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Abstract 

This paper reports on enzyme-like catalytic properties of polyethylene glycol-functionalized 

poly(N-phenylglycine) (PNPG-PEG) nanoparticles, which has not been explored to date. The 

developed nanoparticles have the ability to display great inherent peroxidase-like activity at 

very low concentrations, and are able to catalyze the oxidation of 3,3',5,5'-

tetramethylbenzidine (TMB) substrate in presence of hydrogen peroxide (H2O2). The oxidized 

product of TMB has a deep blue color with a maximum absorbance at ~655 nm. The PNPG-

PEG nanoparticles exhibit Km values of 0.2828 for TMB and 0.0799 for H2O2, indicating that 

TMB oxidation takes place at lower concentration of H2O2 in comparison to other nanozymes. 

Based on the known mechanism of H2O2 oxidation by hexavalent chromium [Cr(VI)] ions to 

generate hydroxyl radicals (•OH), these nanoparticles were successfully applied for the 

colorimetric sensing of Cr(VI) ions. The sensor achieved good performance for Cr(VI) 

sensing with detection limits of 0.012 µM (0.01-0.1 µM linear range) and 0.52 µM (0.05-12.5 

µM linear range). The detection scheme was highly selective, and successfully applied for the 

detection of Cr(VI) in real water samples. 

 

 

 

 

 

 

Keywords: Poly(N-phenylglycine) nanoparticles; peroxidase-like activity; heavy metals ion; 
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1. Introduction 

Heavy metals are naturally occurring elements, capable to induce toxicity even at low 

doses and thus represent a serious threat for public health [1]. Therefore, detection of heavy 

metal ions attracted attention worldwide. Among the heavy metals, hexavalent chromium 

(Cr(VI)) is known as one of the most common and harmful water pollutant [2]. Cr(VI) has 

been widely used for various industrial applications such as wood preservation, chrome-

plating, printing, stainless steel manufacture, electroplating, pigment production, leather 

tanning, metal-ceramic and metallurgy [3-5]. According to the U.S. Environmental Protection 

Agency (EPA), the acceptable chromium concentration in drinking water is ~100 μg/L, while 

the World Health Organization (WHO) suggests a permitted concentration of chromium in 

drinking water of ~50 μg/L [6, 7]. Therefore, much attention has been devoted to the 

development of selective and sensitive detection techniques, which are necessary for the 

accurate monitoring of Cr(VI) content in water. 

Cr(VI) ions determination and quantification can be achieved using various analytical 

techniques including electrochemistry [8-10], chemiluminescence [11, 12], fluorescence [13, 

14] atomic absorption spectrometry (AAS) [15, 16], gas chromatography-chromium-based 

high-temperature conversion (Cr/HTC)-isotope ratio mass spectrometry [17], and liquid 

chromatography-inductively coupled plasma-mass spectrometry (ICP-MS) [18, 19]. Even 

though some of these techniques allow Cr(VI) detection with high sensitivity and accuracy, 

their practical applications are hampered by some of their intrinsic disadvantages, such as 

requiring specific expertise, large equipment and long sample pretreatment processes.  

In this context, colorimetric detection of Cr(VI) represents a viable and rapid analytical 

method [20, 21], owing to its simplicity, sensitivity, and low detection limit. In recent years, 

nanoparticles are used as enzyme mimics for sensing various analytes of interest. These 

sensors explore the enzyme-like activity of various nanomaterials that can catalyze the 
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oxidation of a chromogenic substrate, 3,3',5,5'-tetramethylbenzidine (TMB), into a blue 

colored ox-TMB molecule in the presence of H2O2 [22-24]. Thereby, the development of 

nanotechnology permitted the application of nanomaterials as enzyme mimics, commonly 

named nanozymes, and offers great advantages over natural enzymes. 

It has been acknowledged that, during the catalytic oxidation of the enzyme substrate 

(TMB) in presence of H2O2, hydroxyl radicals (HO●) intermediates are involved in the 

peroxidase-like oxidation process [23, 24]. It is also well known that Cr(VI) promotes H2O2 

decomposition into molecular O2 and H2O in acidic media. Electron transfer from the 

nanozyme into the reaction medium will promote hydroxyl radicals’ generation. Thus, it is 

expected that Cr(VI) ions will enhance H2O2 decomposition to hydroxyl radicals and 

therefore promote the enzyme-like oxidation of TMB. Indeed, this mechanism has been 

recently exploited for the colorimetric detection of Cr(VI) ions by exploiting the enzyme-like 

properties of Cu(0) nanoparticles [23], and CuS-BSA nanostructures [25]. Similarly, the 

enhanced fluorescence emission intensity of hydroxyl-terephthalic acid, generated by the 

reaction of hydroxyl radicals with terephthalic acid (TA) in presence of TMB, H2O2, CuS and 

Cr(VI) ions, was investigated for fluorescence sensing of Cr(VI) ions with a good 

performance [26]. 

