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CHAPTER 1 

 

Review of literature and scope of the work: Effect of industrial 

wastes on the environment and their degradation with 

emphasis on azo dyes *  

 

 

ABSTRACT 

“Dyes are chemically coloured substances having a strong affinity towards the substance 

on which they are applied." Dyes have been utilized by people around the world since 

ancient time for various purposes. More than 3600 types of dyes are available which are 

manufactured by using more than 8000 types of chemicals. In every year, 700,000 tons of 

the commercial dyes are being produced and more than 100,000 tons of dyes are being 

utilized only in textiles industries. These dyes are discharged into the water body after 

utilization without proper treatments. Such dyes are persistent in the environment for a 

very long time and converted into toxic and carcinogenic compounds. All these 

discharged dyes affect the water body, agriculture, human health and the surrounding 

environment. For the degradation of such dyes, various methods are available; each of the 

methods have some pros and cons. Thus, the complete degradation of an azo dye needs 

very effective and economically feasible methods. For complete degradation of azo dye, 

enzymatic method is very effective among all available methods. The work reported in 

the thesis focussed on cost effective method for purification and immobilization of 

azoreductase enzyme from Chromobacterium violaceum in order to develop effective 

method for the complete degradation and decolourization of azo dye. 

*Manucript covering the part of the work is under preparation for publication.  
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1.1  Introduction 

The environment is the sum total of all surroundings, which comprises of both living and 

nonliving components, either tangible or intangible. It is an amalgamation of four 

spheres, the atmosphere, hydrosphere, lithosphere and biosphere. In all the sphere of 

environments, contaminants are being added at every moment that disturbs the basic 

composition of nature. Adding this contaminant into the environments creates pollution. 

The environmental pollution can be defined as "when the magnitude of the contaminants 

increases to such a level that its hazardous effects are reflected on living beings then it is 

referred to as pollution” and “the undesirable alteration in the physical, chemical and 

biological characteristics of the environment, which tends to be injurious to human 

health” (Egboka et al., 1989). 

Pollution created by human beings as well as nature is prevailing in the 

environment. Pollution from natural sources has been from times immemorial, but among 

the existing sources of anthropogenic pollution emerge out as the most prominent ones. 

The substance like solid, liquid, or gas emitted out from a source hampering the balance 

of the environment is termed as a pollutant. Human beings have the capability to harness 

the natural resources in the maximum possible ways and as an efficient manner. But the 

utilization of natural resources leaves behind a multitude of waste products which acts as 

“pollutants” and disturbs the natural equilibrium. Generation of manmade pollution has 

gained its pace with the geometric rise in population. The pollutants generated as a result 

of human activities are surpassing the natural ones and therefore pose a severe threat to 

the natural environment. Pollution has extended to all spheres of life and it has not even 

spared the hydrosphere (water bodies) and air, which has been affected in the worst 

manner. 

Industries are the prominent sources of water pollution, as they use a high amount 

of water. According to World Bank’s reports, total consumption of water for industrial 

purposes in India is about 13% of total freshwater of the country and water demand for 

industrial uses grows at a rate of 4.2% per year (World Bank, 1998). The amount of 

wastewater is generated by the industries is proportionate to its consumption by the same. 

The data in Table 1.1 reflects the quantity of water consumed and wastewater generated 

by Indian industries.  

 

 TH-2480_146152009



3 
 

Table 1.1: Water consumption and wastewater generation of Indian industries (CSE, 

2004)  

Industrial Sector Annual wastewater 

discharge 

(million cubic 

meters) 

Annual 

consumption 

(million cubic 

meters) 

The proportion of 

total water 

consumed in the 

industry (%) 

Thermal power 

plant 

27,000.9 35,157.4 87.87 

Engineering 1551.3 2019.9 5.05 

Pulp and paper 695.7 905.8 2.26 

Textiles 637.3 829.8 2.07 

Steel 396.8 516.6 1.29 

Sugar  149.7 194.9 0.49 

Fertilizer 56.4 73.5 0.18 

Others 241.3 314.2 0.78 

Total 30,729.2 40,012.0 100.0 

 

It is clearly reflected from this table that the textile industry contributes to a significant 

proportion of water pollution in India. Textile industry in India has grown from a very 

indigenous form to very modern and sophisticated forms in the present day. The main 

component in the textile industry is the use of “Dyes” because the colour is the main 

attraction of fabrics. There are more than 3600 types of individual textile dyes that are 

being manufactured by the industries to colour the fabric by using almost more than 8000 

kinds of different chemicals (Kant, 2012). The dye used in different industries is not 

completely utilized and released with wastewater resulting in the pollution of both surface 

and groundwater (O’Neill et al., 1999). Apart from textile industries, pulp and paper, 

distilleries and tanneries also release coloured wastewater, but the pollution from textile 

industries is more prominent in terms of chemical dye compound, creating an 

unacceptable level of colour and BOD (Biological Oxygen Demand) (Wang et al., 2007). 

Apart from aesthetic complexities, dyes reduce light penetration into water bodies, thus 

preventing aquatic plants from photosynthesis. 
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1.2 Dyes: Historical perspective 

“Dyes are chemically coloured substances having a strong affinity to the substance on 

which they are applied." The use of the dyes started from the ancient time likely from the 

Indus Valley Civilization at 2500 B.C. But the Marco Polo mentioned that the use of the 

natural dyes in India during the 1300 AD form the indigo plant. These natural dyes are 

purified from the plant's bark, leave, wood and root, etc. The production of natural dyes 

was limited because of seasonal changes, unavailability of the plants throughout the year 

and also the natural dyes can not be stored for longer period of time. Due to all these 

reasons, people thought about the use of synthetic dyes and in 1856 the Lavender dyes 

were discovered artificially from coal tar by William Henry Perkin. The discovery of 

lavender dyes attracted the people in the production of synthetic dyes industry throughout 

the world. More and more people are attracted in the synthesis of synthetic dyes because 

it can be stored for a longer period of time and also due to the very low cost.  Finally, in 

1897, synthetic dyes also came into the market. Nowadays more than 700,000 tons of the 

commercial dyes are being produced annually and more than 100,000 dyes are being 

utilized only in textiles industries (Lucas et al., 2007). But the annual consumption rate of 

the dyes was found to be 7 x 105 tonnes (Karthikeyan et al., 2010). After utilization, these 

all dyesstuff is discharged into the water body as waste where they persist in the 

environment and creates pollution to the water. To save the environment from dye 

pollution, many international committees were formed to maintain the regulations. In 

1974, the Ecological and Toxicological Association of the Dyestuff Manufacturing 

Industry (ETAD) committee made some regulations to fully cooperate with government 

and public concern on the toxicological impact of their product. To minimize the 

environmental pollution many countries applied a very strict rule for the protection of the 

environment from the dye pollutants (Anliker,1979).  Whereas, many European countries 

made a very strict rule that zero synthetic chemical should be released into the marine 

environment (Willmott et al., 1998; O'Neill et al., 1999)? Due to the presence of the 

chromophoric group in the dyes, a very small amount of the dyes can produce different 

colour in the liquid medium, which can be detected in visible range by different 

techniques like spectrophotometers and chromatography. These chromophoric groups 

absorb light at different absorption range. The commonly available chromophoric groups 

are –N=N- (azo), =C=O (carbonyl), =C=C=, NO or N-OH (nitroso), C=S (sulfur), etc. 
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and absorption range for a different colour of dyes are available in table 1.2 (Sen et al., 

2015). 

Table 1.2: Detection range of different colours with different wavelength 

S. No. Colour Detection range in wavelength(nm) 

1. Red 700-635 

2. Orange 635-590 

3. Yellow 590-560 

4. Green 560-490 

5. Blue 490-450 

6. Violet 450-400 

 

1.3 Types of dyes 

Dyes have been classified into two categories based on their origin: natural and synthetic. 

Natural dyes are either inorganic or organic in nature. Natural dyes were commonly used 

in the earlier times, but nowadays synthetic dyes are gaining popularity and also available 

in various forms. Dyes can be classified into different groups according to their chemical 

constituents and based on their usage. Textile industries are one of the major areas in 

which most of the dyes have been utilized. Apart from all dyes, azo group of dyes is 

prominently used in the textiles industries (Hashem et al., 2018) but also used into the 

food industries, pharmaceutical, paper, leather, agriculture and cosmetics, etc. 
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Figure 1.1: Utilization of dyes in different Industries 

 

1.4 Azo dyes 

Azo dyes are organic substance containing an azo group (-N=N-). Azo dyes are mainly of 

two types: naphthol and non-naphthol. Naphthol type of azo dyes includes the reactive 

black, reactive blue 171, reactive green and red, but the non-naphthol group includes 

direct reactive yellow and direct yellow dyes. They are mainly used in cotton, polyester, 

cellulose and rayon, etc. (Hunger, 2003; Wackett et al., 1991;  Hsueh et al., 2009). We 

have seen that many dyes have been used in different industries. Apart from that azo 

group of dyes is maximally used, which comprise 60-70% of all dyes. The reason behind 

the maximum use of the azo dyes is their cost-effectiveness, structural diversity and high 

molar extinction coefficient (Bafana et al., 2011). Around 70% of the produced dye 

belongs to the azo group (Zollinger, 1987). However, these dyes are not devoid of their 

negative impacts to the environment as most of them have been identified as carcinogenic 

and mutagenic due to the direct action of the agent itself or to aryl amine derivatives 

generated during the reductive biotransformation of the azo bonds (Rajaguru et al., 

1999). Presence of even the trace amounts of dyes in the water bodies can cause human 
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health disorders like hemorrhage, ulceration of the skin and mucous membranes and can 

cause severe damage to kidneys, reproductive system, liver, brain and central nervous 

system. Based on the above facts, it can be said that the discharge of azo dyes in the 

environment is becoming a major threat to flora and fauna. These dyes are classified 

according to their chemical structure shown in Table 1.3. 

