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Abstract 

This work describes a selective and sensitive colorimetric approach for the detection of heavy 

metal Cr(VI) ions in water using the peroxidase-like property of CuS-BSA nanocomposite. CuS-

BSA nanocomposite is synthesized via a simple chemical route and characterized by various 

sophisticated instrumental techniques like transmission electron microscopy (TEM), Fourier 

transform infrared spectroscopy (FTIR), UV/Vis absorption spectroscopy, X-ray photoelectron 

spectroscopy (XPS), and thermogravimetric analysis. The hydrodynamic size and surface charge 

of CuS-BSA nanocomposite were determined by using dynamic light-scattering (DLS) and zeta 

potential measurements. The peroxidase-like activity of CuS-BSA nanocomposite towards the 

catalytic oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) in the presence of H2O2 to produce a 

blue colored charge transferred oxidized product (oxTMB), which is observable by the naked 

eye, is quantitatively assessed by UV/vis spectrophotometry at 654 nm. The CuS-BSA 

nanocomposite is subsequently applied for sensing of Cr(VI) metal ions. The sensor displays two 

linear ranges, 0-100 nM and 1-20 µM; the lower linear range was used to determine a detection 

limit of 50 nM towards Cr(VI), which is below the permissible limit determined by the United 

States Environmental Protection Agency (U.S. EPA). The practical performance of this sensor is 

successfully demonstrated using various environmental water samples spiked with different 

concentrations of Cr(VI). This method offers the advantages of being rapid, highly selective and 

sensitive platform, which holds great potential in environmental applications. 
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1. Introduction 

Contaminated water by heavy metal ions represents a major risk to human health. Although 

most of heavy metal ions are essential to human body, when their concentration exceeds the 

normal level, they cause chronic toxicities. Thus, the detection of metal ions in water is a 

persistent need for environmental protection.  

Chromium generally occurs in the environment in two main forms: Cr(VI) and Cr(III). 

Cr(III) is considered as an essential element for carbohydrate, protein and lipid metabolism, as 

well as insulin efficiency [1] due to its enhancement in transporting glucose through the cell 

membrane. Indeed, supplemental Cr(III) as chromium picolinate enhances the blood glucose, 

insulin, hemoglobin and cholesterol in a concentration dependent way in Type 2 diabetes 

mellitus. In contrast, deficiency in Cr(III) can result in nerve and brain damage. The first report 

to highlight chromium deficiency was in 1977 [2], when a patient suffered from low insulin 

levels due to glucose intolerance, where it has been observed that Cr requirement is closely 

related to the level of glucose metabolism. Unlike Cr(III), Cr(VI) is highly toxic and considered 

to be carcinogen [3]. This form of chromium compound can be found in the earth’s crust and 

used in many industrial processes such as chrome plating, manufacturing of pigments and dyes, 

paints, plastics, wood preservation, and leather tanning [4]. Therefore, the risk of Cr(VI) disposal 

to water, air, and soil is restricted to means of industrial facilities. The high solubility and 

mobility of anionic forms of Cr(VI) (HCrO4
- or CrO4

2-) raised concern on the hazardous effect of 

these species. Indeed, Cr(VI) ions can be also transported through cellular membranes by 

sulphate/phosphate anion channels due to their similarity in structure, since at physiological pH, 

hexavalent chromium exists as oxyanion with an overall -2 charge [5]; once inside the cells, it 

can interact with biological species (ex. DNA) [6], causing extensive damage and leading to 

serious deficiencies. 

On the other hand, H2O2, a naturally occurring by-product of oxygen metabolism, is of 

biological interest, due to its ability to transform into harmful free radicals that can readily 

interact with biological molecules. Recently, it has been found that H2O2 can form an 

intermediate with thiol-group containing species in the cellular membrane for the activation of 

Cr(VI) ions to enhance their toxicity and mutagenicity [7]. The interaction between H2O2 and 
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Cr(VI) ions is demonstrated to be pH-dependent. Joaquin et al. [7] reported that at low pH, 

Cr(VI) acts as an oxidizing agent towards the generation of hydroxyl radicals. 

The U.S. EPA (Environmental Protection Agency) Guidelines for Carcinogen Risk 

Assessment [8, 9], stated that Cr(VI) concentration in drinking water exceeding 0.1 mg/L is 

considered to be carcinogen through mutagenic mode of action. Thus, people residing near 

sources of industrial waste of Cr(VI) compounds and consuming Cr(VI) in drinking water are 

more susceptible to cancer. Therefore, it is mandatory to develop a highly efficient technique for 

Cr(VI) detection.  

Many methods have been reported for efficient sensing of heavy metal ions, such as atomic 

absorption [10], emission [11], and mass spectroscopies [12]. Although these methods are highly 

selective and sensitive for detecting heavy metal ions, they are time-consuming, require 

specialized equipment and cannot be applied for real-time or field analysis. Thereby, the 

colorimetric detection holds interest due to its simplicity, low cost, fast response, and low 

detection limit.  

With the emergence of nanotechnology, the development of enzyme mimics as colorimetric 

biosensors offers great advantages in the environmental and biomedical fields. In 2007, Gao et 

al. [13] demonstrated the use of ferromagnetic Fe3O4 nanoparticles (NPs) that possess enzyme-

like activity similar to the naturally occurring horseradish peroxidase enzyme (HRP). Since then, 

a tremendous amount of efforts has been devoted to the preparation of a plethora of enzyme-like 

nanomaterials (commonly designed as nanoenzymes) for sensing of H2O2, glucose and other 

biologically relevant molecules [14].  

