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In this study, magnetic nanocomposites containing polyamidoamine (PAMAM) dendrimers were synthesized and 

horseradish peroxidase (HRP) immobilization was carried out on this support. Then, the potential use of immobilized 

HRP enzyme in the decolourization of Congo red and crystal violet dyes was investigated. To determine the 

optimum conditions, Congo Red and Crystal Violet removal percentages were determined in the presence of free 

and immobilized enzyme with various parameters such as pH (3-8), temperature (20-40 ℃), H2O2 concentration 

(1%-5%) and dye concentration (1.125-15 mg/L). When immobilized HRP was used, 99% decolourization was 

achieved for Crystal Violet after 25 minutes, while 75% decolourization was detected for Congo Red after 60 min. 

When we compared the immobilized and free enzyme for the decolourization of both dyes, the same removal was 

observed for Congo Red, while higher decolourization was observed for Crystal Violet when immobilized HRP was 

used. 
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1. Introduction 
 
Magnetic iron oxide nanocomposites and nanoparticles are 

widely used in various biomedical applications, such as 

drug delivery, gene delivery, protein and enzyme 

immobilization, hypothermia treatment of cancer [1-5]. 

Magnetic nanoparticles are highly susceptible to oxidation 

due to their superparamagnetic properties. For this reason, 

in order to protect the magnetic nanoparticles, a protective 

shell is formed on them by coating them. These shells both 

protect the magnetic nanoparticles and create a new 

magnetic nanocomposite platform that makes them more 

functional. A simple way to protect magnetic iron oxide 

nanoparticles and achieve well-defined voids is to use an 

organic based molecule to use as a capping agent [6-9]. 

Dendrimers are suitable candidates as a caping agent to 

modify the surface of metal nanoparticles. They can act as 

structurally and chemically well-defined templates that 

provide good stabilization. The cavities in dendrimers are  

 

 

suitable for transferring the molecules or nanoparticles 

contained in them to any medium [10,11]. The non-covalent 

interaction between guest and host is effective in such a 

transfer [12-14]. 

Magnetic nanoparticles are frequently used as support 

material for enzyme immobilization [15-18]. Due to the high 

magnetic properties of magnetic nanoparticles, they can 

easily be removed from the environment with the externally 

applied magnetic field. Thus, enzyme loss is minimized, and 

the immobilized enzyme can be used repeatedly. 

Horseradish peroxidase (HRP) enzyme is commonly used 

for industrial applications due to its low cost, ease of 
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acquisition, stability, broad substrate specificity and 

tolerance to wide pH and temperature ranges [19-22]. These 

enzymes can act on various organic molecules in the 

presence of hydrogen peroxide. HRP is an important 

enzyme used for the decolourization of aromatic amines and 

the treatment of wastewater, as well as for treating phenol-

containing effluents [22-24]. The HRP enzyme catalyses the 

oxidation of various phenolic compounds by using 

extracellular, iron-containing molecular oxygen as an 

electron acceptor [25]. 

 

In this study, HRP enzyme immobilization was carried out 

on magnetic nanocomposite supports containing 

dendrimers. Free and immobilized HRP enzyme was used 

for the decolourization of Congo Red and Crystal Violet 

dyes. The removal of Congo Red and Crystal Violet in the 

presence of free and immobilized enzyme with many 

parameters like temperature, pH, amount of dye 

concentration and amount of H2O2 were investigated in 

order to determine the optimum conditions. 

 

2. Experimental 

 

2.1. Spectral data measurements 

 

Shimadzu IR Prestige 21 was used as a FT-IR spectrometer 

for investigations; scanning wavenumbers were between 

400 cm-1 to 4000 cm-1. A RIGAKU miniflex 600 X-ray 

diffractometer used to obtain X-ray diffraction (XRD) X-

ray diffractometer was scan the sample between 10˚ < 2θ < 

80˚. SEM was used to investigate the sample surface 

characteristics where EDX (energy dispersive X-ray) 

apparatus of SEM was utilized to analyse the sample 

chemical composition. FEI Quanta FEG 250 model device 

which was equipped with EDX apparatus was used for the 

surface cand chemical assessment. Magnetic measurements 

were employed at room temperature; a Cryogenic Limited 

PPMS-VSM (vibrating sample magnetometer) was used in 

the investigation. Magnetic investigation was conducted in 

between the magnetic field of ± 5 Tesla.  