Table 1.3: Commonly used azo dyes and their structure 

S. No. Chemical Structure 

1.  

 

 

 

 

(Acid orange ) 

2.  

 

 

 

 

 

(Methyl red) 

3.  

 

 

 

 

 

 

(Acid orange 7) 

4.  

 

 

 

 

 

 

 

(Remazol black) 
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5.   

 

 

 

 

 

 

 

 

(Reactive orange) 

6.  

 

 

 

 

 

 

(Acid yellow 36) 

7.  

 

 

 

 

 

 

 

(Mordant yellow) 

8.  

 

 

 

 

 

 

 

 

 

(Reactive red 11) 
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9.  

 

 

 

 

 

 

 

 

(Reactive red 141) 

10.    

 

 

 

 

 

 

(Acid red G) 

 

There is no life without water and we are all aware of the ever-increasing demand for 

water in our daily lives. A large proportion of water is being utilized by the industry. This 

utilized water from industries is discharged in the forms of effluents, which contains a lot 

of waste and various types of pollutant. This contaminated water is drained out in water 

bodies without any prior treatment, which further pollutes our water bodies and also our 

environment. Even a very small amount of dyes contaminant into the water affects the 

water transparency, gas solubility and light penetration into the water bodies (Banat et al., 

1996; Robinson et al., 2001). After seeing all the literature survey, we have found that the 

decolourization of textile wastewater is a major environmental concern; even people are 

doing work in this field for a long time back. The problem of textile wastewater arises by 

increasing population, urbanization and industrialization and also with the lack of a 

proper method for decolourization.  By using the conventional wastewater treatment 

system, it is very difficult to remove the wastewater contaminated with synthetic dyes. To 

overcome this serious environmental problem (wastewater contaminated with dye) we 

have to develop some methods which is very helpful in decreasing the dyes pollutant and 

also to save our life by cleaning the environment from the hazardous pollutant.  
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1.5 Dye as a pollutant 

Now we know that more than 700,000 tons/annum of the commercial dyes are being 

produced throughout the globe and these dyes are being utilized by different industries. 

Apart from all these dyes, more than 100,000 tons of dyes are being utilized only in 

textiles industries (Lucas et al., 2007). But the annual consumption rate of the dyes was 

found to be the 7 x 105 tonnes (Karthikeyan et al., 2010). Around more than 15% of the 

utilized dye is not able to bind with fabrics and directly discharged into the wastewater as 

effluent into the environment. The discharge of the unutilized dye is dependent on the 

various factors like the types of dyes that are being used during the dying process. If a 

basic dye is being used, then 2% of dyes are lost but in the case of reactive dye, 50% of 

used dyes are lost during the dying process. These unutilized dyes are released into the 

water body with wastewater generated from the industries. It is reported that the 

wastewaters of textile industries show extreme fluctuations in chemical oxygen demand 

(COD), biochemical oxygen demand (BOD), pH, colour and salinity (Dos Santos et al., 

2007). The coloured water cuts down the light penetration into the water bodies thus 

trimming the photosynthesis of aquatic plants (Aksu, 2003). Most of the dyes are very 

toxic in nature. Triphenyl methane is one of the most commonly used dyes in textiles, 

fish farming industries, paper, leather, food, and medicines (Azsmi et al., 1998). Many 

other and Black et al. showed that triphenylmethane dye is carcinogenic in nature to the 

biotic environment and also mutagenic to the fishes (Black et al., 1980). Precursors of 

many dyes are carcinogenic compounds like Benzidine, which accumulate into the 

environment and create problems (Baughman et al., 1988). Many synthetic azo dyes are 

carcinogenic in nature due to the presence of -N=N- bond (Mahmood et al., 2011). Apart 

from these, the colour content makes the water aesthetically unacceptable and unsuitable 

for use in irrigation in agricultural fields.  

1.6 Remediation Process 

Environmental remediation is the process for the removal of the pollutant from the 

environment (soil, air and water). The industrial effluents containing textile wastewater is 

very difficult to degrade because of the complexity and chemical nature of dyes is very 

diverse. Due to this reason, it is very difficult to degrade the dyes by using conventional 

procedures (Alinsafi et al., 2006). Due to structural varieties, (basic, azo, acidic, disperse, 

diazo, metal complex and anthraquinone based dyes) of dyes, making them more 
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complex, and decolouration of textile dye effluent is very difficult by using municipal 

sewerage systems (Willmotte et al., 1998). This type of effluent includes suspended solid, 

surfactant, unused dyes, etc. Dyes containing wastewater are very harmful, mutagenic, 

and carcinogenic in nature. So that we have to focus very seriously and priority based 

method for the removal of dyes and make the environment clean from such contaminants. 

In order to proceed, we have to develop a cost-effective method is priority-based, which 

can remove all the available dyes from the wastewater. Till date, many methods have 

been proposed to remediate the dye pollution. These methods include physical, chemical 

and biological processes, which efficiently contribute to the remediation process. 

However, all these methods have some cons, which bring the attention of the scientific 

world to precede more studies in this area for the development of a suitable and efficient 

process. The presently available methods for the removal, degradation and mineralization 

of dye are physical, chemical and biological methods. In the following sections, all 

methods are discussed with their pros and cons.  

1.6.1 Physical methods 

Physical methods are very important methods for the degradation of an industrial effluent 

containing dyes. In the physical study, the various methods are presents, which include 

adsorption, ion exchange, coagulation, reverses osmosis and membrane filtration.  

1.6.1.1 Adsorption 

Adsorption process can be used for the removal of various types of dyes. It is utilized 

mostly because of their stability for the conventional treatment method. Due to the 

economic feasibility of this method, it attracts more and more people to use it (Choy et 

al., 1999). The adsorption process is mainly affected by physicochemical factor-like pH, 

temperature, sorbent surface area, dye and sorbent interaction, particle size and contact 

time (Kumar et al., 1998).  In this method, the various adsorbent can be used like wood 

chips can be used for acid dyes, but it not the good adsorbent for others dye (Nigam et al., 

2000). The role of various adsorbent used in adsorption of dyes is discussed bellow.  

1.6.1.2 Activated carbon 

In adsorption, the use of activated carbon is most commonly used for the removal of dye. 

Activated carbon can absorb most of the dyes but not suitable for all types like direct dye, 

vat dye, reactive and pigment dyes (Raghavacharya, 1997; Rao et al., 1994). If activated 

carbon is once used, again, we have to activate it for the next use; otherwise, the activity 
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of the adsorbent is affected and at every reactivation, 15-20% of the sorbent was lost. The 

performance of the activated carbon depends on the characteristic of wastewater and 

types of carbon used. Sometimes it is not very effective because the nature of activated 

carbon is amphoteric and pH of dye plays a major role in the adsorption process. Some 

time, low-cost adsorbents like rice husk, sugarcane bagasse, pinewood, chitosan, etc. that 

can absorb and accumulate dyes but not as efficiently as activated carbon (Crini et al., 

2016). Use of the adsorption method is limited because of problems associated with the 

regeneration, high sludge production and high cost (Yerramilli et al., 2005; Robinson et 

al., 2001). 

1.6.1.3 Membrane filtration 

Membrane filtration is another very useful method for the separation of dyes from 

wastewater. This method has the ability to concentrate, clarify and continuously separate 

the dye from the effluents (Mishra et al., 1993; Xu et al., 1999). Filtration methods like 

membrane filtration, ultra-filtration and reverse osmosis are mainly used for chemical 

separation and water reuse, this method is also can be used for the removal of various 

type of dyes. In membrane filtration method, selection of membrane dependents on the 

chemical composition of wastewater (Dos Santos et al., 2007). This method has some 

advantages like resistant to microbe and temperature. But some disadvantages are also 

there like limitations for pore size of the membrane with a different molecular weight cut 

off (MWCO), for reverse osmosis (<1000 MWCO), nano-filtration (500-15000 MWCO) 

and ultrafiltration membranes (1000-100000 MWCO). This method is not very useful 

because of the high cost of the membrane and also the membrane needs to be changed or 

regenerated from time to time. In this method, dyes are not degraded, but we can 

concentrate the dyes and dispose at regular time intervals. 