While the burgeoning field of nanozymes using inorganic nanomaterials has experienced a 

huge development for colorimetric detection of various species, the utilization of organic 

nanoparticles as enzyme mimics is relatively scarce. The first application of conducting 

organic polymers as a peroxidase mimics is the one reported by Liu et al. using poly[2-(3-

thienyl)ethyloxy-4-butylsulfonate] (PTEBS), an anionic polythiophene derivative [27]. The 

peroxidase-like activity of PTEBS was applied for glucose detection with good sensitivity (4 

µM) and selectivity. Following this report, Tao et al. demonstrated the enzyme-like activity of 

polypyrrole (PPy) nanoparticles even though the catalytic activity was assigned to the 
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presence of trace Fe in the nanoparticles [28]. Apart from these studies, conducting polymers 

were mostly investigated in their hybridized forms with metal or metal oxide nanoparticles to 

improve their peroxidase-like activity [29].  

Poly(N-phenylglycine) (PNPG) is an analogue of polyaniline (PANI), obtained by N-

phenylglycine (NPG) polymerization. While PNPG is not water dispersible, its dispersion in 

aqueous media can be improved through chemical functionalization with polyethylene glycol 

amine (PEG) [30]. In this work, we synthesized water dispersible PNPG-PEG nanoparticles 

and studied, for the first time, their enzyme-like activity for TMB oxidation. We demonstrated 

that these nanoparticles have good affinity for TMB and H2O2 in comparison to other 

nanocomposites and nanoparticles reported so far. The excellent enzyme-like activity of these 

nanoparticles was further exploited for the design of a low cost and sensitive method for 

Cr(VI) ions sensing through mixing PNPG-PEG nanoparticles, H2O2 and TMB to generate a 

blue colored 3,3',5,5'-tetramethylbenzidine diimine (TMBDI) cations. A low detection limit of 

12 nM over a linear range from 0.01 to 0.1 µM was achieved under optimal experimental 

conditions. The technique was highly selective and successfully applied for sensing toxic 

Cr(VI) ion in environmental water samples.  

2. Materials and Methods 

2.1. Materials 

Methoxypolyethylene glycol amine (PEG 750), N-phenylglycine (NPG, 97%), 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC.HCl, ≥99.0%), 1-hydroxy-2,5-

pyrrolidinedione (NHS, 98%), ammonium peroxydisulfate (APS, ≥98.0%), 3,3',5,5'-

tetramethylbenzidine (TMB, ≥95.0%), terephthalic acid (TA, 98.0%), sodium acetate 

anhydrous (CH3COONa, ˃99%), sodium hydroxide (NaOH, ≥97.0%), isopropanol 

((CH3)2CHOH, ≥99.5%), potassium dichromate (K2Cr2O7, 99.98%), cobalt (II) chloride 

hexahydrate (CoCl2 ·  6H2O, ≥99.9%), copper (II) chloride (CuCl2, ≥99.995%), zinc chloride 
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(ZnCl2, ≥99.995%), calcium chloride (CaCl2, ≥99.9%), sodium chloride (NaCl, ≥99.9%), 

palladium (II) chloride (PdCl2, ≥99%), nickel (II) chloride hexahydrate (NiCl2 ·  6H2O, 

≥99.9%), manganese (II) chloride tetrahydrate (MnCl2 ·  4H2O, ≥99%), magnesium chloride 

hexahydrate (MgCl2 ·  6H2O, ≥99%), chromium (III) chloride hexahydrate (CrCl3 ·  6H2O, 

≥96%) and iron (III) chloride hexahydrate (FeCl3 ·  6H2O, ≥99%) were obtained from Sigma-

Aldrich. Hydrogen peroxide (H2O2, 30 wt%,), sulfuric acid (H2SO4, 95%), glacial acetic acid 

(CH3COOH, ≥99.85%), hydrochloric acid (HCl, 37%), and dimethylsulfoxide (DMSO) were 

purchased from Fisher Scientific. 

2.2. Synthesis of poly(N-phenylglycine) (PNPG) nanoparticles 

PNPG nanoparticles (NPs) synthesis was carried out as follows. First, N-phenylglycine (NPG, 

1.06 g) and ammonium peroxydisulfate (APS, 1.6 g) were dissolved separately in 0.1 M 

H2SO4 aqueous solution (50 mL). Then, the APS solution was added slowly to the NPG 

solution at 0 °C (ice-water bath) over 1 h under stirring. The reaction was continued in ice-

water bath for 24 h to yield a dark-green precipitate, which was filtered and washed copiously 

with water. Finally, the PNPG NPs were dried in an oven at 60°C overnight. 