In recent years, semiconductor chalcogenides and particularly copper sulfide (CuS) 

nanostructures have received tremendous interest, owing to their high abundance, low cost, and 

unique electronic and optical properties. These materials have found widespread use in various 

fields like photovoltaics, photocatalysis, energy conversion devices, biosensors, etc. [15]. 

However, in absence of appropriate surface coating, these nanostructures tend to agglomerate in 

aqueous media, hampering their applications [16].  

Many studies reported that biomolecules such as proteins can be used to prevent 

nanomaterial’s aggregation [17]. Therefore, great efforts have been made to develop peroxidase 

mimics with excellent stability. The high water solubility and stability of bovine serum albumin 
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(BSA) protein, as well the presence of various binding sites in its structure, makes it a key factor 

to stabilize CuS NPs and prevent their aggregation to enhance their sensing performance. 

Herein, BSA was used as a template to synthesize water dispersible copper sulfide 

nanoparticles (CuS NPs) via a facile method. The obtained CuS-BSA nanocomposite was 

applied for selective Cr(VI) colorimetric sensing. The as-synthesized CuS-BSA nanocomposite 

exhibited good stability and dispersibility in various aqueous media and displayed intrinsic 

peroxidase-mimic for efficient catalytic oxidization of 3,3ʹ,5,5ʹ-tetramethylbenzidine (TMB) 

substrate in the presence of H2O2. This property was further exploited for the detection of Cr(VI) 

in acidic aqueous medium, as confirmed by a naked eye detection of the color change of the 

solution from transparent to blue. Additionally, UV/vis absorbance spectroscopy was used for 

the quantitative determination of the oxidized TMB (oxTMB) at 654 nm. The mechanism of 

TMB oxidation was enhanced by H2O2 decomposition by Cr(VI) to generate HO• in the presence 

of CuS-BSA. The experimental parameters for colorimetric Cr(VI) detection including 

temperature, pH and incubation time were also assessed. A detection limit of Cr(VI) as low as 50 

nM was achieved under optimized conditions. 

 

2. Experimental section 

2.1. Materials and Methods 

Bovine serum albumin (BSA, ≥ 96%), copper(II) acetate [Cu(Ac)2, 98.0%], sodium sulfide 

hydrate (Na2S.xH2O, ≥ 97.0%), sodium hydroxide pellets (NaOH, ≥ 97.0%), 3,3',5,5'-

tetramethylbenzidine (TMB, ≥ 95.0%), sodium acetate (anhydrous) [CH3COONa, ≥ 99.0%], 

chromium(III) chloride hexahydrate (CrCl3·6H2O, 96.0%), chromium trioxide (CrO3, ≥ 99.0%), 

nickel(II) chloride hexahydrate (NiCl2.6H2O, ≥ 98.0%), cobalt(II) nitrate hexahydrate 

(CoN2O₆.6H₂O, ≥ 98.0%), mercury(II) nitrate monohydrate (HgN2O₆.H₂O, ≥ 99.99%), sodium 

sulfite (Na2SO3, ≥ 98.0%), zinc chloride (ZnCl2, ≥ 98.0%), iron(III) chloride (FeCl3, ≥ 99.99%), 

and terephthalic acid (C6H4-1,4-(CO2H)2, 98.0 %) were purchased from Sigma-Aldrich. Ethanol 

(95% v/v), dimethyl sulfoxide (DMSO, ≥99.9%), glacial acetic acid (99.0 %), and hydrogen 

peroxide (30 wt%, H2O2) were purchased from fisher scientific. Milli-Q (MQ) water was used 

throughout the whole procedure. 
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2.2. Sample preparation via mineralization approach 

The CuS-BSA nanocomposite was prepared via mineralization process according to a previous 

procedure [18] with some modifications. In short, an aqueous solution of BSA was prepared by 

dissolving 250 mg of BSA in 9 mL MQ-water. Then 1.0 mL of Cu(Ac)2 (0.1 M) was added 

dropwise to the above solution under magnetic stirring, resulting in a blue cloudy mixture, after 

which a light green color was observed. 0.5 mL of an aqueous NaOH (2.0 M) solution was used 

to adjust the pH at 12, after which the mixture turned directly to purple. Then 52.0 mg of Na2S 

(0.4 M) were added under stirring; the color of the solution turned to brown immediately. The 

mixture was further processed at 55 °C for 5 h to give a green solution. The resulting CuS-BSA 

nanocomposite was purified by dialysis against a 12-14 kDa molecular mass cut off dialysis 

membrane in MQ-water for 24 h to remove excess copper ions (to exclude their contribution in 

the catalytic process), then stored at 4 °C for later use. A fluffy-like dark green powder of CuS-

BSA was collected by lyophilization for further characterization, which can be redispersed easily 

in MQ-water. 

2.3. Peroxidase-mimic based on CuS-BSA nanocomposite 

The catalytic activity of CuS-BSA as a peroxidase-mimic was assessed via the oxidization of 

TMB substrate in presence of H2O2. In brief, the reaction was carried out first by mixing 150 µL 

of each TMB (1.6 mM dissolved in 96% ethanol), H2O2 (200 mM), and the as-prepared CuS-

BSA nanocomposite (1 mg/mL) at a temperature of 25 °C for 25 min. 0.1 M acetate buffer 

(pH=3.9) was used to adjust the reaction volume to 1.5 mL. Absorption spectra were recorded by 

UV/vis absorption spectrophotometer in the 350-850 nm range to follow the changes of the 

oxidized TMB (oxTMB) peak at 654 nm. 

