blue color from oxidized TMB. Under 

the optimal conditions (pH ~5, temperature ~ 27
o
C) and a 

constant Cu/CuO-rGO concentration (0.25 mg/L in 1mL), the 
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Fig. 8 UV-vis spectra of Cu/CuO-rGO + TMB + H2O2 in 

presence of increasing concentrations of  GSH from  0.03 

µM to 65.14 µM showing gradual peak intensities decrease 

at 652 nm. Inset: Image of Cu/CuO-rGO + TMB + H2O2   with 

various concentrations of GSH in solution phase.  

Fig. 7 Kinetic studies for Cu/CuO-rGO with variable 

concentrations of H2O2 while TMB concentration is fixed 

(0.2 mM) (A) and variable concentrations of TMB while 

H2O2 concentration is fixed at 125mM.  

 
absorbance of oxidized TMB was increased with increasing 

concentration of H2O2. This observation indicates that unlike 

natural peroxidase and many other peroxidase mimics, the 

catalytic activity of Cu/CuO-rGO is not inhibited by excess 

H2O2. Similarly, in case of TMB, the absorbance was enhanced 

with increasing TMB concentration, suggesting the fact that 

TMB did not interfere with the active site of Cu/CuO-rGO for 

the interaction with H2O2 for the formation of hydroxyl 

radicals. 

To elucidate the mechanism of action, the steady-state 

kinetic experiments were performed with a fixed 

concentration of catalyst (0.25mg/L in 1.0 mL) and variable 

concentrations of H2O2 and TMB. The plots of initial rate versus 

TMB or H2O2 concentrations for a certain range displayed 

Michaelis-Menten behaviour as shown in Fig. 7. The Michaelis-

Menten constant (Km) was obtained from Lineweaver-Burk 

plots (Fig. S6 of the Supporting Information). Km is known as an 

important parameter for the determination of enzymatic 

affinities towards substrates; a low Km indicates a strong 

affinity.
22

 As shown in Table S1 (see Supporting Information), 

the Km of  Cu/CuO-rGO is 9.21 mM which is 2.5 times  higher 

than that of natural  HRP (3.7 mM) toward H2O2, indicating 

that the nanocomposite had little lower affinity towards H2O2 

than HRP. Thus, the high concentration of H2O2 did not 

hamper the reaction rate. In contrast, the Km value for 

Cu/CuO-rGO with TMB as substrate is 0.39 mM, which is lower 

than that of HRP (0.434 mM), suggesting that the 

nanocomposite had little higher affinity for TMB than HRP. 

This higher affinity may be due to the stronger binding 

between TMB and graphene surfaces through π-π and 

hydrophobic interaction that may affect the peroxidase 

performance if excess TMB is used.
44

 From this study, it is 

understood that an optimum concentration of TMB is required 

in presence of H2O2 and Cu/CuO-rGO to produce the blue 

colored oxidized-TMB for the detection of an oxidizable 

species (such as GSH of this study) which can reduce H2O2 in 

biological or environmental medium.  

 

Colorimetric detection of glutathione 

 It is reported that peroxidase/oxidase-mimics made of gold 

nanoparticles(AuNPs)-ppzdtc, CQDs-AuNPs, Au NPs-Hg (II), 

Fe3O4-ABTS-H2O2, MnO2-TMB, Ag
+
-TMB, Graphene dots, 

RGO_Fe3O4-Pd nanohybrids, (GO)-hemin can catalyze TMB 

oxidation to a blue color solution and glutathione can change 

this blue color to colorless solution that accounts for the 

colorimetric sensing of GSH with a detection limit of 0.008 µM 

and detection time > 10 mins (Table S2 of the Supporting 

Information).
30-35

 In this study, we found that Cu/CuO-rGO 

catalyzed H2O2-TMB reaction could be efficiently used for the 

colorimetric GSH detection with a limit of 0.03 µM (10 ppb) 