2.3. Synthesis of PNPG-PEG nanoparticles 

First, 25.5 mg of PNPG were dispersed in 8.5 mL of DMSO. Then, 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC.HCl, 161.5 mg) and 1-hydroxy-2,5-

pyrrolidinedione (NHS, 97.75 mg) were added under stirring and the reaction was continued 

for 4 h. To this mixture, 1.2 mL of PEG 750 (22 mg/mL in water) were added dropwise and 

held under stirring for another 24 h. The particles were separated by centrifugation (14,600 

rpm, 20 min) and rinsed sequentially with ethanol and water. Finally, the precipitate was 

freeze-dried to produce PNPG-PEG nanoparticles. 

2.4. Determination of peroxidase-like activity of PNPG-PEG nanoparticles 
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The enzyme-mimetic action of PNPG-PEG NPs towards 3,3',5,5'-tetramethylbenzidine 

(TMB) oxidation was assessed by mixing 25 µg/mL of PNPG-PEG as a catalyst, 7.5 mM of 

H2O2 and 2 mM TMB. The reaction mixture was kept at 35°C for 30 min in acetate buffer 

(0.1 M, pH 4) at a final volume of 1.5 mL. Acetate buffer was prepared by mixing sodium 

acetate (0.93 g) and acetic acid (2.321 g) in 500 mL deionized water, and the solution pH was 

adjusted by using HCl or NaOH. The absorbance of TMBDI at 655 nm was monitored using 

UV-vis spectrophotometry in the 500-750 nm range. 

The influence of catalyst concentration (10-200 µg/mL), H2O2 (0.1-15 mM), TMB (0.2-3 

mM), reaction time (5-30 min), temperature (25-55 °C), and pH (2-10) on the enzyme-like 

catalytic reaction was assessed to set the optimal conditions. 

To study the influence of PNPG-PEG nanoparticles concentration on the catalytic reaction, 

150 µL of TMB (10 mM) and 300 µL of H2O2 (100 mM) were added to different 

concentrations (10-200 µg/mL) of PNPG-PEG and the reaction mixture was kept at 25°C for 

30 min in acetate buffer (0.1 M, pH 4) at a final volume of 1.5 mL.  

To optimize the concentration of TMB, 37.5 µL of PNPG-PEG (1 mg/mL) and 300 µL of 

H2O2 (100 mM) were added to different concentrations (0.2-3 mM) of TMB in acetate buffer 

(pH 4) at a final volume of 1.5 mL, and the reaction mixture was kept at 25 °C for 30 min.  

To determine the optimum concentration of H2O2, 37.5 µL of PNPG-PEG (1 mg/mL) and 300 

µL of TMB (10 mM) were added to different concentrations (0.1-15 mM) of H2O2 in acetate 

buffer (pH 4) at a final volume of 1.5 mL, and the reaction mixture was kept at 25°C for 30 

min. 

The effect of the temperature over the 25-55°C range, pH (2-10), and reaction time (5-30 min) 

was also investigated to evaluate their impact on the catalytic reaction. Thus, 37.5 µL of 

PNPG-PEG (1 mg/mL), 300 µL of TMB (10 mM) and 112.5 µL of H2O2 (100 mM) were 
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added to 1050 µL of acetate buffer at various temperatures, pH, and for various time intervals, 

respectively. 

2.5. Kinetic analysis of PNPG-PEG nanoparticles 

The Michaelis-Menten kinetics for PNPG-PEG nanoparticles were determined by selecting 

TMB and H2O2 as enzyme substrates. Thus, experiments were carried out by varying the 

concentration of one substrate (TMB or H2O2), while keeping constant the concentration of 

the other reagent. For TMB, the concentration was varied from 0.1 to 3 mM at constant H2O2 

concentration (7.5 mM) at pH 4 and 35°C. For H2O2, the concentration was varied from 0.001 

to 7.5 mM at constant TMB concentration (2 mM) at pH 4 and 35 °C. 

The Lineweaver–Burk plots for PNPG-PEG nanoparticles were applied to calculate the 

important parameters in enzyme kinetics, such as Km and Vm, using equation (1): 

  (1) 

V is the reaction rate, Km is the Michaelis–Menten constant, Vm is the maximum reaction rate, 

and [S] is the substrate concentration [31]. 