The effect of CuS-BSA concentration over the range 0.03-0.20 mg/mL, pH (2.5-10.0), 

temperature (25-50 °C), and incubation time (0-30 min) were performed to investigate their 

influence on the catalytic oxidation reaction. 

A set of control experiments were also conducted to highlight the catalytic activity of CuS-BSA 

towards the oxidation of TMB. 
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2.4. Kinetic analysis of CuS-BSA peroxidase-like activity and determination of the 

Michaelis-Menten constant and maximum velocity 

Enzyme affinity to its substrate can be assessed by the determination of the Michaelis–Menten 

constant (Km), where smaller Km value indicates a high affinity.  

A Lineweaver-Burk double reciprocal plot is used to determine the enzyme affinity using the 

following relation (1): 

1/V = (Km/Vmax) (1/[S]) + 1/Vmax                      (1) 

 

Where V corresponds to the initial rate of the reaction, Vmax represents the maximum rate, Km is 

the Michaelis–Menten constant, and [S] is the concentration of the substrate. 

The kinetic measurements were recorded at 654 nm in a time-scan mode at different 

concentrations of one substrate (TMB or H2O2) and at a fixed concentration of the other. The 

experiments were performed by mixing different concentrations of TMB (0.01-0.16 mM) with 

H2O2 (20 mM) and CuS-BSA (0.1 mg/mL) catalyst in 1.5 mL acetate buffer (0.1 M) at pH 3.9. 

Similarly, using H2O2 as a substrate, the reaction was executed by mixing different 

concentrations of H2O2 (5-20 mM) with TMB (0.16 mM) and CuS-BSA (0.1 mg/mL) in 1.5 mL 

of 0.1 M acetate buffer (pH=3.9).  

2.5. Colorimetric sensing of Cr(VI) in aqueous medium  

The colorimetric detection of Cr(VI) ion was carried out by adding various concentrations of 

CrO3 (dissolved in water) to a mixture of CuS-BSA (0.1 mg/mL), TMB (0.16 mM), and H2O2 

(20 mM). The reaction volume was adjusted by 0.1 M acetate buffer (pH = 3.9) to 1.5 mL. The 

resulting mixture was incubated for 25 min at 25 °C, and the absorption spectra were measured 

by monitoring the absorbance at 654 nm.   

Cr(VI) detection was also recorded in the absence of H2O2 under the same conditions mentioned 

above.   

2.6. Selectivity and reproducibility 

The selectivity of CuS-BSA was investigated for speciation of Cr(VI). The credibility of this 

assay was studied by determining the absorbance at 654 nm in presence of different potentially 
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co-existing ions. Thus, 20 µM and 100 µM of different ions (Na+, Hg2+, Zn2+, Co2+, Ni2+, Cr3+) 

were mixed with CuS-BSA (0.1 mg/mL), TMB (0.16 mM), and H2O2 (20 mM) in 0.1 M acetate 

buffer (pH = 3.9) to examine the response of the proposed sensor for the colorimetric detection 

of Cr(VI) ion using other ions at same and five-times higher than the concentration of Cr(VI). 

The reusability of the nanocomposite was also determined for several repeated cycles under the 

optimized experimental conditions.  

2.7. Mechanism of CuS-BSA catalytic activity in the formation of hydroxyl radicals 

(HO•) 

In order to confirm the catalytic activity of CuS-BSA towards TMB oxidation through the 

formation of hydroxyl radicals from H2O2 decomposition in acidic medium, terephthalic acid 

(TA) was used as a probe molecule that can readily react with •OH radicals to produce 2-

hydroxyterephthalic acid (HTA). The HTA exhibits a fluorescence emission peak at 430 nm 

under excitation wavelength of 315 nm. In brief, TA (0.15 mM in DMSO) was subsequently 

treated with (a) H2O2 (20 mM), (b) Cr (VI) (20 µM), (c) CuS-BSA (0.1 mg/mL), (d) H2O2 (20 

mM) + CuS-BSA (0.1 mg/mL), (e) H2O2 (20 mM) + Cr(VI) (20 µM), (f) Cr(VI) (20 µM) + CuS-

BSA (0.1 mg/mL), (g) H2O2 (20 mM) + Cr(VI) (20 µM) + CuS-BSA (0.1 mg/mL) in 1.5 mL 

acetate buffer (pH=3.9) and incubated for 25 min at 25 °C. The fluorescence emission spectra 

were then collected in the range of 325-550 nm using a Safas Xenius XC fluorescence 

spectrophotometer (Monaco) under excitation wavelength of 315 nm. 

2.8. Sensing of Cr(VI) ion in real environmental water samples 

To investigate the practical application of CuS-BSA as a colorimetric sensor, concentration of 

Cr(VI) ions were determined in various real environmental water samples (sea, pond, tap and 

tube well water) spiked with different concentrations of Cr(VI) ions. The tube well water 

samples were taken from local area of Lille city, Rihour, France. The pond water samples were 

collected from the Parc du Héron, Villeneuve d’Ascq (France). The tap water samples were 

obtained from our laboratory (IEMN, Villeneuve d’Ascq), and the sea water samples were from 

the North Sea (marginal sea of Atlantic Ocean). The collected water samples were purified by 

centrifugation at 13,500 rpm for 10 min and the supernatant was then collected and filtered 

through 0.2 µm pore size membrane, before standard solutions of Cr(VI) ions (10, 50, 100 nM) 

were added separately. 
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The sensing experiments were conducted as follows: 150 µL of the as-prepared CuS-BSA 

suspension (1 mg/mL), 150 µL of TMB (1.6 mM in ethanol) and 150 µL of H2O2 (200 mM) 

were added successively to 150 µL of each water sample containing different concentrations of 

Cr(VI) (10, 50, 100 nM), and the total volume was adjusted to 1.5 mL by adding acetate buffer 

(pH = 3.9). The reaction mixture was kept at 25 °C for 25 min, and the absorbance was 

monitored at 654 nm by UV/vis absorbance spectrophotometry.  