 

2.2. Immobilization of HRP enzyme onto magnetic 

PAMAM dendrimer; Fe3O4@G2  

 

Magnetic PAMAM dendrimer (Fe3O4@G2) was 

synthesized following the procedure in our previous studies 

[5,26]. The enzyme was immobilized onto Fe3O4@G2 as 

follows: 10 mg HRP enzyme was dissolved in 10 mL of 

phosphate buffer solution (pH=7) . The solution was then 

mixed with 100 mg of Fe3O4@G2. The new heterogeneous 

mixture was incubated. Incubation procedure was 

conducted at room temperature for 24 h. Centrifugation and 

washing procedures were applied three times to the 

immobilized enzyme with phosphate buffer solution (PBS) 

(pH=7).  Then the result product was dried at ambient 

conditions. The immobilized enzyme was kept at -4 °C in a 

sealed vial.  

 

 

2.3. Assay of enzyme activity 

 

The colour removal of Congo Red and Crystal Violet dyes 

using HRP enzyme was monitored by UV-Vis 

spectrophotometer. Dye decolourization rate was calculated 

using equation 1, where Abs(t) and Abs(i) refers the 

absorption of the given time and initial time, respectively. 

 

𝐷(%) = (
𝐴𝑏𝑠(𝑖) − 𝐴𝑏𝑠(𝑡)

𝐴𝑏𝑠(𝑖)
) 𝑥100                                (1) 

    

For dye removal tests, 0.1 mL of free HRP enzyme solution 

or 2 mg of immobilized enzyme was added to 2.5 mL of 

buffer solution. As dye solution, 10.0 ppm (0.2 mL) Congo 

Red / Crystal Violet solution was used. Temperature 

optimization experiments were performed at 20, 30 and 

40°C and optimum H2O2 concentration was studied using 

5%, 4%, 3%, 2% and 1% (0.4 mL) H2O2 solutions. Dye 

concentration effect studies were performed using dye 

solutions of 15, 10, 5, 2.5 or 1.125 ppm. The degree of dye 

degradation was monitored by UV-spectrophotometer for 60 

min. All experiments were performed in a quartz cell and the 

total volume was completed to 3.2 mL [24]. 

 

Name Chemical Structure 

 

Crystal Violet; 4-{Bis[4-

(dimethylamino)phenyl]

methylidene}-N,N-

dimethylcyclohexa-2,5-

dien-1-iminium chloride 

 

 

 

 

Congo Red; 3,3′-([1,1′-

biphenyl]-4,4′-diyl) 

bis(4-aminonaphthalene-

1-sulfonic acid) 

 

Fig.1. Structures of dyes used in colour removal 

 

2.4. Determination of optimum pH for dye removal 
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0.2 mL of 10 ppm (10.0 mg/L Congo Red or Crystal Violet 

solutions) dye solutions were added to 2.5 mL of buffer 

solution at various pHs (pH 3-8). 0.1 mL HRP solution and 

finally 0.4 mL H2O2 (3%) was added to the reaction cuvette 

as an initiator and used for dye degradation tests. 

 

2.5. Determination of optimum temperature for dye 

removal 

 

To investigate the effect of temperature on the enzyme, the 

immobilized support in 2.5 mL PBS at (pH 7) was incubated 

in a water bath at various temperatures for 10 min and 

immediately used for dye degradation tests. 

 

2.6. Determination of optimum H2O2 concentration for 

dye removal 

 

To study the effect of H2O2 concentration on enzymatic 

decolourization, it was examined using different H2O2 

concentrations (1%-5%) at optimum temperature and pH. 