2.6. Detection of Cr(VI) ions 

To detect Cr(VI) ions, 37.5 µL of PNPG-PEG (1 mg/mL), 300 µL of TMB (10 mM) and 

112.5 µL of H2O2 (100 mM) were added to different concentrations of Cr(VI) (0.01-12.5 µM) 

in acetate buffer (pH 4) at a final volume of 1.5 mL, and the reaction mixture was kept at 

35°C. After 30 min, the change in absorption intensity at the wavelength of 655 nm was 

monitored and used for generating a calibration curve to determine the limit of detection, 

which was estimated based on the signal-to-noise ratio of the lowest concentration from 3 

repeated measurements using the following formula (Eq. 2): 

LOD = 3σ/S                      (2) 
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Where σ is the standard deviation of the lowest concentration and S is the slope of the 

calibration curve.   

2.7. Selectivity and reproducibility 

The selectivity of the developed technique was established against different interfering ions 

like Na(I), Pd(II), Ni(II), Zn(II), Cu(II), Mn(II), Mg(II), Cr(III), Fe(III) and Co(II) at a 

concentration of 5 or 10 µM in presence of Cr(VI). Thus 5 µM of Cr(VI) was mixed with 

different ions (5 or 10 µM), 37.5 µL of PNPG-PEG (1 mg/mL), 300 µL of TMB (10 mM) and 

112.5 µL of H2O2 (100 mM), and the volume was adjusted to 1.5 mL using acetate buffer (pH 

4). The resulting mixture was kept at 35°C for 30 min, and the absorbance intensity at 655 nm 

was recorded.  

2.8. Detection of Cr(VI) ions in environmental water samples 

The applicability of this method was examined by making a standard solution of Cr(VI) ions 

in environmental water samples from Parc Citadelle and Parc Roubaix Barbieux, Lille-France, 

using a standard addition method. To determine the Cr(VI) ion concentration in these 

environmental water samples, spiked concentrations of Cr(VI) (1, 5, and 10 µM) were added 

to 37.5 µL of PNPG-PEG (1 mg/mL), 300 µL of TMB (10 mM) and 112.5 µL of H2O2 (100 

mM) and the volume was adjusted to 1.5 mL using acetate buffer (pH 4). The reaction 

mixture was kept at 35°C for 30 min and the absorbance intensity at 655 nm was recorded. 

2.9. Reusability of PNPG-PEG nanoparticles 

The reusability of the PNPG-PEG nanoparticles was determined up to four consecutive 

repeated cycles. To perform this study, 37.5 µL of PNPG-PEG (1 mg/mL), 300 µL of TMB 

(10 mM) and 112.5 µL of H2O2 (100 mM) were added to 10 µM of Cr(VI); the volume was 

adjusted to 1.5 mL using acetate buffer (pH 4). The reaction mixture was kept at 35°C for 30 

min, and then centrifuged at 13,500 rpm for 15 min. The supernatant was separated and the 
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absorbance intensity at 655 nm was determined. The precipitate was rinsed with deionized 

water, dried and used again for the next catalytic cycle. 

2.10.  The investigation of the mechanism 

To assess the mechanism towards the formation of an oxidized TMB product enhanced by the 

generation of hydroxyl radicals (HO•) from the reaction between PNPG-PEG, H2O2 and 

Cr(VI), terephthalic acid (TA) was chosen as a probe molecule. In the presence of HO•, TA 

generates a fluorescent product (HTA), which can be observed through fluorescence 

spectroscopy by displaying a fluorescent emission peak at 410 nm. 

In a typical procedure TA (0.15 mM) in DMSO was added to (a) H2O2 (7.5 mM), (b) Cr (VI) 

(10 µM), (c) PNPG-PEG nanoparticles (25 µg/mL), (d) H2O2 (7.5 mM) + PNPG-PEG 

nanoparticles (25 µg/mL), (e) H2O2 (7.5 mM) + Cr(VI) (10 µM), (f) Cr(VI) (10 µM) + PNPG-

PEG nanoparticles (25 µg/mL), (g) H2O2 (7.5 mM) + Cr(VI) (10 µM) + PNPG-PEG 

nanoparticles (25 µg/mL) in 1.5 mL acetate buffer (pH 4) and kept at 35°C for 30 min. The 

emission fluorescence spectra were then recorded in the range of 395-550 nm using an 

excitation wavelength (λex) of 315 nm. 

ROS scavenging experiment was also conducted using isopropanol to confirm the generation 

of OH radicals. Thus, to a mixture of PNPG-PEG (25 µg/mL), H2O2 (7.5 mM) and TMB (2 

mM) was added 1 mM of isopropanol in acetate buffer (0.1 M, pH 4) and incubated for 30 

min at 35 °C. The absorbance at 655 nm was then recorded by UV-vis spectrophotometry. 