1.6.1.4 Electro kinetic coagulation 

Coagulation is effective and economically feasible methods for the removal of dyes, 

which contain sulphur disperse and direct dyes. Coagulation is methods based on the 

destabilization of electrostatic interactions between dye and water molecules. These 

methods evolve the addition of many chemical reagents like FeC13, FeSO4, AlCl3, or Al2 

(SO4)3, to remove the direct dye from the wastewater (Allegre et al., 2004). Many 

flocculating reagents like linear long-chain polymer and copolymer are also used with 

coagulating agents. This method is limited for a few selected types of dye pollutant and 
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produces a large amount of sludge. The removal of sludge puts extra disposal cost and the 

chemicals used for precipitation during the treatment also add extra cost to this method 

(Gahr et al., 1994;Hao et al., 2000). This method is not commonly utilized because of the 

extra cost involved. 

1.6.1.5 Ion-exchange 

Ion exchange is another method for the degradation of dye with various advantages over 

the available dye degradation methods like no regeneration problem, no loss of adsorbent 

and also can be used for the separation of dissolved dyes. In this method, ion exchange 

resin is used for the separation. The resin used during this method is cation-exchange 

resin (Amberlite IR 120) and anion- exchange resin (Amberlite IRA 400) (Raghu et al., 

2007). The use of this method was found to be limited to a few types of dyes (Slokar et 

al., 1997). The major disadvantage of this method is the cost of the method. The various 

organic solvent is used for degradation, which put extra cost and makes the process more 

expensive (Mishra et al., 1993). 

1.6.2 Chemical methods 

Chemical method is very important for dye removal from wastewater effluent containing 

dyes. This method includes oxidization, ozonation, photochemical, sodium hypo chloride, 

and electrochemical destruction. The brief description of these methods is given below. 

1.6.2.1 Oxidative process 

This is an important and commonly used method because of the simplicity of the 

application and this process is much more common for the decolourization of dye from 

wastewater in chemical meaning. In this process, various oxidizing agents have been 

used. The most commonly used oxidizing agent is hydrogen peroxide (H2O2), ozone (O3) 

and permanganate (MnO4) (Slokar et al., 1997). In oxidation, the dye molecule is 

separated by oxidation and breakage of the aromatic ring takes place (Raghavacharya et 

al., 1997; Field et al., 1995). In this process, the activated oxidizing reacts to the dye 

molecule and brings about a change in the structure of the dye. Thus dye is decolourized 

and removed by chemical separation. The common pathway for the degradation of dyes 

by the hydroxyl radical is as follows. 
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OH + RH                     H2O + R 

R + H2O2                       ROH +OH 

R + O2                       ROO 

ROO + RH                     ROOH + R 

In the oxidation process, hydroxyl radical is used most commonly because the hydroxyl 

potential of  hydroxyl radical found to be much more than other radical. This method has 

many disadvantages over advantage, like the generation of a large amount of sludge is a 

major problem for the disposal. 

1.6.2.2 Use of H2O2–Fe salts (Fenton’s reagent) 

In this process, the use of Fenton's reagent is much more common and widely used for the 

removal of both soluble and nonsoluble dyes. Fentons reagents are resistant to the 

biological methods of treatment and also poisonous to live biomass in wastewater (Slokar 

et al., 1997). In this reaction, the combination of ferrous and H2O2 performs their 

functions one by one, firstly the oxidation of dye molecules by OH radical and secondly 

the coagulation of dyes with the help of iron. Hydroxyl radical oxidizes the dye and 

converts itself to the Fe3+ moiety. It is very effectively decolorizing all the soluble and 

nonsoluble dyes (Rauf et al., 2009). In this method, the generation of a large amount of 

sludge is a major problem for the disposal and also includes the cost on that and reaction 

is very slow so that it needs more time for completion (Chung et al., 1993).  

1.6.2.3 Ozonation Method 

Ozonation is also an oxidation process for the decolourization of synthetic dyes from 

wastewater. Ozone has the capability to degrade phenols, chlorinated hydrocarbon, 

aromatic hydrocarbon and pesticides (Xu et al., 1999; Lin et al., 1993). In this process, 

Ozone decolorizes dyes by degrading the conjugated bond presents in chromophore 

(Peralto – Zamora et al., 1999). This process is very useful because, there is no 

generation of sludge and it also decreases the chemical oxygen demond (COD) of waste 

so that it can be directly discharged into the water bodies (Ince et al., 1997). This method 

is mostly used for the azo dye molecule and also used in the gaseous state so that the 

volume of the waste and sludge does not increase (Slokar et al., 1997). The major 

drawback of this method is the short half-life of ozone, which is around 20 minutes. 
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Ozonation needs to be done continuously for the complete treatment of dyes and this 

increases the overall cost of the process (Xu et al., 1999). The ozonation process is 

affected by pH, salt and temperature, etc. and decomposition of ozone start in the alkaline 

condition, so we need to maintain the pH of wastewater carefully (Slokar et al., 1997). 

Severe others drawback of this process is that ozone is a pollutant gas for our 

environment and usage of ozone results in the formation of toxic products. But if ozone is 

used for a longer duration, then that will reduce the effect of toxic products (Wang et al., 

2003).  

1.6.2.4 Sodium hypochlorite (NaOCl) 

Use of sodium hypochlorite (NaOCl) in the treatment of dyes is also a good option but 

not suitable for dispersing types of dyes. In this case, chloride (Cl) attacks the amino 

group of dye molecule cleaving azo bonds. Increase in decolourization of dye increases 

the amount of chloride concentration in the water bodies. The higher chloride 

concentration in water body has an adverse effect on the environment, animals and 

plankton (Slokar et al., 1997). The release of degraded azo dye with sodium hypochlorite 

was acting as carcinogenic and toxic to our environment (Banat et al., 1999). 

1.6.2.5 Photochemical process  

The method in which degradation of dye molecule into CO2 and H2O by free radical 

mechanism initiated by photochemical activation of H2O2 (Peralto-Zamora et al., 1999; 

Yang et al., 1998). The mechanism for the degradation is the interaction of hydroxyl 

radical in very high concentration. The radicals are generated by the interaction of UV 

light with the different chemicals like hydrogen peroxide, ozone and Fenton’s reagent. 

The rate of dye removal is affected by the pH, dye structure composition and UV light 

intensity (Slokar et al., 1997; Gogate et al., 2004; Forgacs et al., 2004). To increase the 

capacity of dye removal, we have to set up the reaction in batch or continues mode 

(Namboodri et al., 1996). During the photochemical treatment, many side products are 

formed, which depends on the composition of waste containing dye.  Such by-products 

are inorganic acid and organic aldehyde halides etc. (Yang et al., 1998). In this method, 

sludge is not produced and is non- toxic to the environment but a little bit expensive, 

resistant to the photo corrosion and biological immunity (Gonzalez-Gutierrez et al., 2009; 

Guivarch et al., 2003).  

 

H2O2 + hv                             2OH* 
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This photocatalysis process can be performed by O3 and Fenton’s in which the improved 

bleaching and mineralization were found. To increase the efficacy of the process, solar 

energy can be used in the generation of radicals from TiO2 (Konstantinous et al., 2004). 

1.6.2.6 Electrochemical destruction 

Removal of dyes can also be done by electrochemical methods in which the dyes are 

degraded by the use of electric current. This method has a significant role in the dye 

degradation. In this method, there is no generation of sludge and no use of chemical 

during the process. The degraded metabolite generated after the treatment has no harm on 

others and can be directly released into the water body. We found that electrochemical 

destruction is very efficient method for dye removal with many advantages. But a major 

drawback of this method is the usage of continuous high power electric current, which 

increases the cost and make the process more expensive (Pelegrini et al., 1999; 

Ogutveren et al., 1994). 

1.6.2.7 Cucurbituril method 

Cucurbiuril (C36H36N24O12) is the name because of its shape like pumpkin (a member of 

the Cucurbitaceae family plant). The name cucurbituril was first mentioned by 

Behehrend et al. (Behehrend et al., 1905). The structure of cucurbituril was a cyclic 

polymer of formaldehyde and glycoluril (Karcher et al.,1999a; Karcher et al.,1999b). It 

has good sorption capability for the water treatment; it helps in the removal of the 

aromatic compound from the contaminated water and also in the removal of various type 

of dye from the textile wastewater effluent (Dantz et al., 1998); Buschmann et al., 1994). 

The method for sorption of cucurbituril is still not cleared, but Karcher et al. proposed 

that sorption based on hydrophobic interaction (Karcher et al., 1999b). This cucurbituril 

is the potential candidate for the removal of reactive dye-containing wastewater effluent.  
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Figure 1.2: (A) Cucurbituril structure (B) Cucurbituril monomer structure  

 

1.6.3 Biological methods 

As we have discussed earlier that the azo group of the dye is the largest group among all. 

It comprises around 80% of all the dyes. These all high molecular weight azo dyes are 

continuously used in textile, food, medicines and others industries. These all dyes are 

converted into carcinogenic amines when released into the water bodies (Chung et al., 

1993). So we have focused on the methods which completely remediate the dye pollutant. 