and within 5 min time period.  As shown in Fig. 8, with increase 

in the concentrations of GSH from 0.03 µM to 65.14 µM, blue 

color of the solutions turned into light-blue to colorless which 

is visible by naked eyes. To evaluate the sensitivity of the 

system for detecting GSH, the absorbance at 652 nm was 

monitored with increasing concentrations of GSH. When GSH 

was absent, the UV-vis peak appeared at 652 nm indicating the 

blue oxidized product of TMB (ox-TMB control). However, the 

height of this peak was decreased while increasing 

concentrations of GSH were added. The value of ΔA652 

(ΔA652 = A0-A) showed a good linear relationship with GSH 

concentration in the range of 0.03 µM to 3.25 µM (Fig. S7 of 
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Fig. 10 Solid state UV-Vis absorption response of Cu/CuO-

rGO + TMB + H2O2 treated with various concentrations of 

GSH solutions on paper strip. GSH concentrations (in μM) 

are 0 (a), 0.032 (b), 0.32 (c), 3.25 (d), and 32.57 (e) 

respectively. Inset shows the visual color changes of 

Cu/CuO-rGO + TMB + H2O2 system against GSH on paper 

for the respective cases. 

 

the Supporting Information). The lowest detection limit was 

reached as low as 0.03 µM, which is comparable or lower than 

reported values (Table S2 of the Supporting Information). The 

high sensitivity may be attributed to the presence both 

oxidation-states of copper, i.e. Cu(II) in CuO and Cu(0) in 

CuNPs on 2D-rGO sheets that facilitate the decomposition of 

H2O2 in absence of GSH or suppress the OH
•
 radical formation 

from H2O2 in presence of trace amount of GSH. Moreover, it is 

interesting to observe if the proposed method can perform the 

detection of GSH in presence of other competitive 

biomolecules, specifically thiol-containing amino acids. The 

selectivity was tested in presence of various amino acids, 

including glutathione.  Each bio-molecule (concentration of 

0.1μg/mL) was individually added to the solution mixture and 

monitored through visual color change and UV-vis 

spectroscopy. Color of the solutions remains blue against 

these interfering molecules. As shown in Fig. 9, no or negligible 

differences were observed in UV-vis spectra and ΔA between 

the solutions containing 0.1 μg/mL of amino acids and no GSH. 

The anticipated interferences from cysteine and homocysteine 

were not significantly observed as their reduction capabilities 

are lower than GSH.
35

 These studies demonstrate that other 

biomolecules including cysteine and homocysteine display 

negligible to slight interferences on the performance of GSH 

sensing method with Cu/CuO-rGO catalyzed TMB-H2O2 

reaction. 

Though, the above solution based analysis is effective for 

GSH detection using UV-Vis spectroscopy, it can only be 

carried out in a laboratory set-up. In order to evaluate the real 

application of the Cu/CuO-rGO-TMB-H2O2 system on GSH 

detection, we checked its user-friendly field test ability on 

simple paper strips. On paper substrate, liquid can move 

automatically due to paper assisted self-pumping and capillary 

flow of actions.
45-49

 In this study, the filter paper was cut into 

the shape of straight strip with a circular head at one side (for 

detailed dimension of the strip, see Supporting Information). 

Shape of the paper strip is shown in Fig. 10 (inset). The circular 

heads of the paper strip is then placed with a drop of Cu/CuO-

rGO solution. Next, a drop of freshly prepared TMB and H2O2 

solution mixture was added to Cu/CuO-rGO. Within few 

minutes, blue color was appeared in the circular head due to 

the oxidation reaction mentioned in the reaction scheme in 

Fig. 1. The other side was then kept in contact with GSH 

solutions of different concentrations (0, 0.03, 0.32, 3.25, 32.57 

μM). Due to capillary action through paper strip, GSH solutions 

moved within moments to the circular head zone where blue 

oxidized-TMB was already present for reduction followed by 

desired color change. Within 5 minutes, the blue color of the 

solutions became faded to different extents depending on 

concentration of GSH solution. Final states of the faded color 

of the respective cases are presented in Fig. 10 (inset, a-e). 