3. Results and discussion 

3.1. Characterization of PNPG-PEG nanoparticles 

Figure 1 depicts the FTIR spectra of PNPG and PNPG-PEG nanoparticles. The FTIR 

spectrum of PNPG nanoparticles comprises a broad band at ~3439 cm-1 due to the stretching 

of OH in carboxylic acid groups. The stretching bands at 1664 and 1592 cm-1 are due to 
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carbonyl group and quinoid rings, respectively. The stretching band at 1504 cm−1 is ascribed 

to the benzenoid rings. The peak at 1308 cm-1 is assigned to C–N stretching vibration and the 

bands at 1146 and 828 cm-1 are characteristic vibrational modes of quinoid ring (in-plane C–H 

and C–H out-of-plane bending vibrations, respectively). Similarly, the FTIR spectrum of 

PNPG-PEG nanoparticles exhibits a broad band at 3443 cm-1 ascribed to OH stretching 

vibration. The stretching vibration at 1651 cm−1 is due to carbonyl–amide bond, while the 

bands at 1559 and 1484 cm-1 are typical of quinoid and benzenoid stretchings, respectively. 

The C=N stretching vibration in the quinoid units is observed at 1401 cm-1. The band at 1306 

cm-1 is ascribed to the C–N stretching vibrations and the peaks at 1103 and 800 cm-1 are 

characteristic vibrational modes of quinoid ring (in-plane C–H and C–H out-of-plane bending 

vibrations, respectively) [30]. 

 

Figure 1. FTIR spectra of PNPG and PNPG-PEG nanoparticles. 

The thermal stability of PNPG and PNPG-PEG nanoparticles was assessed by 

thermogravimetric analysis (TGA) measurements in the 30–980°C temperature range under 

N2 atmosphere (Fig. S1A). The TGA curve of PNPG nanoparticles depicts three separated 
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weight losses at temperatures of: (I) 100°C, (II) 285°C, and (III) 510°C, which are attributed 

to (I) water evaporation, (II) carboxylic acid (COOH) groups decomposition, and (III) PNPG 

backbone degradation (Fig. S1B). Interestingly, the thermogram of PNPG-PEG nanoparticles 

showed much smaller weight loss at 285°C (II) (Fig. S1C). This decreased of weight loss 

demonstrates that a large fraction of carboxylic acid groups is substituted by carboxamide 

(CONRR') groups. The weight loss recorded at (III) 370°C and (IV) 510°C are most likely 

due to the decomposition of the PEG and PNPG backbones, respectively [30, 32]. 

Zeta potential measurements were recorded to examine the surface charge of PNPG-PEG 

nanoparticles. A mean potential value of +17.5 mV was recorded for PNPG-PEG 

nanoparticles (Fig. S2A). The mean hydrodynamic size of PNPG-PEG nanoparticles was 290 

nm, as revealed by dynamic light scattering (DLS) measurements (Fig. S2B).  

The morphology of PNPG-PEG nanoparticles was assessed by scanning electron 

microscopy (SEM), revealing that the PNPG-PEG nanoparticles have a nearly spherical shape 

with an average diameter ranging between 85 and 107 nm (Fig. 2). 

 

Figure 2. SEM images at low (a) and high (b) magnifications of PNPG-PEG nanoparticles. 

The elemental composition along with the oxidation state of different surface elements of 

PNPG-PEG were investigated by X-ray photoelectron spectroscopy (XPS). In the XPS survey 

spectrum of PNPG-PEG (Fig. S3A), bands at 284.2 eV (C1s), 531.8 eV (O1s), and 399 eV 
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(N1s) are clearly visible, in full agreement with the composition of PNPG. The C1s spectrum 

(Fig. S3B) reveals bands at binding energies of 284.0 eV (Csp2), 284.7 eV (Csp3), 285.6 eV (C-

N/C-O), and a peak at 287.4 eV ascribed to C=O/C=N. The high resolution of the N1s 

spectrum shows bands at binding energies of 399.1 and 401.7 eV attributed to C-N-C and 

C=N-C, respectively (Fig. S3C). The O1s high resolution spectrum (Fig. S3D) can be 

deconvoluted with two components at 531.9 eV (C-O) and 534.1 eV (C=O). 

3.2. Determination of peroxidase-like activity of PNPG-PEG nanoparticles  

The peroxidase-like catalytic activity of PNPG-PEG nanoparticles (25 µg/mL) was 

assessed for the catalytic oxidation reaction of the TMB (1 mM) substrate in absence and 

presence of H2O2 (20 mM). As can be clearly seen from Fig. 3, in absence of H2O2, PNPG-

PEG nanoparticles were not effective for TMB oxidation in acetate buffer (pH 4).  

 

Figure 3. UV–vis absorbance spectra of TMB (1 mM) in presence of H2O2 (20 mM) (blue), 

PNPG-PEG (25 µg/mL) (red), H2O2 (20 mM) + PNPG-PEG (25 µg/mL) (green). 