Bioremediation by the use of biological organisms is a key research area in 

environmental science and it attracts the attention of the scientific community. It is a very 

effective method and leads to the complete removal and decolourization of dye molecules 

from the waste generated from the industries. In the biological method, many organisms 

like yeast, fungi, bacteria, actinomycetes, algae and plant are involved (Singh et al., 2015; 

Talarposhti et al., 2001).  Nowadays, the biological treatment methods are widely used 

because of their cost-effectiveness, ability to produce very less sludge and most 

importantly, due to the eco-friendly nature. In biological methods, an enzymatic method 
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is one of the important method for the degradation and decolourization of dye pollutant 

and it also help in the reduction of chemical oxygen demand (COD). The different 

available biological methods are described bellow in brief.  

1.6.3.1 Decolourization by fungi 

Fungi are such organisms which can grow almost everywhere and they can easily adapt 

the ecological niches of different organisms. From the last few years, fungi can be 

considered that it has the capability to degrade different types of dyes. Treatment of dye 

by using the fungi is economically cheaper than other biological methods. They rapidly 

adapt their metabolism rate at different carbon and nitrogen sources, which are important 

for their survival so that they can easily grow on the textile effluent containing dyes and 

reduces the dye pollutants. The fungal degradation and decolourization of dye have been 

described by many researchers (McMullan et al., 2001; Hao et al., 2000; Fu et al., 2001). 

There are much variety of fungi evolved in degradation and decolourization of dyes (Fu 

et al., 2000).  From these all fungi, some of them involve degradation and some of them 

involve in decolourization. All these fungi can be categorized into two forms, living cells, 

which can degrade and biosorb dye and dead cells, which can absorb dyes but not able to 

degrade.  

1.6.3.1.1 Mechanism for fungal biodegradation and biosorption 

There are two mechanisms for biodegradation and biosorption, one is by using the 

leaving cell and another is by dead cells. In living cells, many enzymes have been 

reported which are manganese peroxidase (MnP), laccase and lignin peroxidase (LiP 

(Raghukumar et al., 1996). The function of all the enzyme is found to be different in 

different fungus-like lignin peroxidase (LiP) that are involves degradation of an azo dye, 

polymeric dye, heterocyclic and triphenylmethane dye in P. Chrysosporium (Young et 

al.,1997). The manganese peroxidase (MnP) enzyme released from many fungi and it 

plays a major role in the decolourization of effluent from cotton bleaching. Same way 

laccase enzyme is the extracellular enzyme from different fungus and playing in the 

decolourization of azo, indigo and anthraquinone dye. Apart from the degradation, 

biosorption also plays an important role in the decolourization of dye effluent by living 

fungi cells. Fungi (Myrothecium verrucaria) have the capability to remove 50% of the 

dissolved dye in 10 h so that by using Myrothecium verrucaria we can easily remove 

most of the dye in a very short period of time (Knapp et al., 1995). These biosorption 
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methods of dye removal by using living fungi are varied from 10% to 60% depending on 

species to species. In the dead cell, the mechanism of biosorption depends on the 

physicochemical interaction between the cells and dye molecules. These physicochemical 

interactions are adsorption, ion- exchange and deposition (Zhou et al., 1991). Earlier the 

binding is not very clear between the dye molecules and cell wall in adsorption. But 

Brahimi - Horn et al., reported that the dye was internalized into the cells, which is 

confirmed by sonicating the fungus cells after the adsorption of dyes (Brahimi-Horn et 

al., 1992). 

Many researchers have compared the living cells and dead cells and they 

concluded that the dead cell are able to remove around 80% of dissolved dye and living 

removes 60% of dyes. With great removal capacity of dye, they also have serious 

disadvantage like the removal of dye by using the fungi depends on various factors (pH, 

temperature and concentration of effluent) and also have to maintain the fungal 

nutritional requirement for their growth (Gadd et al., 1990). 

1.6.3.2 Decolourization by white-rot fungi 

White rot fungi are widely known for the degradation of many polymers like lignin, 

which is the structural polymer of plants (Barr et al., 1994). White rot fungi have been 

mostly used for the degradation of xenobiotics, dioxins, chloro-organics and 

polychlorinated biphenyls (PCBs). The P. chrysosporium fungi have the ability to 

degrade the textile effluent upto 90% in 7 days. Lignin degrading white-rot fungi 

attracted scientific attention, as this organism was able to degrade a wide range of organic 

compounds. Lignin modifying enzyme is lignin peroxidase (LiP), manganese peroxidase 

(MnP) and laccases are directly and indirectly involved in the degradation of lignin, 

lignocelluloses compounds, xenobiotic compounds and various dyes (Boer et al., 2004). 

Azo dyes are degraded by the use of white-rot fungi in different ways like adsorption and 

enzymatic process. The action of fungi is different for the different types of dyes. It 

means that the single fungi species are not able to degrade all dyes. We have seen the 

white-rot fungi are able to degrade the dyes in liquid fermentation and also able to 

produce the enzyme for dye decolourization. But fungi work more efficiently in their 

natural environment. 
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1.6.3.3 Decolorization of azo dyes by algae 

Since the textile dyes effluent released into the environment, it seriously affect the aquatic 

life. In water body, photosynthetic organisms like cyanobacteria, algae and many others 

are widely distributed. Some of the azo dye is highly toxic to the fishes and inhibits the 

algal growth. Due to the presence of algae in both freshwater and saltwater, it can be used 

for the degradation of dyes effluents. The mechanism for the degradation depends on the 

molecular structure and types of algal species involve in it. Algae can also be used for the 

removal of nitrogen and phosphorus from the wastewater (Tarlan et al., 2002). Several 

algae like Chlorella and Oscillatoria are capable of decolourization of azo dyes into the 

aromatic amines and further metabolized to the simpler organic forms like CO2 (Acuner et 

al., 2004). Many reports show that algae can be used in the decolourization, biosorption 

and bioconversion and also in the bio coagulation process. Several reports related to the 

degradation of textiles effluent by algae shows that different algal species are able to 

decolourize the different dyes depending upon the nature of the dye and algal species 

which are being used. 

1.6.3.4 Decolourisation of azo dyes by plants 

Phyto-remediation is one of the most important emerging area and ecofriendly methods, 

which can be used for the remediation of soil, groundwater, surface and air pollutants 

(Patil et al., 2009). There are many methods that are available for the degradation of dye 

effluents, in which plant-based enzyme or plant-associated microbes can be used. The 

existing contaminant present into the environment is uptake by plant root and detoxifies 

them inside of the plant through various processes like degradation and elimination. 

These plants are also effective for the elimination of phenolic compounds, metals, 

colourants, azo dye and various organic and inorganic pollutants (Sureshvarr et al., 

2010). On the basis of plant-based detoxification process, the phytoremediation is devide 

in various categories as rhizofilterationfication, phytovolatilization, phytotransformation, 

rhizofilteration and phytoextraction (Sureshvarr et al., 2010; Ali et al., 2013). Due to the 

revitalization of polluted soils, water body and air revealed that the use of the plant is the 

sustainable and ecofriendly remediating agents and its get much attention of the scientific 

community to explore the degradation potential and presence of dye degrading enzyme in 

plant species. The studies have shown that the plants Brassica juncea, Sorghum vulgare, 

Phaseolus mungo, Thymus vulgaris, Rosmarinus officinalis and cocoyam plant are 
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involved in the removal, detoxification and absorption of various dyes (Patil et al., 2009; 

Torbati et al., 2015). 

1.6.3.5 Sorption of dyestuff by plants 

The process of dye removal by sorption mechanism is already well known and many 

plants are involved in the decolourization and biosorption. Many plant-like Eichhornia 

crassipes exhibits the 95% of removal capacity for the black b and RB blue dyes by 

sorption. Brassica alba (mustard) show the maximum sorption for azo dye and ethidium 

bromide (EtBr) whereas Solanum lycopersicum (tomato) and Vetivera zizanioides 

(Vetiver grass) shows the average sorption of dye. Eucalyptus plant showed the sorption 

of azo dye from the soil, paper and pulp waste.  These plants absorb dye molecules into 

their different body parts like leaf, root and stem, where they detoxify them within the 

plant cell and help in the reduction of COD, BOD, TDS content and nitrogenous 

compound from the waste (Rizwana et al., 2014). Hence we have seen that biosorption is 

very necessary for the accumulation, sequestration and subsequent metabolism of 

hazardous toxic dye by plants (Muthunarayanan et al., 2011). 