3. Results and discussion 

3.1. Characterization of CuS-BSA nanocomposite 

The synthesis of CuS-BSA nanocomposite was carried out in two steps, first by forming 

Cu2+-BSA complex through the addition of Cu(Ac)2 into BSA solution, where Cu2+ cations can 

bind with BSA through exposing the binding sites of BSA to Copper ions in alkaline pH medium 

(pH 12), followed by the release of S2- by adding Na2S. The presence of free -SH in cysteine 

amino acid of BSA [19] enhances the conjugation of metal sulfides to BSA, and acts as a 

nucleating agent for the formation of CuS-BSA. The formation of CuS-BSA can also be easily 

visualized by color change, as clearly observed in Fig. S1. 

The chemical composition of CuS-BSA nanocomposite and BSA precursor was evaluated by 

X-ray photoelectron spectroscopy (XPS) analysis. The XPS survey spectrum of BSA (Fig. S2a) 

clearly indicates the presence of C1s (285 eV), O1s (532 eV), N1s (400 eV) corresponding to 

peptide nitrogen, and S2p at 163 eV due to the presence of free thiol (SH). The atomic 

concentrations of C1s, N1s, O1s, and S2p are 66.43%, 14.53%, 18.52% and 0.52%, respectively. 

The deconvolution of C1s high resolution spectrum (Fig. S2b) showed the contribution of various 

functional groups at 286.0 eV (C-O/C-N), and 287.7 eV due to carbonyl carbon (C=O/C=N), a 

peak at 284.7 eV ascribed to the aliphatic carbon [20, 21], and the C–S bond of cysteine [22] in 

BSA. The high resolution N1s spectrum can be fitted with two bands attributed to C=N [23] and 

C-N [24] at around 397.5 and 400.0 eV, respectively (Fig. S2c). The O1s spectrum (Fig. S2d) can 

be fitted with one symmetrical peak at 531.0 eV due N-C=O and OH in BSA [20]. In the S2p 

high resolution XPS spectrum (Fig. S2e), the peaks at 163 and 168 eV are attributed to SH [25] 

and SO4
2−, respectively. SO4

2- originates most likely from partial sulfur oxidation under ambient 

conditions.  
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The XPS survey spectrum of CuS-BSA (Fig. 1a) comprises bands attributed to C1s (285 eV), 

N1s (400 eV), O1s (532 eV), Cu2p (932 eV) and S2p (163 eV) with atomic concentrations of 

62.97%, 15.44%, 19.69%, 0.77% and 1.12%, respectively. The atomic ratio of Cu/S is calculated 

to be 0.68:1; the deviation from 1 is due to the presence of S groups in BSA.  

 

Figure 1: XPS survey spectrum (a), and high resolution XPS spectra of C1s (b), N1s (c), Cu2p (d) 

and S2p (e) of CuS-BSA nanocomposite. 

 

The C1s high resolution XPS spectrum of CuS-BSA (Fig. 1b) can be fitted with several 

components at binding energies of 284.04, 285.25, 286.41 and 287.86 eV corresponding to C-

C/C=C, C-N, C-O and C=O groups, respectively [26, 27]. The C–S bond is not clearly observed 

because the binding energy of C–S at 285.3 eV is very close to that of sp3 C–C [28]. Similarly, 

the N1s high resolution XPS spectrum of CuS-BSA (Fig. 1c) can be deconvoluted into C-N-C 

(398.84 eV) and (C)3-N (400.82 eV) of BSA [29, 30]. This is not surprising since nitrogen 

contribution originates from BSA only. Fig. 1d represents the deconvoluted spectrum of Cu2p 

with peaks at 932.06 and 951.82 eV assigned to Cu2p3/2 and Cu2p1/2, respectively. A characteristic 
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satellite peak is observed at around 943 eV, indicating the presence of paramagnetic Cu2+ ions of 

CuS [31].  

In the S2p high resolution XPS spectrum of CuS-BSA (Fig. 1e), the peaks at 164.64 and 

167.88 eV are attributed to CuS and CuSO4, respectively [32-34] even though one cannot rule 

out a contribution of oxidized sulfur in BSA. The peak at ~163 eV originates from S2p in BSA. 

The morphology, structure and particle size of CuS-BSA nanocomposite were characterized 

by TEM analysis (Fig. 2). TEM images (Fig. 2a, b) indicate that CuS-BSA nanocomposite 

consists  
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Figure 2: (a, b) TEM images, (c) HRTEM image and SAED pattern (inset), (d) particle size 

distribution, (e) HAADF-STEM image, elemental mapping for (f) carbon, (g) nitrogen, (h) 

oxygen, (i) copper, (j) sulfur of CuS-BSA nanocomposite. 

of nanoparticles with an average size of 9.7 ± 0.6 nm, as shown in Fig. 2d (the size of the NPs 

was calculated by using Image J software). HRTEM and SAED pattern of the synthesized CuS-

BSA nanocomposite revealed good crystallinity of the NPs (Fig. 2c). The lattice fringe spacing 

of CuS-BSA NPs is about 0.15 nm, which corresponds to the (116) plane of CuS nanoparticles. 