However, addition of PNPG-PEG to a TMB/H2O2 mixture produces a blue color solution due 

to the oxidation of TMB to TMBDI; the latter displays an absorption band with a maximum at 
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~655 nm (Fig. 3) [33]. The result indicates that PNPG-PEG and H2O2 are responsible to carry 

out this catalytic reaction, similar to the Fenton reaction. 

The catalytic activity of PNPG-PEG nanoparticles towards TMB catalytic oxidation is 

influenced by the amount of catalyst, pH, and temperature [34]. Figure 4A displays the effect 

of PNPG-PEG concentration on TMB oxidation in the presence of H2O2. The results clearly 

show that the optimal activity (highest absorbance maximum at ~655 nm) was achieved at a 

PNPG-PEG concentration of 25 µg/mL.  

 

Figure 4. (A) UV–vis absorbance spectra of TMB at different PNPG-PEG concentrations, 

TMB (1 mM), H2O2 (20 mM), T=25 °C, pH=4; (B) UV–vis absorption spectra of TMB as a 

function of temperature, PNPG-PEG (25 µg/mL), TMB (2 mM), H2O2 (7.5 mM), pH=4; (C) 

UV–vis absorption spectra of TMB at different pH values, PNPG-PEG (25 µg/mL), TMB (2 

mM), H2O2 (7.5 mM), T=35°C. 
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At higher catalyst concentrations, a decrease in absorption was observed due most likely to 

nanoparticles’ aggregation, leading to a decrease in the number of available active sites. The 

influence of temperature on the catalytic activity of the PNPG-PEG catalyst is displayed in 

Fig. 4B, where the maximum absorbance was attained at 35°C. The decomposition of H2O2 at 

temperatures ranging from 35ºC to 50ºC leads to a decrease in enzyme-like activity.  

Similarly, as observed in Fig. 4C, the maximum catalytic activity of the catalyst was achieved 

at pH 4. Thus, our optimum conditions were found at pH 4, 35°C and 25 µg/mL of PNPG-

PEG nanoparticles. 

3.3. Kinetic study of PNPG-PEG nanoparticles as the peroxidase-like enzyme - 

Determination of Michaelis constant 

To comprehend the enzyme function, a kinetic description of its activity is necessary to 

establish. The Michaelis-Menten kinetic model is the one of the best-known methods to 

describe enzyme kinetics. For many enzymes, the rate of catalysis varies with the substrate 

concentration. In this work, the peroxidase-like catalytic activity of PNPG-PEG nanoparticles 

was assessed by varying the concentration of TMB or H2O2, while maintaining the 

concentration of the other reagent constant. The Michaelis-Menten curves for TMB and H2O2 

are displayed in Fig. 5A and Fig. 5B, respectively. The values of Michaelis constant (Km) and 

maximal velocity (Vm) for PNPG-PEG nanoparticles were determined from the Lineweaver 

Burk double reciprocal plots (Fig. 5A, B insets). The values of Km and Vm for PNPG-PEG 

nanoparticles and other catalysts are displayed in Table 1. The Km value of 0.2828 for TMB, 

and 0.0799 for H2O2 recorded by PNPG-PEG nanoparticles evidences that TMB oxidation 

occurs at lower concentrations of H2O2 as compared to other enzymes. 
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Figure 5. Steady-state kinetics of PNPG-PEG nanoparticles: (A) varying the concentration of 

TMB (0.1–3 mM), [H2O2] =7.5 mM; (B) varying the concentration of H2O2 (0.001–7.5 mM), 

[TMB]=2 mM. The Lineweaver Burk double reciprocal plots are shown in the inset. 
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Table 1. Steady-state kinetic parameters: Michaelis Menten constant (Km) and maximum 

velocity (Vm) for PNPG-PEG and other polymer/metal nanoparticles. 

Catalysts Substrates Km (mM) Vm (10-9 Ms-1) Ref. 

PANi−MnO2−Pd  H2O2 2.55 172.8 [35] 

PANi−MnO2−Pd TMB 0.13 300.24 [35] 

MoS2/PPy H2O2 12.8 151 [36] 

MoS2/PPy TMB 0.41 474 [36] 

CeO2/Co3O4/PEDOT H2O2 0.12 - [29] 

CeO2/Co3O4/PEDOT TMB 1.26 - [29] 

PPy H2O2 0.027 11.7 [28] 

PPy TMB 0.2157 12.9 [28] 

PNPG-PEG H2O2 0.0799 2.467 This work 

PNPG-PEG TMB 0.2828 3.0276 This work 

 

3.4. Colorimetric sensing of Cr(VI) ions using PNPG-PEG nanozyme 

Finally, the possibility of Cr(VI) sensing using PNPG-PEG nanozyme was investigated. 