The procedures in section 2.3 were repeated by varying the 

H2O2 concentration. 

 

2.7. Determination of optimum dye concentration for 

dye removal 

 

To study the effect of dye concentration on enzymatic 

decolourization, the optimum temperature, H2O2 

concentration and pH were examined using different dye 

concentrations (1.125 ppm-15 ppm). The procedures in 

section 2.3 were repeated by varying the dye concentration. 

 

3. Results 

 

3.1. Characterization of magnetic dendrimers; 

Fe3O4@G2 and Fe3O4@G2@HRP  

 

The synthesized Fe3O4@G2 and Fe3O4@G2@HRP were 

characterized by SEM, XRD and FT-IR analysis. Figure 2 

shows the FT-IR spectra of Fe3O4@G2 PAMAM dendrimer 

and Fe3O4@G2@HRP. The FT-IR spectra of Fe3O4@G2 

and Fe3O4@G2@HRP were similar to each other. The N-H 

bands groups observed at 1520 cm-1 in the FT-IR spectrum 

of Fe3O4@G2 are observed at 1525 cm-1 in 

Fe3O4@G2@HRP. The broad absorption band around 3300 

cm-1 is associated with  O-H stretching. The band observed 

at 2933 cm-1  and the band observed at 2887 cm-1 

wavenumbers were associated with C-H symmetric and 

asymmetric stretching vibrations which was attributed to 

alkane groups  [26]. 

 

 
 

Fig.2. FT-IR spectrum of Fe3O4@G2 and Fe3O4@G2@HRP 

 

3.2. XRD of Fe3O4@G2 and Fe3O4@G2@HRP 

 

The XRD pattern of Fe3O4 magnetic nanoparticles is 

presented in Figure 3. When the XRD diffraction pattern is 

examined, the 2θ values based on the (1 1 1), (2 2 0), (3 1 1), 

(2 2 2), (4 0 0), (4 2 2), (5 1 1), (4 4 0), (6 2 0), (5 3 3), (6 2 

2) and (4 4 4) surface-centred cubic (fcc) phase levels are 18. 

3˚, 30.4˚, 35.6˚, 37.08˚, 43.3˚, 53.36˚, 57.3˚, 62.8˚, 70.98˚, 

74.12˚, 74.98˚ and 78.94˚ [27]. When the XRD pattern of 

dendrimer coated and enzyme immobilized magnetic 

dendrimer was examined, the similarity to the XRD pattern 

of Fe3O4 showed that Fe3O4 did not change its crystalline 

structure after coating and immobilization. 
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Fig.3. XRD pattern of Fe3O4@G2 and, Fe3O4@G2@HRP 

 

3.3. SEM images of Fe3O4@G2 and Fe3O4@G2@HRP 

 

Microscopic investigations of Fe3O4@G2 and 

Fe3O4@G2@HRP were performed using scanning electron 

microscopy (SEM) (See Figure 4). When electron 

microscopy images are examined, it is seen that the particles 

are coexisting together due to their high magnetic 

properties. The dendrimer coated particles were spherical 

and the spherical structure was preserved upon enzyme 

immobilization. 

 
(a) 

 
(b) 

Fig.4.SEM images of (a)Fe3O4@G2, (b)Fe3O4@G2@HRP 

 

3.4. Magnetic measurement of Fe3O4@G2 and 

Fe3O4@G2@HRP  

  

The magnetic hysteresis curve of Fe3O4@G2, 

Fe3O4@G2@HRP are shown in Figure 5. It was seen that 

magnetic Fe3O4@G2 and  Fe3O4@G2@HRP exhibit 

superparamagnetic characteristics. Magnetic saturation  

values for Fe3O4@G2, Fe3O4@G2@HRP were found as 

35.6 emu/g and 11.5 emu/g, respectively. It was observed 

that the magnetization decreased after enzyme 

immobilization on mimetic dendrimers. This supports that 

the immobilization process was successful. 