The SAED pattern in the inset of Fig. 2c displays the (101) and (102) crystalline planes of CuS, 

confirming the formation of crystalline CuS-BSA NPs. The elemental mapping confirmed the 

coexistence of C, N, O, Cu and S elements in CuS-BSA nanocomposite (Fig. 2 f-j), in full 

accordance with the XPS analysis data. 

Dynamic light-scattering and zeta potential were used to determine the hydrodynamic size 

and surface charge of CuS-BSA nanocomposite, respectively. The mean hydrodynamic average 

diameter of the CuS-BSA was determined to be as 53.8 ± 12.3 nm (Fig. S3), which is slightly 

higher than the mean diameter obtained by TEM due to the hydrodynamic water molecules on 

the surface of the nanocomposite. The zeta potential of CuS-BSA was recorded by dispersing of 

CuS-BSA (30 μg/mL) solution in 1 mL MQ-water at different pH values adjusted by using 

NaOH (0.1 M) or HCl (0.1 M). As depicted in Fig. S4, CuS-BSA bears a negative charge value 

of -31.1 ± 5.7 mV due to the presence of -COOH groups in BSA, with an isoelectric point (IEP) 

of 5.4 at which the surface zeta potential is zero (Fig. S5).  

CuS-BSA aqueous solution was stable for five months at a concentration ~10 mg/mL with no 

noticeable precipitates, which indicates the long-term colloidal stability and dispersibility of our 

nanocomposite. The long-term stability of CuS-BSA nanocomposite was also examined in 

different solvents (phosphate buffer saline (PBS), acetate buffer, DMSO, Dulbecco's modified 

Eagle's medium (DMEM)), where no apparent precipitation was observed at a concentration of 1 

mg/mL (Fig. 3). Therefore, BSA proved to be an excellent capping agent to prevent aggregation 

of CuS NPs. 
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Figure 3: The long-term stability of CuS-BSA (1 mg/mL) dispersed in different solvents (left to 

right: PBS (a), sodium acetate buffer (b), DMSO (c), and DMEM (d) medium) for one month. 

 

The chemical composition of BSA and CuS-BSA was further assessed by Fourier transform 

infrared spectroscopy (FTIR). Fig. 4 displays the FTIR spectrum of pure BSA, comprising the 

characteristic bands of amide I (C=O) and amide II (C-N stretching or N-H bending vibrations) 

at 1655 and 1539 cm−1, respectively, OH at 3445-3296 cm−1 and amide A (-NH) at 3061 cm−1 

[17]. The same bands appear in the FTIR spectrum of CuS-BSA, suggesting the presence of BSA 

in the nanocomposite [35]. However, by comparing both spectra, one can notice a slight decrease 

of the intensity of the characteristic -NH peak in CuS-BSA most likely due to the coupling 

between NH in BSA and Cu2+. Additionally, the OH peak in the FTIR spectrum of CuS-BSA is 

shifted by 49 cm−1 [36], confirming the interaction between BSA and CuS, as BSA can provide 

various binding sites such as -NH, -OH, COOH, and -SH functionalities. 
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Figure 4: FTIR spectra of native BSA and CuS-BSA nanocomposite.  

 

The UV-Vis absorption spectrum of BSA depicts an optical absorption peak at 280 nm [17]. 

The same peak appears in the absorption spectrum of CuS-BSA nanocomposite, indicating the 

growth of CuS on BSA surface. Furthermore, the absorption spectrum of CuS-BSA shows an 

increase in absorption tail in the near-infrared (NIR) region [37], which is a fundamental 

characteristic of CuS nanoparticles that absorb light in the NIR range (Fig S6).  

Thermogravimetric analysis (TGA) and derivative thermogravemetric (DTG) were conducted 

to confirm the interaction between CuS NPs and BSA and to study their thermal behavior. DTG 

is performed to detect the slight changes in weight that cannot be observed by TGA. The TGA 

curve of CuS-BSA exhibited a total weight loss ca. 78.88% from room temperature (RT) to 980 

°C (Fig. S7), with 21.12 % of residual mass left at the end of heating, while the TGA curve of 

pure BSA showed a total weight loss ca 82.43% from RT to 980 °C (Fig. S8) with 17.57% of 

residual mass. This decrease in weight loss for CuS-BSA is attributed to the conjugation between 

BSA and CuS NPs. Pristine BSA showed 3 stages of weight loss observed by DTG, from 30 to 

100 °C, 170 to 250 °C, and from 250 to 565 °C. The first stage of weight loss is due to 
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evaporation of water molecules, while the second mass loss is assigned to BSA degradation 

(most likely oxygen containing groups). The last step corresponds to the decomposition of amino 

acid residues, which occurs at higher temperature range [36]. However, after conjugation of BSA 

with CuS NPs, the thermal curve displayed only two stages of weight loss, from RT to 100 °C, 

and from 160 to 480 °C. The decrease in decomposition temperature is attributed to the reduction 

of thermal stability of BSA after hybridization with the nanoparticles. BSA exhibited a steep 

curve at 320 °C, which is also displayed in CuS-BSA with a slight decrease in temperature. 

These results indicated the decrease in thermal stability of BSA could be ascribed to the physical 

adsorption of CuS on BSA rather than chemical interaction.  