Addition of PNPG-PEG to a TMB/H2O2 mixture produces a blue color solution due to the 

generation of hydroxyl radicals that are responsible for the oxidation of TMB to TMBDI. This 

solution displays an absorption band with a maximum at ~655 nm. Fig. 6A clearly shows that 

the catalytic oxidation of TMB is enhanced in presence of Cr(VI) ions at low pH, which is 

most likely due to the decomposition of H2O2 into H2O and O2 by Cr(VI) [25, 26]. 

Subsequently, PNPG-PEG nanozyme combines with O2 and H2O to produce hydroxyl 

radicals (HO•). These reactive hydroxyl radicals can oxidize TMB to blue colored TMBDI 

[23]. 
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The relationship between the Cr(VI) concentration vs. absorbance intensity changes of 

TMBDI is displayed in Fig. 6B. The sensor displays two linear ranges from 0.01 to 0.1 µM 

and from 0.05 to 12.5 µM with respective detection limits of 0.012 µM and 0.52 µM using 

Eq. 2. In Table 2, the detection limit and linear range of the developed colorimetric sensor is 

compared with other detection techniques such as electrochemistry [8, 10, 37], fluorescence 

[13, 14], and colorimetry [21, 23, 25, 38]. It is clear that the developed PNPG-PEG nanozyme 

outperforms the different sensors reported for Cr(VI) detection using different means. 
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Figure 6. (A) UV–vis absorbance spectra of oxTMB in absence and presence of Cr(VI) ions, 

reaction conditions: TMB (2 mM), PNPG-PEG (25 µg/mL), of H2O2 (7.5 mM), T=35°C, 

pH=4; (B) Plots of the absorbance intensity changes at 655 nm versus Cr(VI) concentration. 

Plots of the absorbance intensity changes at 655 nm versus lower concentrations of Cr(VI)  

shown in the inset 

The selectivity of the proposed method was evaluated in presence of different interfering 

ions like Na(I), Pd(II), Ni(II), Zn(II), Co(II), Cu(II), Mn(II), Ca(II), Mg(II), Cr(III) and Fe(III)   

ions at 5 or 10 µM in presence of 5 µM Cr(VI) ion. As shown in Fig. 7, the absorbance of 

oxTMB at 655 nm was not significantly affected by the presence of other metal ions except 

Fe(III), suggesting that the PNPG-PEG nanozyme displays good selectivity for Cr(VI) ions. 
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Figure 7. Plots of oxTMB absorbance changes at 655 nm in presence of different interfering 

ions at concentrations of 5 and 10 µM of Na(I), Pd(II), Ni(II), Zn(II), Co(II), Cu(II), Mn(II), 

Ca(II), Mg(II), Cr(III) and Fe(III) ions and 5 µM of Cr(VI); reaction conditions: TMB (2 

mM), PNPG-PEG (25 µg/mL), H2O2 (7.5 mM), T=35°C, pH=4. 

 

Table 2. Comparison of analytical efficiency of the developed sensor with different methods. 

Method Linear range  

(μM) 

Detection limit  

(µM) 

 Ref. 

Electrochemistry 0.8–230 0.72  [10] 

Electrochemistry 0.35–40 0.10  [37] 

Fluorescence 1–400 0.13  [13] 

Colorimetric 

Colorimetric 

0.1–20 

0.577-57.7 

0.088 

0.44 

 [38] 

[24] 

Colorimetric 0.5–50 0.280  [21] 

Colorimetric 0–0.2 0.067   [23] 

Colorimetric 

Colorimetric 

0.01–0.1 

0.05–12.5 

0.012 

0.52 

 This work 

This work 
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3.5. Sensing Cr(VI) ions in spiked environmental samples 

To demonstrate the practical applicability of this method, the colorimetric determination 

of Cr(VI) was examined in environmental water samples. The percentage of recovery and 

relative standard deviation (RSD) are presented in Table 3 (n = 3). These results reveal the 

potential of the developed technique for Cr(VI) quantification in real samples. 

Table 3. The recovery of Cr(VI) ions in environmental water samples (n = 3). 