1.6.3.6 The tolerance and stress avoidance mechanism with plant 

In stress avoidance mechanism for dye removal by plants, the dye molecules are removed 

from the dye metal complex within the plant with the help of calcium and silicon. The 

precipitation of dye was mainly seen at plant root and leaf areas where the dyes break 

down into the smaller pieces. This smaller fragment gets easily absorbed by the plant 

through its semi-permeable membrane.  The plant releases this compound into the 

surrounding to maintain gaseous composition through biochemical reaction and soil pH, 

where the toxic dye gets converted into the nontoxic molecules (Nilratnisakorn et al., 

2008). Plant utilizes these degraded dye molecules for their growth, which results in 

decolourization of dyes molecules take place.  In relation to the dye decolourization, a 

various enzymatic process are known in which the increase of glutathione activity lead to 

the conjugation of dye molecules, which protect the plant against the various chemical 

stress (Carias et al., 2008).  
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1.6.3.7 Degradation by the involvement of Plant-microbes 

Many plants have the capacity to degrade the dye contaminant by forming a symbiotic 

association with the microbe. The fibrous root favours and gives support to provide 

shelter for pollutant degrading microbe because, after degradation, both plant and 

microbe can get the nutrient supply. Such type of dye metabolism using the plant-microbe 

interaction was studies in P. Grandiflora (Glick, 2010; Khandare et al., 2013). 

1.6.3.8 Bioremoval of dyestuff by using enzymes from plant 

As we already know, the plant contains multiple enzymes but the plant can able to 

degrade and decolourize the textile effluent containing dyes. To check the ability of plant 

for decolourization, the enzyme from the plant must be exposed to the dye contaminant. It 

is reported that the plant containing enzyme DCIP (2, 6-dichlorophenol-indophenol) 

reductase and tyrosinase, lignin peroxidase, riboflavin reductase and laccase, etc. These 

enzymes play important role in the degradation and decolourization of textile effluent 

containing dyes (Khandare et al., 2011b). To study the plant based enzyme for dye 

decolourization, many cell-cultured plant and intact plant have been investigated. From 

these studies, cell cultured plant and wild type plant of Portulaca grandiflora is found to 

be more efficient and effective for azo dye degradation. When the plant was exposed to 

dye, lignin peroxidase and DCIP (2,6-dichlorophenol-indophenol) reductase and 

tyrosinase seem to be more efficient and more effective (Khandare et al., 2011b). The 

direct red, navy blue and sulfonated azo dye are more susceptible to the enzyme 

degradation and easily metabolized by the plant.  

Among all the plants wild type plant found to be more efficient for the degradation of 

brilliant blue dye and remazol red (sulfonated azo dye). Enzymes laccases from T. 

flagelliforme and veratryl alcohol oxidase from Aster amellus, laccase, azoreductase, 

tyrosinase and others enzyme also play crucial role in the metabolism of their respective 

dye molecules (Khandare et al., 2011a). These enzymes from a plant not only help in 

decolorization and degradation, but also significantly reduce the BOD and COD from the 

effluents. Apart from these above enzymes peroxidase and polyphenol oxidase enzyme 

from banana also play a significant role in the metabolization of direct yellow, acid 

orange 7, aromatic amine, acid blue 92 dyes and basic blue 46 dyes in 120 h and direct 

blu in 90 h and direct red 5B in 48 h respectively. These all studies have confirmed that 

enzymes from the plant have crucial role in the degradation and decolourization of dye 
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molecules but the activity of enzymes also affected by the different environmental 

parameter (Concentration of dye, pH, Temperature and time). 

Many plant roots also provide the degradation and transformation of dyesstuff by 

intracellular enzymes like lignin peroxidase, NADH reductase, laccase and tyrosinase 

(Patil et al., 2009). After analyzing all the studies on plant enzyme, the hairy roots of the 

plants contain more enzymes for decolourization.  These all enzyme play a significant 

role in the degradation, but if the enzyme is immobilized on a solid matrix, then it 

removed 78% more dye than non-immobilized enzyme (Maddhinni et al., 2006). The 

enzyme-based detoxification mechanism for metabolic pathway is well studies into the 

plant root hairs. All these studies suggested that plant root hair system can be considered 

a good source of enzymatic degradation and detoxification of dye effluents.  

All these studies are very helpful in understanding the mechanism about decolourization 

and degradation of synthetic dye. But again we need to focus on the gene which is 

responsible for the metabolism of dye within the plant body so that we can use this 

enzyme in the remediation process in an eco-friendly manner. Apart from dye 

metabolism, the role of the enzyme is also important for us to elucidate the functional 

aspect and detoxification of colourant (Khataee et al., 2013).  

1.6.3.9 Decolourisation of azo dyes by bacteria 

Remediation is the process for the degradation of the complex substance into the simpler 

molecules. When complex compound degraded with the help of biological agents then its 

called as the bioremediation, biotransformation or biodegradation. The bioremediation 

involves the use of biological agents (microorganism) for the complete degradation or 

removal of contaminant from the environment, whereas the biodegradation and 

biotransformation involve some other chemical modification by living organism. 

Treatment of complex contaminant by using microorganism is getting much importance 

due to the capability of microorganisms to survive in such hostile environmental 

condition for more than thousands year. Microorganism plays a role in the restoration and 

reclamation of the contaminated environment through various process and has a role in 

the mineralization of xenobiotic compounds (Singh et al., 2011). The microbial 

degradation and decolourization are considered as the feasible environmental process 

because this process is relatively inexpensive, very low running cost is required and 

complete detoxification and mineralization of color-rich effluents. Numerous researcher 
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has worked on the microbiological process and concluded that wide verity of 

microorganism is there to decolorizes and degrade the dye effluent (Singh et al., 2011; 

Tahir et al., 2016). For degradation and decolorization of azo dyes using bacterial and 

their products are very common. This process of decolourization is more efficient, 

inexpensive and has maximum dye removal capacity from the textile effluent containing 

dyes. The microorganism can be used in various ways in the process of dye removal. 

 

 

Figure 1.3: Showing the bacterial degradation of azo dyes and mediation of ED = Electron donor. 

 

1.6.3.10 Use of microorganism in biosorption mechanism 

Biosorption is the mechanism of uptake or accumulation of another substrate/chemical by 

microbial biomass (Kumar et al., 1998). In the process of biosorption, the dead cells of 

bacteria have been used for the absorption of dye effluent. The composition of textile 

effluent containing dyes is a mixture of the chemicals. The absorption of such dye 

effluent depends on the composition of bacterial cells. The rate of adsorption of dyes was 

different for various bacterial species. The adsorption was found to be much better if the 

mixed culture of bacterial cells were used. The single strain of the bacterial culture also 

has been used for absorption, but it is not enough to absorb most of the dyestuff (Polman 

et al., 1996). The microbial biomass is taking advantageous over other methods for the 

removal of very toxic effluents. The adsorption was found to be more quickly, maybe 

because of an increase of bacteria surface. The surface of bacteria was increased due to 

raptured bacterial cells(Polman et al., 1996). 
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1.6.3.11 Decolorization of azo dye in anaerobic conditions 

The degradation of azo dyes under the anaerobic (methanogenic) condition ware studies 

and a wide range of bacteria involved in the degradation process. For the growth of 

bacteria in methanogenic condition various substrate is required and these substrates are 

starch, ethanol, acetate and glucose whereas for decolourization of synthetic blue 

wastewater containing dye effluent whey and tapioca are required (Van der Zee et al., 

2005; Chinwetkitvanich et al., 2000). Apart from methanogenic bacteria, acidogenic 

bacteria also plays a role in decolourization of dye effluents. In the decolourization of azo 

dyes, the reduction mechanism is followed with various time for decolourization and 

settling down the dye effluents. The reactive azo dye (Reactive red 411) was reduced into 

the aminonaphtalene- 1,5  disulfonic acid by microbial cells in anaerobic 

condition(Carliell et al., 1995). The anaerobic reduction process is the nonspecific 

process and various group of the azo compounds is decolourizes. The decolourization 

process depends on the various carbons sources we have used for the growth of culture 

(Stolz., 2001).  

1.6.3.12 Decolorization of azo dye in aerobic conditions 

There are several bacterial strains available in an environment which can degrade the azo 

dye effluents in aerobic conditions. In this condition, the bacteria requires organic carbon 

source as a growth substrate instead of using the dye as a growth substrate (Stolz., 2001). 

There are very fewer bacteria present into the environment which are able to use the azo 

dye as a carbon source. They reduced the azo bond and utilized the reductive amines as a 

source of carbon and energy for the growth. Some of the organisms like Pigmentiphaga 

kullae K24 and Xenophilus azovorans KF 46 are able to grow aerobically on the carboxy-

orange II and carboxy-orange I, respectively (Zimmermann et al., 1982). However, 

Sphingomonas sp. reported as obligate aerobic bacteria which can utilize azo dye (AO7) 

as carbon, energy and nitrogen source for their growth. They utilize the reduced amines 

component (1-amino 2- naphthol), which formed after the degradation of AO7 azo dyes 

(Coughlin et al., 1999). Several bacterial strains are isolated recently, which utilizes the 

methyl red as carbon source such bacteria are Vibrio logei and P. nitroreductase. In such 

condition, the trace of reduced amine is also found in the culture medium, which 

indicated that the aerobic growth of these bacteria is very helpful for the complete 

degradation of dye effluent from textiles wastewater (Adedayo et al., 2004). 
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1.6.3.13 Enzymatic degradation of azo dye 

The degradation of dye effluent by using the enzymes has been extensively investigated. 