3.2. Peroxidase-like catalytic activity of CuS-BSA NPs 

The peroxidase-like catalytic activity of CuS-BSA in mimicking the naturally occurring 

horse-radish peroxidase (HRP) enzyme was examined by studying the oxidation of the TMB 

molecule. As shown in Fig. S9, the oxidation of TMB occurred within 30 s when H2O2 was 

added to CuS-BSA catalyst in acidic medium, confirmed by a visual color change from 

transparent to blue, and by dynamic increase of the absorbance peak at 654 nm. In order to 

confirm the catalytic nature of the process, control experiments were carried out in the absence 

of CuS-BSA and H2O2, respectively. Surprisingly, the experimental systems without H2O2 

showed almost a negligible color change, while in absence of CuS-BSA, a slight blue color was 

observed (Fig. S10), indicating that both CuS-BSA and H2O2 are responsible for the generation 

of blue colored oxTMB. 

It is worth to notice that the oxidation of TMB resulted from the hydroxyl radicals (•OH) 

generated from H2O2 decomposition in an acidic medium [38], which are catalyzed by Cu2+ ions 

on the CuS-BSA surface, similar to the Fenton reaction [39]. Basically, H2O2 degradation is 

catalytically mediated by Cu2+, in which a reactive intermediate (Cu3+) is formed through the 

process. Thereby, copper is being progressively cycled between two different oxidation forms 

(+2 and +3) (Fig. 5). 

The mechanism of •OH formation can be summarized as follows: 
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Figure 5: Schematic illustration of the oxidation of TMB. 

 

3.3. Experimental condition optimization 

To attain the optimal conditions for the catalytic reaction, TMB oxidation was performed by 

varying different parameters like the catalyst concentration, solution pH, and temperature of the 

reaction. The absorbance at 654 nm versus concentration of CuS-BSA response curve was 

plotted in Fig. S11. It is clear that the absorbance gradually increases with the increase of CuS-

BSA concentration and saturates at almost 0.1 mg/mL, which is selected for the following 

experiments. Notably, the rate of the catalytic reaction is highly dependent on catalyst 

concentration due to the excessive amount of TMB [40]. 

The catalytic activity of CuS-BSA NPs, like natural enzymes, depends on pH and 

temperature. Changes of pH (2.5-10) and temperature (25-50 °C) were recorded to demonstrate 

their influence on the oxidation of TMB. As revealed in Fig. S12, the relative activity of CuS-

BSA was plotted as a function of temperature, whereby the maximum absorbance intensity at 

654 nm was set as 100 %. 

Relative activities were determined by the following equation (Eq. 2): 

 

                                              R.A = (A654 nm/A654max) × 100 %           (2) 
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Where R.A represents the relative activity, A654 is to the absorbance of oxTMB at 654 nm, and 

A654max is the maximum absorbance at 654 nm. 

The catalytic oxidation of TMB was stable over a wide temperature range and reaches an 

optimum intensity at 40 °C, close to the physiological environment, due to the increase in the 

rate of the enzyme-like reaction at this value. A slight decrease in enzymatic activity takes place 

at 50 °C, most probably due to partial decomposition of H2O2. This result indicates that CuS-

BSA displayed better catalytic performance than natural enzymes, which lose their activity 

completely at high temperature. Similarly, CuS-BSA revealed higher activity at pH 3.9 (Fig. 

S13) due to the enhanced solubility of TMB in acidic environment [40, 41]. Therefore, we 

performed the following assays in acidic medium and we selected 25 °C for the remaining 

experiments. 

In order to evaluate the rate of the catalytic process, TMB oxidation was monitored at 

different incubation times in the presence of H2O2 (20 mM), CuS-BSA (0.1 mg/mL), and TMB 

(0.16 mM) in 1.5 mL acetate buffer (pH=3.9). As observed in Fig. S14, the catalytic activity of 

CuS-BSA increased upon increasing the incubation time to reach a maximum value after 25 min; 

this incubation time was adopted to complete the oxidation reaction in the following 

experiments.  

3.4. Steady-state kinetic mechanism of CuS-BSA as a peroxidase-mimic and 

determining the Michaelis-Menten constant 

The kinetic assay of CuS-BSA as a peroxidase mimic was carried out by determining the 

initial rate of each substrate, i.e. the slope of ΔA654 per unit time (min). In order to determine 

the reaction rate of each substrate (TMB and H2O2), the UV/vis absorption spectra were recorded 

at 654 nm in a time-scan mode for different concentrations of substrate (Fig. S15 and S17). Then 

the Beer-Lambert law (Eq. 3) was applied to convert the absorbance values to the corresponding 

concentrations: 

                                      A = × c × l                               (3)          
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Where A is the absorbance at 654 nm, ε is the molar absorptivity (ε = 3.9 ×104 for oxTMB at 654 

nm in M-1.cm-1), c represents the concentration of one substrate, and l corresponds to the optical 

path length (l=1 cm). Fig. S16 and S18 depict respectively typical Michaelis–Menten curves for 

TMB and H2O2, where the data are obtained by plotting the initial reaction rate versus 

concentration of one substrate and changing the concentration of the other. The catalytic 

parameters (Km and Vmax), determined from a Lineweaver–Burk plot, are listed in Table 1, 

where the y-intercept allows to determine the Vmax and the x-intercept gives the Km value. 

 

Table 1: Michaelis-Menten constant and maximum velocity for typical TMB and H2O2 

substrates in comparison with previously reported materials. 