 

Samples Cr(VI) added 

(µM) 

Cr(VI) found 

(µM) 

RSD  

(%) 

Recovery  

(%) 

Parc Citadelle 

Lille 

 

Parc Roubaix 

Barbieux 

1 

5 

10 

 

1 

5 

10 

1.09 

5.2 

11.1 

 

0.99 

5.4 

9.96 

0.788 

0.534 

0.848 

 

0.395 

0.496 

0.389 

 

109.0 

104.0 

111.0 

 

99.0 

108.0 

99.6 

 

3.6. Reusability of PNPG-PEG nanoparticles 

To perform this study, 37.5 µL of PNPG-PEG (1 mg/mL), 300 µL of TMB (10 mM) and 

112.5 µL of H2O2 (100 mM) were added to 10 µM of Cr(VI) in acetate buffer (pH 4) to a final 

volume of 1.5 mL, and the mixture was kept at 35°C for 30 min. Then the mixture was 

centrifuged at 13,500 rpm for 15 min. The supernatant was removed and the absorbance 

intensity at 655 nm was recorded. The precipitate was washed with deionized water, dried and 

used again for the next cycle. As shown in Fig. 8, the catalytic efficiency of PNPG-PEG 

nanoparticles decreased slightly with increasing the number of cycles. This result indicates 

that the PNPG-PEG nanoparticles exhibit a good reusability during the catalytic reaction.  
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Figure 8. Catalytic activity of PNPG-PEG nanoparticles for four successive repeated cycles. 

3.7. The investigation of the catalytic reaction mechanism 

To gain a better understanding on the formation of hydroxyl radicals (•OH) reactive 

intermediates, fluorescence spectroscopy was recorded using terephthalic acid (TA), as a 

fluorescence probe. TA reacts readily with hydroxyl radicals to produce a highly fluorescent 

2-hydroxy terephthalic acid (HTA, λem ~ 435 nm). In this experiment, the production of 

hydroxyl radicals by PNPG-PEG nanoparticles in presence of H2O2 is directly evidenced by 

the increase of the fluorescence intensity (Fig. 9). This contrasts with the low fluorescence 

intensity recorded in absence of H2O2 or H2O2 alone. Also, the significant enhancement of the 

fluorescence intensity recorded in presence of 10 µM Cr(VI) attests that Cr(VI) can increase 

the decomposition of H2O2 to H2O and O2, which can accept electrons from the nanoparticles 

surface to generate hydroxyl radicals (•OH): 

 

 

 

 

 

 

 

 

                           

 

H2O2 

PNPG-PEG NPs 

Cr(VI) 

•OH 

H2O + O2  

H2O + O2  

 TA (non- fluorescent)  HTA (fluorescent, 435 nm) 
•OH 
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Figure 9. Fluorescence emission spectra recorded at λex= 315 nm to identify catalytic reaction 

mechanism; reaction conditions: TA (0.15 mM in DMSO), H2O2 (7.5 mM), Cr(VI) (10 µM), 

PNPG-PEG nanoparticles (25 µg/mL), T=35°C, pH 4 in 1400 µL of water and 100 µL of 

DMSO. 

The oxidation of TMB was also examined in the presence of ROS scavengers, such as 

isopropanol, that is readily known to quench •OH radicals. To perform this study, to a mixture 

of PNPG-PEG (25 µg/mL), H2O2 (7.5 mM) and TMB (2 mM), 1 mM of isopropanol was 

added in acetate buffer (0.1 M, pH 4) and kept for 30 min at 35°C. It is clearly observed from 

Fig. 10 that isopropanol lowers the rate of the enzymomimetic action of PNPG-PEG 

nanoparticles both in absence and presence of Cr(VI). This indicates that the •OH radicals are 

the main reactive species for TMB oxidation. 
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Figure 10. Effect of isopropanol on the catalytic activity of PNPG-PEG nanoparticles. 

Reaction conditions: TMB (2 mM), PNPG-PEG (25 µg/mL), H2O2 (7.5 mM), isopropanol (1 

mM), T=35°C, pH=4. 

Although the use of polymer nanoparticles as a peroxidase mimic represents an appealing 

method for the colorimetric detection of different analytes and adds to the list of the many 

developed inorganic particles in the field of nanozymes, the enhanced peroxidase activity was 

recorded only in acidic media like for most nanozymes. This is certainly a limiting factor for 

the practical applications of the nanozyme in sensing or generation of hydroxyl radicals in 

biological media or for in vivo investigations.  

4. Conclusion 

In conclusion, we synthesized water dispersible polyethylene glycol-functionalized 

poly(N-phenylglycine) (PNPG-PEG) nanoparticles and investigated their enzyme-like 

catalytic activity. In comparison to other nanocomposites and nanoparticles, PNPG-PEG 

nanoparticles displayed highly efficient peroxidase-like activity. Additionally, the enhanced 

peroxidase-like activity of PNPG-PEG was evaluated for the detection of Cr(VI). The sensor 

achieved a detection limit of 0.012 µM (0.01-0.1 µM linear range) and 0.52 µM (0.05-12.5 
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µM linear range). The method was highly selective and successfully applied for Cr(VI) 

sensing in real samples. The usage of polymer nanoparticles holds great promise for enzyme-

like sensing of various chemical and biological species, owing to their diverse functionalities, 

good electrical conductivity and redox properties.  
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