Use of enzyme shows considerable benefits over the other methods used for 

decolourization and degradation. The enzymatic process for degradation can easily 

standardize and provides accurate dosage. The process for the use of enzyme is very 

simple and easily modified according to the nature of dyes. The exact knowledge of dye 

degradation by enzymatic methods is very helpful in environmental protection. There are 

so many enzymes which can be used for dye degradation such as azoreductase, laccase, 

and peroxidase. This enzyme can be expressed either extracellular or intracellular 

depending upon various microorganism. Fungi are a very good source for enzyme 

production, but the bacterial production of enzymes has many advantages over others 

source because of the growth of bacteria is very fast, the medium used for the growth was 

very cheaper, low maintenance and downstream processing was also very easy and fast.  

The primary step for the degradation mechanism of dyes by using enzymes is the 

reduction of azo bond (-N=N-). In this mechanism redox mediators are involved and the 

reaction is localized either in intracellular or extracellular. In this process of enzymatic 

degradation, mainly two enzyme family are involved, such enzyme families are 

azoreductase and laccases. Apart from this, various other enzymes are also involved in 

the degradation of azo dye such as lignin peroxidase (LiP), polyphenol oxidase (PPO) and 

manganese peroxidise (MnP) 

1.6.3.13.1 Azo dye degradation with laccase enzyme 

Laccase (EC 1.10.3.2) is commonly called as multicopper oxidase (MCO) because it 

belongs to the multicopper oxidase family. The most important feature of the laccase is 

the metal-containing oxidase. It was first isolated from the Rhus vernifera, a lacquer tree 

in Japan (Giardina et al., 2010). It has a significant role in the decolourization of textile 

wastewater containing dyes. The laccase enzyme performs the oxidation-reduction 

reaction with the absence of coenzyme. In the laccase reaction mechanism, the freely 

available oxygen was not utilized as an electron acceptor and also performs the non- 

specific oxidation reaction. Due to the distinct feature of laccase, it is mostly preferred in 

the bioremediation process (Kalyani et al., 2012). In laccase catalyzing reaction, low 

molecular weight compound act as a redox mediator in the electron transfer steps. The 

aromatic amines were oxidized by laccase with the mediation of Cu2+. The enzyme was 
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mainly purified from the plant, fungal and bacterial sources. The specificity for the 

laccase enzyme was very low in non-specific free radical mechanism to form the phenolic 

compound instead of making the xenobiotics. In the presence of oxygen laccase also 

oxidize the aromatic compounds into phenol and aniline. In the oxidation of phenolic 

rings by the laccase, the carbonium ion formed on azo linkage after oxidation of phenoxy 

radical. It produces the 4-sulfophenyldiazene after nucleophilic attack by water and the 

dyes were degraded. Use of laccase has some disadvantage that decreases in the activity 

of laccase at a higher temperature and in alkaline condition. This is the reason the laccase 

can't be preferred by the majority of the industries. 

1.6.3.13.2 Azo dye degradation and decolourization by peroxidase enzyme 

The degradation of azo dye by using fungi is well known and investigated for a very long 

time. Fungi have a tremendous capacity to produce the enzyme which has an important 

role in the degradation of azo dyes. Such enzymes are phenyloxidase and peroxidase. 

Peroxidase (EC 1.11.1) is the enzyme which has a role in the degradation of dye effluent 

from industrial waste. It helps in catalyzing the dye degradation mechanism with the help 

of hydrogen peroxide. The peroxidase enzyme belongs to the ubiquitous enzyme family 

and produced by all organisms. This enzyme was further divided into the six others 

subfamily (1. Animal peroxidase,2 di-heme cytochrome-c peroxidases, 3- non animal 

peroxidase, 4. Haloperoxidase, 5. Catalase 6. DyP- type peroxidase) on the basis of their 

primary structure, their substrate and organism.  The crystallographic study of peroxidase 

was done and the structure was elucidated. The crystallographic structure shows that it 

has three substrate binding sites namely the exposed tryptophan residue, c edges and the 

heme d (Gumiero et al., 2010). The textiles industries have a major concern about the 

degradation of wastewater containing the azo dye. In such case, the peroxidase enzyme 

has a very effective role in the oxidative degradation of orange G and sunset yellow with 

H2O2 (Zhang et al., 2012).  Many enzymes like DCIP reductase, tyrosinase and lignin 

peroxidase from the plant origin also have a role in the degradation and detoxification of 

azo dye.  

The mechanism of azo dye degradation using the lignin peroxidase is completed in 

two steps in which the oxidation of phenolic ring by H2O2 take place. The same way the 

mechanism for the manganese peroxidase involves the oxidative conversion of Mn2+ to 

Mn3+, which involved in the chelation of organic acids. The Mn3+ found near to the active 

 TH-2480_146152009



28 
 

site of enzyme oxidizes other substrates (Mester et al., 1998). This enzyme also shows 

the very high affinity to the manganese and dyes. The peroxidase enzyme was found to be 

very effective for the removal of phenolic compounds and aromatic amines from the 

textiles effluents. Based on the very versatile activity of peroxidase, many enzymes from 

the plant (Phragmites australis , Typha angustifolia  and Arundo donax)  are involved 

into the degradation of amido black, azo dye and amaranth dye (Haddaji et al., 2015).  

1.6.3.13.3 Degradation of azo dye by azoreductase enzyme 

The Azoreductase (EC 1.7.1.6) enzyme performs the reduction of azo dye into the 

colourless amine. In this process of reduction mechanism, many reducing agents involved 

and act as electron donor such reducing agents are FADH, NADH or NADPH (Singh et 

al., 2015; Solis M et al., 2012).  Further azoreductase enzyme was divided into the two 

categories one is flavin-dependent azoreductase and other is flavin independent 

azoreductase (Chen et al., 2004; Nakanishi et al., 2001; Blumel et al., 2002). Based on 

different coenzyme the enzyme was further categorised as FAD-dependent azoreductase, 

NADH dependent azoreductase and NADPH dependent azoreductase. These coenzymes 

help in the reduction of azo bond (-N=N-) into their corresponding amines (Nakanishi et 

al., 2000; Wang et al., 2007; Chen et al., 2006). Many azo dyes are effectively degraded 

by azoreductase enzyme so it is important to explore the microorganism which can 

produce the azoreductase. The azoreductase enzyme in bacteria is cytoplasmic and 

membrane-bound. The mechanism of dye degradation for membrane-bound azoreductase 

is different from the cytoplasmic azoreductase. Membrane-bound azoreductase uses the 

redox mediator as an electron shuttle. The non-sulfonated azo dye is entered in the cell 

and mainly degraded by soluble cytoplasmic azoreductase (Singh et al., 2015). In some 

unfavourable environmental condition, other enzymes also behave as azoreductase and 

degrade azo dyes and they utilize the degraded azo dye as carbon and energy sources for 

the growth.  

Azo dye degradation by the azoreductase enzymes from the obligate aerobic 

bacteria (Pseudomonas K22 and Pseudomonas KF46) was first isolated and characterized 

by the Zimmermann and his group (Zimmermann et al., 1982). These bacteria are mainly 

carboxy-orange degrading bacteria. The aerobic intracellular azoreductase was found to 

be very high specific for the carboxylated and sulfonated dye structural analogues. 

Azoreductase isolated from the two different strains are structurally different but 
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performs the same reduction. Many bacterial strains could not utilize the sulfonated azo 

dye for their carbon source and unable to degrade the sulfonated dye, but enzymes could 

do the same things.  May azoreductase enzymes are fully characterized and very well able 

to degrade the series of reactive dyes from the Bacillus sp. (Suzuki et al., 2001).  

  The mechanism for the degradation of dye effluent with azoreductase enzyme 

are given bellow- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Pathway for degradation of azo dye (A) Methyl red converted into the dimethyl p- 

phenylenediamine and o-aminobenzoic acid by azoreductase (B) Reduction of methyl red by 

azoreductase enzyme with the help of NAD (P)H. 
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1.6.3.14 Degradation of dye by various immobilization methods 

In recent years, many environmental engineers are trying to solve the problem of textile 

effluent. For the remediation of textile effluent, they are struggling to develop the new 

technology or to make a change into the existing technology (Sathish kumar et al., 2014, 

dos Santos et al., 2007). But none of the technology has been implemented in large scale 

to solve the problem, this is because of the many reasons like the toxicity of by-product, 

extreme operation condition, labour-intensive methods and also due to the high cost 

(Hayat et al., 2015). In order to develop new technology, additional effort can be 

required, which can solve the dye effluent problems from the environment. In order to 

solve the problem of dye effluent, enzymatic methods are found to be more effective. Due 

to the wider range of pH, temperature, different contaminant and saline range, the 

enzymatic methods attracted more and more people to solve the problem of dye effluent 

from the textiles waste (Rao et al., 2014). Due to the strong oxidative capabilities of 

enzymes and low substrate specificity into the contaminant, the enzymatic exploitability 

has seen into the environment. Due to the enzymatic exploitability, the enzymatic method 

is not preferred to be use for degradation of contaminants. To overcome the enzymatic 

exploitability into the environment, another method comes into existence such as 

enzymatic immobilization. Enzyme immobilization process has great applicability in the 

degradation of effluent. It offers a very effective approach to avoid the enzyme 

exploitability and have great stability against the salinity, denaturants, organic solvent 

and heavy metals (Gardossi et al., 2010). In the immobilization process, enzymes can be 

reused for several times and no wastage of enzymes was found. 