Catalyst Km (M) 

  H2O2                     TMB 

Vmax (M.s-1) 

H2O2                              TMB 

CuS-BSA (our work) 0.014                     2 ×10-4                2×10-8                         3.3×10-8         

HRP [13] 0.0037               4.34×10-4                8.71×10-8                     10×10-8 

MoS2 [38] 1.16×10-4          3.87×10-4                                    2.42×10-8                  7.23×10-8                  

Cu-rGO [42] 0.0263               10.5×10-4                5.385×10-8              3.289×10-8 

 

It was found that the catalytic oxidation of TMB by CuS-BSA follows a typical Michaelis–

Menten kinetics, and the low Km value of CuS-BSA indicates a high affinity towards TMB. The 

Km value of CuS-BSA with TMB as the substrate was calculated to be 2×10-4 M, which is lower 

than that of HRP enzyme [43]. However, the Km value of CuS-BSA with H2O2 as substrate is 

0.014 M, suggesting a better binding affinity of CuS-BSA to TMB along with a good 

peroxidase-enzyme mimic behavior, compared to other previously reported nanomaterials 

(Table 1).  

3.5. Colorimetric sensing of Cr(VI) 

To further widen the scope of the CuS-BSA nanoenzyme, we have investigated the direct 

sensing of Cr(VI) using the optimized experimental conditions of TMB oxidation by H2O2. 

Indeed, the catalytic activity of CuS-BSA towards TMB oxidation was enhanced in the presence 
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of Cr(VI), whereby in a low pH medium (pH=3.9), Cr(VI) induces the decomposition of H2O2 

into H2O and O2 [38], which can readily generate HO• radicals when combined with Cu2+ on the 

surface of CuS-BSA nanocomposite; the reaction of Cr(VI) with H2O2 can also generate HO• 

radicals (Haber Weiss-type reaction), which is favored in acidic medium [44, 45]. Cr(VI) sensing 

was recorded under various experimental conditions, i.e. in the absence (Fig. S19) and presence 

of H2O2 (Fig. S20) under the optimized reaction conditions. A good linear relationship (R2= 

0.99372) was obtained for Cr(VI) in the 80-200 µM concentration range in the absence of H2O2 

(inset of Fig. 6); the limit of detection (LOD) was determined using the following formula (Eq. 

4): 

 

LOD = (3× standard deviation of the blank)/slope of linear regression line  (4) 

 

The LOD for Cr(VI) was determined to be 18 µM at a signal-to-noise ratio of 3.  

Based on this result, the detection of Cr(VI) was examined in the presence of H2O2. Fig. S20 

depicts the absorbance of oxTMB (A654 nm) at various H2O2 concentrations, where above 20 

mM the catalytic activity of CuS-BSA was not much improved. Therefore, we fixed the 

concentration of H2O2 to 20 mM to determine the LOD of Cr(VI) within the 0.01-50 µM 

concentration range. 
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Figure 6: A dose-responsive curve of Cr(VI) using CuS-BSA as a catalyst. Absorbance of 

oxTMB versus Cr(VI) concentration at 654 nm in the presence of CuS-BSA (0.1 mg/mL), TMB 

(0.16 mM), pH=3.9, T=25 °C, incubation time=25 min; inset: The linear calibration plot for the 

determination of Cr(VI).  

Noticeably, the LOD of Cr(VI) was enhanced in the presence of H2O2 (Fig. S21), and a good 

linear relation (R2= 0.9984) between the absorbance A654 nm and the concentration of Cr(VI) 

within the 0-100 nM and 1-20 µM ranges was observed (Fig. 7 and Inset of Fig. S21). The LOD 

was found to be 50 nM at a signal-to-noise ratio of 3 using the lower linear range, below the 

detectable level determined by the U.S EPA (1.9 µM) [46], demonstrating the sensitive detection 

of Cr(VI) using CuS-BSA nanocomposite. 

The performance of the developed sensor is better than that reported for the same metal ion using 

colorimetric detection scheme (Table 2).  
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Figure 7: A dose-responsive curve of Cr(VI) using CuS-BSA as a catalyst. Absorbance of 

oxTMB versus Cr(VI) concentration at 654 nm in the presence of CuS-BSA (0.1 mg/mL), TMB 

(0.16 mM), H2O2 (20 mM), pH=3.9, T=25 °C, incubation time=25 min; inset: The calibration 

curve in the lower concentration range. 

 

Table 2: Comparison of different nanomaterials for colorimetric sensing of Cr(VI). 

Materials LOD Linear range Ref. 

GA-Au NPs 2 µM 1-20 µM [46] 

BSA-Au NPs/STCP 280 nM 0.5-50.0 μM [47] 

frGO-Cu 67.13 nM 0-200 nM [48] 

CuS-BSA 50 nM and 6.8 µM 0-100 nM and 1-20 

μM 

Our work 
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3.6. Analysis of hydroxyl radicals (HO•) 

To better understand the mechanism of TMB oxidation, a probe molecule, terephthalic acid 

(TA), was used to confirm the generation of HO• radicals; this molecule can react with HO• 

radicals to produce a fluorescent molecule, 2-hydroxyterephthalic acid (HTA), which exhibits a 

fluorescence emission band with a maximum at 430 nm under an excitation at 315 nm. Fig. 8 

depicts the evolution of fluorescence emission intensity under various experimental conditions, 

where the highest intensity was recorded for the reaction containing CuS-BSA, H2O2, Cr(VI) and 

TA, indicating that H2O2 decomposition was enhanced in the presence of Cr(VI). 
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Figure 8: Fluorescence spectra to identify hydroxyl radicals’ formation using terephthalic acid 

(TA) as a fluorescent probe. Reaction conditions: CuS-BSA (0.1 mg/mL), H2O2 (20 mM), Cr(VI) 

(20 µM), TA (0.15 mM) and 0.1 M acetate buffer (pH = 3.9) for 25 min at 25 °C. 