Like liquid phase study, the paper based systems also show a 

gradual color change with increasing GSH concentrations. Fig. 

10a (inset, extreme left) shows the control study where no 

GSH was added. From cases b-e, GSH concentrations gradually 

increase from 0.03 to 32.57 μM. The color difference between 

0 μM and 32.57 μM is quite significant and can easily be 

detected by naked eye. We further confirmed this gradual 

change with concentrations on paper substrate using solid 

state UV-Vis analysis as shown in Fig. 10.  The top most 

spectrum shows the maximum intensity of the bluish-green 

color where no GSH was added. In the following cases, it 

shows that with the increasing GSH concentrations, peak 

intensity gradually decreases. This study suggests that simple 

paper strip could easily be implemented to develop a dipstick 

type device for 0.03 to 32.57 μM level GSH detections in a very 

simple way.  

 

Application of the Cu/CuO-rGO based sensing system  

The feasibility of the Cu/CuO-rGO-TMB-H2O2 system was 

further tested by determining the concentration of GSH in real 

samples. The standard addition method was employed to  

 

Fig. 9 UV-vis response of Cu/CuO-rGO + TMB + H2O2 in 

presence of various amino acids  including GSH (1.0 μg/mL) 

. (Error bars were obtained from three experiments).   
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*Observed GSH concentration/Tablet = 252 mg 
#
Observed GSH concentration in human male blood plasma = 

4.94 μM/L  

 

quantify the GSH in commercial tablets and human plasma  

 (male) as shown in Table 1. For both tablet and plasma, out of 

four solutions (1.0 mL each), three were spiked with analytical 

grade GSH powder and UV-vis absorbances were determined 

to plot against the concentration of GSH added. From the 

linear regression produced by the standard addition curve (r
2
 =  

  

 

0.997 for tablet and 0.992 for plasma ), it was observed that 

the tablet sample contained 252 mg/tablet (reported ~ 

250mg/tablet) while blood plasma has the concentration level 

of 4.94 μM (reported 4.7±0.93 μM).
24

 From Table 1, it is 

observed that the results are not significantly different from 

the previously reported values for GSH per tablet and per mL 

of blood plasma.
35, 50

 In addition, the recoveries from three 

GSH spiked samples are in the range of 87.5-92.5% for tablet 

and 98-109.33% for plasma samples. The study indicates that 

the presented Cu/CuO-rGO based TMB-H2O2 system could be 

highly useful to quantitatively detect GSH in any real samples 

without having any system error of detection.   

Conclusions 

In conclusion, we have demonstrated a novel one-step in situ 

approach for the successful synthesis of mixed Cu/CuO-rGO 

nanocomposite by using an oxidation-reduction reaction 

between GO and CuCl2 only. The benefit of this approach is 

that no reducing agents or other chemicals have been used for 

the preparation of the nanocomposite. The resultant Cu/CuO-

rGO showed a higher peroxidase-like catalytic activity for TMB-

H2O2 reaction than pure copper nanoparticles and GO, which 

may be attributed to the synergistic effects from CuO, CuNPs 

and rGO matrix. The catalytic mechanism followed Michaelis-

Menten behaviour and showed strong affinity towards both 

H2O2 and TMB. Further, owing to the inhibitory effect of GSH 

towards peroxidase-activity of Cu/CuO-rGO, a simple 

colorimetric method was developed in solution as well as on 

paper substrate for rapid (~5mins) and low level (0.032 μM) 

GSH detection. The solution based detection method using 

Cu/CuO-rGO-TMB-H2O2 system was successfully utilized to 

quantitatively estimate GSH concentrations both in 

commercially available tablets and blood plasma samples. 

Paper based GSH detection showed not only the benefits of 

low-cost, easy operation and quantitative detection ability 

but also exhibited fast analysis and low consumption of 

chemicals and low waste production after performance. Thus, 

Cu/CuO-rGO-TMB-H2O2 proves its potentiality as a completely 

miniaturized GSH sensing system on paper substrate similar 

to the available paper based chromatographic devices used 

for various affordable house-hold bio-analyses. 
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