Immobilization is the process of coupling of the solid substrate with biocatalyst 

(enzyme). There are many processes for immobilizing the enzyme on the solid matrix. 

Immobilized enzymes are very easy to use in a reaction. It provides a stable catalyst to 

use practically and economically, very cheap. Immobilization enhances the thermal 

stability of the catalyst and very easily degrades the effluent in the harsh condition of 

denaturation and aggregation (Bilal M. et al., 2015). In bellow fig. 1.5 process of different 

types of immobilization are explained.  
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Figure 1.5: Representation of different types of available method for immobilization of the enzyme on 

various solid substrates (Bilal et al., 2017). 

 

The use of synthetic dyes seems to be more common because of their long-lasting 

nature, resistant to degradation and also economically very cheap. They behaves like 

xenobiotic after releasing into the environment. So we need some more efficient 

technology for dye degradation (Lucas et al., 2008). To mitigate dyes pollution, mainly 

physical, chemical and biological methods are used. In physical methods, mostly 

adsorption, coagulation and biosorption are involved. But these methods produce a large 

quantity of sludge. Chemical methods are usually discouraged as they are quite expensive 

and a lot of chemicals are used in the process. All these methods have an advantage and 

disadvantage like they are expensive and produce a large amount of sludge after the 

treatment of dye effluent. Extensively from these methods, membrane filtration and 

adsorption generate a large amount of secondary waste, which needs further treatment 

before disposal. Flocculation or coagulation methods also generate a large amount of 
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sludge, which requires safe disposal. For the dye degradation and decolourization, many 

works have been done on physico-chemical based methods, But now biological methods 

seems to be the most widely used around the worlds. Nowadays most of the scientific 

community focused on it dues the cost-effective nature, effective degradation process, 

eco-friendly and also due to the very less sludge generation (Song et al., 2003; Chen, 

2006). The bioremediation potential of microbes and enzyme produced from them is 

becoming an effective method for dye degradation and act as an alternative to the 

available conventional physiochemical based methods. In biological methods, enzymatic 

method is found to be the most effective for dye degradation. In such technology, 

immobilizing microbial enzymes can be a promising cost-effective field, as in this 

process repeated use of immobilized enzymes is possible. However, the enzymatic 

method is still an expensive one because of the high cost involved in isolation, 

purification and production of enzymes. Therefore, a holistic study in the enzymatic 

remediation of dyes is promising as it may bring up some efficient and cost-effective 

outcomes. 

1.7 Motivation of the research and scope of the work 

As day by day, increasing clean water crisis brings us to rethink about the issue. As a 

researcher, we need to make afforts to solve the problem of clean water. The increasing 

clean water crisis does not mean that water is not available; it means most parts the world 

water is wasted and polluted by many wastes. There is unavailability of proper cost 

effective method for water treatment for azo dye pollution. The textiles industries and 

paper industries are the prominent industries which can utilize maximum water and 

discharge into the river or another water body without proper treatment. This discharged 

water body can't be utilized directly for drinking purpose or in agricultural fields because 

they contains many toxic dyes and xenobiotic compounds.  If we can degrade dye and 

other xenobiotics in this discharged water, we can utilize the water for drinking purpose 

and also for agricultural fields. The work reports a potential method for the treatment of 

discharged water containing dyes using immobilized enzyme.  
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CHAPTER 2 

 

 

Biochemical characterization of a stable azoreductase enzyme 

from Chromobacterium violaceum: Application in industrial 

effluent dye degradation* 

 

 

 

 

ABSTRACT 

The presence of dyes, including azo functional group (-N=N-) containing dyes, in 

industrial wastewater is one of the major causes of water pollution. This report showcases 

the functional role of azoreductase from Chromobacterium violaceum (MTCC No: 2656) 

as a valuable enzyme for the degradation of azo dyes. The enzyme was cloned, expressed, 

purified and biochemically characterized and further tested for degradation efficiency of 

azo group containing dyes like methyl red, amaranth and methyl orange. The degraded 

azo dye products (metabolites) resulted by the action of azoreductase enzyme had 

reduced toxicity on fibroblast cell lines (L929) as compared to raw and intact dye. 

Further, good stability of the enzyme makes it more suitable for various applications 

related to the degradation and decolourisation of effluent dyes. 

 

*Part of the work has been published in International Journal of Biological Macromolecules, 2019,121, 

1011–1018.  
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2.1 Introduction 

Azo dyes are characterized by the presence of one or more azo groups (-N=N-) in their 

chemical structure. Dyes currently in use can be classified as either natural or synthetic 

dyes. Most synthetic dyes contain azo group in their structure. Recently higher 

commercial productions of azo dyes have been observed owing to their wide applications 

in textile, pharmaceuticals, food and cosmetics sector (Chung et al., 1992; Stolz., 2001; 

Chang et al., 2001). These dyes are relatively persistent in the environment because they 

are extremely stable even after being exposed to light and aerobic conditions. These dyes 

are highly toxic and their metabolic products have been shown to be of carcinogenic and 

mutagenic nature (Banat et al., 2001; Dong et al., 2003; Pinheiro et al., 2004). Several 

synthetic azo dyes have been used as tattoo colourants in which the derivative of 3, 3 

dichlorobenzenes, derivative of 2 amino 4 nitro-toluene, phthalocyanine is mostly used 

(Lehmann et al., 1998; Baumler et al., 2000). The presence of toxic and carcinogenic 

components in dyes and their subsequent products prompted setting up of regulations 

regarding the release of industrial effluents only after proper treatment. The treatment 

processes of industrial wastewater containing dyes usually use biological methods of 

treatment and remediation by using microorganisms and plant extracts (Mohan et al., 

2005; Mohan et al., 2002). Azo dye degradation by microorganisms is mostly observed in 

aerobic conditions (Chung et al., 1992; Stolz., 2001); however chances of degradation in 

anaerobic conditions cannot be ruled out. Different bacteria isolated from soil have 

shown tremendous capability in the degradation of dyes in aerobic conditions (Stolz., 

2001; Suzuki et al., 2001). Microorganisms degrade azo dyes by reducing azo bonds 

present in all dyes and leads to the formation of amines (Stolz., 2001; McMullan et al., 

2001). Azoreductase enzyme of bacteria has the catalyzing ability for the reductive 

cleavage of azo bond with the help of NADH/NADPH. These cofactors are considered as 

an electron donor in vitro conditions (Ghosh et al., 1992). Azoreductase enzymes are the 

key enzymes produced from the azo dye degrading bacteria. Recent years the 

characterization of few proteins displaying azoreductase activity. Several bacteria known 

to produce azoreductase include Staphylococcus aureus, Escherichia coli, Enterococcus 

faecalis Bacillus spp. and Xenophilus azovorans KF46F (Suzuki et al., 2001; Chen et al., 

2004; Liu et al., 2007; Blumel et al., 2002). However, use of bacteria in industry involves 

various factors like cost-effectiveness and enzymatic efficiency. It is also noteworthy that 

the involvement of bacteria needs their rearing for a long period of time. In contrast, use 
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of enzymes extracted from bacteria can remove this laborious step of bacterial rearing 

and can also be developed as a cost-effective process.  

Chromobacterium violaceum group of bacteria are usually found in the soil and 

water of tropical and sub-tropical regions across the globe (Ribeiro de Vasconcelos et al., 

2003). C. violaceum azoreductase is quite dissimilar from its bacterial homologs in terms 

of nucleotide sequence similarity. C. violaceum was procured from Microbial type culture 

collection (MTCC) India. It has high potential in the degradation of various toxic azo 

dyes in aerobic conditions. The amount of native azoreductase enzyme produced by 

bacteria is very less, which makes the purification process very tedious. In the current 

study, we report the biochemical characterization of recombinant azoreductase enzyme 

from C. violaceum and also demonstrate the efficient dye degrading capability of C. 

violaceum azoreductase leading to the generation of degraded products with significantly 

reduced toxicity. The enzyme, in its immobilized form, can be used for the development 

of process for dye degradation in a bigger scale. 

 

2.2 Materials and methods 

 

2.2.1 Organism growth condition 

Azo dye degrading bacteria C. violaceum (MTCC 2656) was commercially purchased 

from Microbial Type Culture Collection (MTCC) India. The C. violaceum was grown in 

media containing Beef extract, yeast extract, peptone and NaCl or in the nutrient agar 

plate. Cells ware grown at 37°C for overnight in a shaking incubator at the speed of 180 

rpm (Demoss et al., 1959). All the chemicals used during the experiment was purchased 

from Sigma (USA) and HiMedia (Mumbai, India) in analytical grade. 