 

3.7. Detection of Cr(VI) in real environmental water samples 

To validate the practical application of our proposed enzyme mimic, Cr(VI) detection was 

tested in different environmental samples using the optimized conditions (CuS-BSA (0.1 
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mg/mL), H2O2 (20 mM), TMB (0.16 mM), T=25°C, t=25 min). In brief, various concentration of 

Cr(VI) (10, 50, 100 nM) were spiked into real water samples collected from different areas in 

France. The Cr(VI) concentration present in real water samples was determined from a 

calibration curve, which was established at 654 nm using a series of Cr(VI) concentrations under 

the same procedure discussed above. The percentage recovery ([Cr(VI)]found/[Cr(VI)]added  × 100) 

and relative standard deviation (RSD %) in these water samples are listed in Table 3 (n=3). As 

shown in Table 3, the CuS-BSA nanocomposite displayed good recovery percentage for Cr(VI) 

sensing in different environmental water samples. 

 

Table 3: Detection of Cr(VI) in real environmental water samples (n=3). 

Samples Cr(VI) added 

(nM) 

Cr(VI) found 

(nM) 

Recovery  

(%) 

RSD  

(%) 

 

Tap water 

10 

50 

100 

9.95 

49.5 

96 

99.5 

99 

96 

0.71 

1.42 

2.94 

 

Pond water 

10 

50 

100 

9.6 

49.3 

97.6 

96.3 

98.6 

97.6 

5.79 

1.24 

0.59 

 

Sea water 

10 

50 

100 

9 

49.5 

92 

90 

99 

92 

15.7 

1.4 

3.07 

 

Tube-well water 

10 

50 

100 

9.2 

49 

98.5 

96.5 

98 

98.5 

5.12 

5.7 

0.71 
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3.8. Selectivity and reproducibility of CuS-BSA enzyme-mimic for sensing heavy 

metal Cr(VI) ions  

In order to evaluate the selectivity of CuS-BSA, the absorbance (A=654 nm) was monitored 

in presence of different interfering ions (Na+, Hg2+, Zn2+, Co2+, Ni2+, Cr3+) under the same 

conditions using 5-times higher concentration than the optimized Cr(VI) concentration. The 

specificity of our sensor was tested with the same experimental procedure as mentioned above. 

As can be seen from Fig. 9, Cr(VI) showed the highest remarkable response, indicating the good 

selectivity of the developed sensor. Interestingly, the absorbance was not enhanced much, even 

when the concentration of the interfering ions was 5 times higher (100 µM) than that of Cr(VI) 

(Fig. S22). Also, in the absence of H2O2, the interfering ions did not induce blue color change. 

Notably, due to the higher redox potential of Cr6+/Cr3+ (E= +1.33 V) [49] among other 

interfering metal ions, Na+/Na (-2.71 V), Co2+/Co (-0.28 V), Zn2+/Zn (-0.76 V), Ni+/Ni (-0.36 V), 

Hg2+/Hg (E= +0.92 V), Cr3+/Cr (-0.74 V), it acts as a strong oxidizing agent in an acidic 

environment for the dismutation of H2O2 [7]. Therefore, the results demonstrated high 

specificity, sensitivity, selectivity, and colorimetric assay can be achieved using CuS-BSA 

nanocomposite for Cr(VI) detection. 
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Figure 9: UV-vis absorption at 654 nm of oxTMB in the presence of different interfering ions of 

concentration 20 µM.  Reaction conditions: CuS-BSA (0.1 mg/mL), H2O2 (20 mM), TMB (0.16 

mM), Cr(VI) (20 µM) and 0.1 M acetate buffer (pH = 3.9), T=25 °C, incubation time=25 min. 

The reusability of CuS-BSA as an enzyme-mimic for TMB oxidation was investigated by 

performing the reaction for four repeated cycles. As shown in Fig. 10, the relative activity was 

approximately the same after four catalytic cycles with a relative STD of 2.8%. The result 

indicates that CuS-BSA nanocomposite is an enzyme-mimic with excellent catalytic activity and 

stability.  
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Figure 10: Catalytic activity of CuS-BSA nanocomposite for four successive repeated cycles. 

 

4. Conclusion 

In summary, this work presented a simple and cost-effective method for the synthesis of CuS-

BSA nanocomposite with peroxidase-like activity towards the catalytic oxidation of TMB. The 

enhanced activity of the nanoenzyme was further applied for the sensitive and selective detection 

of hexavalent chromium ions. The proposed sensor showed that the catalytic reaction follows 

typical Michaelis–Menten kinetics in a pH-dependent manner. Under optimized experimental 

conditions, a good linear calibration plot was obtained in the concentration range of 0–100 nM 



26 

 

and 1-20 µM of Cr(VI) with a detection limit of 50 nM using the lower linear range. Using 

terephthalic acid, it was possible to confirm the generation of HO• radicals during the TMB 

catalytic oxidation by H2O2 in the presence of CuS-BSA, a process that has been enhanced in the 

presence of Cr(VI). The method was effectively tested for the determination of Cr(VI) content in 

spiked real environmental water samples. Based on these observations, the CuS-BSA 

nanocomposite showed better performance over natural enzymes which opened new promising 

applications in many fields.  
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Graphical abstract 

A CuS-BSA nanocomposite is synthesized and exhibited a peroxidase-enzyme mimic towards 

the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) through the generation of hydroxyl 

radicals for the rapid, sensitive and selective detection of Cr(VI). 

 

 

 

 

 