 

 

 
Fig.5. Magnetic hysteresis of Fe3O4@G2 and 

Fe3O4@G2@HRP 

 

3.5. Decolourization of Congo Red and Crystal Violet 

Dyes with Free (Fe3O4@G2) and Immobilized HRP 

Enzyme (Fe3O4@G2@HRP) 

 

The effect of pH on the removal of Congo Red and Crystal 

Violet dyes using free and immobilized HRP enzyme is 

presented in Figure 6. To study the pH effect on dye removal 

using free and immobilized enzymes, buffer solutions at 

various pHs (pH: 3-8) were stduied. The optimum pH values 

for the decolourization of Congo Red dye were found to be 

pH:6 for free and immobilized HRP enzyme and pH:7 for 

Crystal Violet. When immobilized enzyme was used for 

Congo Red dye, 75.25% decolourization was observed at the 

end of one hour, while for Crystal Violet, 99.15% 

decolourization was recorded at 25 min. Especially at acidic 

pHs, the colour removal was very low. 

 



Journal of Materials and Electronic Devices 3 (2023) 6-12 

10 

 
Fig. 6. Effect of pH on free and immobilized HRP catalysed 

a Congo Red and Crystal Violet removal 

 

The effect of temperature on dye removal is presented in 

Figure 7. The highest decolourization of Congo Red and 

Crystal Violet dyes for free and immobilized enzyme was 

found to be 20°C and the efficiency decreased after this 

value.  

 

 
Fig. 7. Effect of temperature on free and immobilized HRP 

catalysed a Congo Red and Crystal Violet removal 

 

When immobilized HRP enzyme was used, colour removal 

was higher than free enzyme in both dyes. The maximum 

colour removal for Congo Red at 20°C was 50.34% when 

free HRP was used and 70.98% for Crystal Violet at 20°C. 

When immobilized HRP was used, 75.25% and 99.15% 

colour removal was obtained for Congo Red and Crystal 

Violet, respectively. 

H2O2 acts as a co-substrate to activate the enzymatic action 

of the peroxidase radical. The effect of H2O2 on 

decolourization is presented in Figure 8. In decolourization 

experiments using free and immobilized HRP for Congo Red 

and Crystal Violet, maximum decolourization was obtained 

at 3% H2O2 dose. 

 

 

Fig. 8. Effect of H2O2 concentration on free and immobilized 

HRP catalysed a Congo Red and Crystal Violet removal 

 

The effect of dye concentration on colour removal is strudied 

and presented in Figure 9. While the optimum dye 

concentration for Congo Red dye decolourization was 10 

ppm for both free and immobilized enzyme, the optimum 

dye concentration for Crystal Violet dye removal was 1.125 

ppm for free HRP enzyme and 10 ppm for immobilized HRP 

enzyme. When % decolourization values were examined, for 
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Congo Red, both free and immobilized enzymes were used 

for 75% decolourization, while for Crystal Violet, 99.15% 

decolourization was recorded for immobilized HRP enzyme 

and 90.85% for free HRP enzyme. 

 

 

Fig. 9. Effect of dye concentration on free and immobilized 

HRP catalysed a Congo Red and Crystal Violet removal 

4. Conclusion 

 

From the experimental results of the study in which we 

examined the effect of free and immobilized HRP enzyme 

on the decolourization of Congo Red and Crystal Violet 

dyes; we can say that HRP enzyme is more effective in the 

decolourization of Crystal Violet dye, while it is less 

effective in the decolourization of Congo Red dye. When 

immobilized HRP was used, around 99% decolourization of 

Crystal Violet occurred at the end of 25 min, while 75% 

decolourization was detected for Congo Red after 60 min. 

Comparison of immobilized and free enzymes revealed that 

immobilized HRP could achieve decolourization while free 

and immobilized HRP enzyme managed to reach same 

decolourization rate for Congo Red.  
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