 

2.2.2 Cloning of CV_RS09840 in pET28a(+) expression vector 

Genomic DNA was isolated from C. violaceum using nucleotide sequence of 

azoreductase from C. violaceum (CV_RS09840) with accession number NC_005085.1. 

Azoreductase gene-specific primers were used for the amplification of full-length 

azoreductase gene. Forward primer CV Azo F: 5′- 

CGGGATCCATGAAACTGCTCCACCTCG-3′ (underlined sequence is restriction site 

for BamHI and highlighted sequences are for start codon) and reverse primer CV AzoR: 

5′-CCGTCGACTTACAGCGCCAACTTGGC-3′ (underlined sequence is restriction site 

for SalI and highlighted sequences for stop codon) specific for CV_RS09840 gene (NCBI 
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reference number: NC_005085.1). The BamHI (NEB) and SalI (NEB) restriction site 

were specifically incorporated in the primers. PCR reaction was performed in 40 μl 

reaction volume containing 20 μl of Dream Taq green PCR master mix (Fermentas), 0.1 

μg of each primer, 0.1 μg of C. violaceum (CV_RS09840) genomic DNA which was 

mixed and final volume was adjusted by adding nuclease-free water. In PCR reaction, the 

conditions was optimized with an initial denaturation  for 3 min at 95°C; 30 cycle of 

denaturation for 15 s at 95°C; annealing 30 s at 62°C; elongation 40 s at 72°C and final 

extension for 10 min at 72°C. The PCR reaction amplifies the 609 bp of amplicon shown 

on a 1% agarose gel stained with EtBr. The PCR product and pET28a (+) (Novagen) was 

restriction digested with BamHI and SalI, and ligated to the pET28a (+) vector by T4 

DNA ligase. The recombinant pET28a (+) were transformed in E. coli DH5α cells. All 

the cells were screened for the presence of CV_RS09840. The initial confirmation was 

done by PCR amplification of azoreductase gene by using gene-specific primers. The 

clone was further confirmed by restriction digestion with BamHI and SalI showing the 

release of 609 bp and finally the presence of azoreductase (CV_RS09840) was verified 

by sequencing using T7 forward and reverse primer. 

 

2.2.3 Expression and purification of recombinant azoreductase 

Recombinant pET28a-CV_RS09840 (6x Histidine tag at the N terminal) was isolated 

from transformed E. coli DH5α cells and further transformed into E. coli BL21 (DE3) 

cells for soluble expression. The transformed cells of E. coli BL21 (DE3) were grown in 

5 ml of LB(Luria-Bertani) media as a primary culture at 37°C in a shaking incubator at 

180 rpm with 50 μg/μl of kanamycin (HiMedia) to avoid unnecessary growth. Secondary 

culture of transformed E. coli BL21 (DE3) cells after reaching an optical density of 

around 0.4 at A600 was shifted to shaking incubator maintained at 20°C, 180 rpm for 8 h. 

 

2.2.4 Protein purification 

For protein purification, secondary cultured cells were grown for 8 h at16°C and this 

cultured cells ware centrifuged at 5000 rpm for 10 min and sonicated with 6 s on and 10 s 

off-cycle sonicator (Sonics) with lysis buffer (20 mM Tris-HCl, 250 mM NaCl pH 7.5 

with 2.5% Glycerol). The sonicated sample was centrifuged at 12,000 rpm for 40 min at 

4°C. The clarified supernatant was collected and loaded on the pre-equilibrated Ni-

Nitrilotriacetic acid column (with 10 mM imidazole in 20 mM Tris-HCl and 250 mM 

NaCl pH 7.5) for purification and protein was eluted with elution buffer (250 mM 
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imidazole in 20 mM Tris-HCl and 250 mM NaCl). The purified protein was dialyzed 

against potassium phosphate buffer (25 mM KH2PO4 and 25 mM K2HPO4 pH 7.2) 

overnight for the removal of residual imidazole. The size of purified azoreductase 

enzyme was estimated by running SDS-PAGE (12%). The concentration of purified 

protein was estimated by bradford assay using the bovine serum albumin (BSA) as a 

standard (Bradford., 1976).  

 

 

 

Figure 2.1: Schematic for cloning and expression of Azoreductase. Azoreductase gene was PCR amplified 

from the Chromobacterium violeacum genomic DNA and cloned in pET28a expression vector 

which was further transformed into E. coli BL 21(DE3) cells for the heterologous expression of 

recombinant His tagged dihydroorotase which was purified from the bacterial lysate using Ni-

NTA metal affinity chromatography. 

 

 

2.2.5. Kinetic characterization of enzymes 

Enzyme activity of purified recombinant azoreductase was measured by decreasing the 

concentration of NADH using a earlier reported method (Schoneck et al., 1997). The azo 

bonds present in the dye are reduced when the reaction starts proceeding with the addition 
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of enzyme. The initial velocity of reaction was monitored by changing the amount of 

substrate in a glass cuvette of 1.0 cm path length and absorbance was taken at 340 nm. 

The optical density was measured in Agilent Technology Carry 100 UV–Vis 

spectrophotometer at room temperature. The standard reaction volume was 1 ml which 

contained 25 mM K2HPO4, 25 mM KH2PO4 pH 7.2 (HiMedia) varying concentration (1 

nM–1000 nM) of methyl red, methyl orange or amaranth azo dye, 0.1 mM NADH, 10 

μM FMN and 2 μg of enzyme. The reaction mixture was incubated in a water bath at 

30°C for 1 min before taking the absorbance and the data obtained were fitted in 

Michaelis-Menten equation and double reciprocal plot through which Km and Vmax were 

estimated. 

 

2.2.6 pH optimum 

The pH optimum studies were carried out at a pH range of 4.0–10.0. The reaction mixture 

contains two buffers: 25 mM K2HPO4 (pH 4.0–11.0), 25 mM KH2PO4 (pH 4.0–11.0), 1 

μM of an azo dye, 0.1 mM NADH, 10 μM FMN and 2 μg of enzyme. The reaction was 

initiated after the addition of enzyme followed by incubation in water bath at 30°C and 

absorbance was taken at 340 nm. The pH optimum was determined by plotting the 

relative activity at different pH values. 

 

2.2.7 Temperature optimum 

The temperature optimum studies were carried out at different temperatures ranging from 

10°C to 60°C. The reaction mixture contains two buffers: 25 mM K2PO4 (pH 7.2), 25 

mM KH2PO4 (pH 7.2), 1 μM of an azo dye, 0.1 mM NADH, 10 μM FMN and 2 μg of 

enzyme. The reaction was initiated after the addition of enzyme followed by incubation in 

water bath at different temperature range from 10°C to 60°C and absorbance was taken at 

340 nm. Appropriate substrate blanks were included in all the reactions. The temperature 

optimum was determined by plotting the relative activity at different temperature values. 

 

2.2.8 Prosthetic group identification of enzyme 

The prosthetic group present within the enzyme flavin adenine dinucleotide (FAD) was 

confirmed by HPLC using earlier reported method after minor modification (Chen et al., 

2004; Lobenstein - Verbeek et al., 1984; Ooi et al., 2007). High purity and analytical 

grade FAD purchased from Sigma Aldrich was used as a standard. In brief, 0.5 ml of 

recombinant azoreductase (0.4 μgμl−1) present in 25 mM phosphate buffer (pH 7.2) was 
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taken and denatured in the water bath at 80°C for 10 min and centrifuged at 10,000 rpm 

for 10 min to remove the denatured protein. The supernatant was collected and used after 

filtering with 0.4 µm filter to measure the presence of FAD in Thermo Scientific HPLC 

ultimate 3000 system connected with UV–Visible detector and a reverse-phase C18 

column (5 μm 120 Å 4.5 × 259 mm). The mobile phase was 25 mM phosphate buffer (pH 

7.2) and acetonitrile (4:8, v/v) with a flow rate of 0.5 mlmin−1. The presence of FAD was 

monitored at 260 nm. The standard FAD was also dissolved in 25 mM phosphate buffer 

and used as control. 

 

2.2.9 Degradation kinetics study of dyes 

The biodegradation product of methyl red, methyl orange and amaranth dyes was 

monitored by using the UV–Visible spectrophotometer (Agilent Technology Carry-100) 

and Fourier Transform Infrared Spectroscopy (Perkin Elmer Spectrum two) analysis. The 

reaction for UV–Visible spectroscopy contain 25 mM potassium phosphate buffer, 1 μM 

of azo dye, 0.1 mM NADH, 10 μM FMN and 2 μg of azoreductase enzyme. The reaction 

starts by adding the azoreductase enzyme in the sample and scanning the consumption of 

NADH used in this reaction at 340 nm. The biodegraded product was analysed after 

lyophilization (Labconco) in Fourier Transform Infrared Spectroscopy (Perkin Elmer 

Spectrum two) and compared with control dye. The FTIR analysis was done in a range of 

400 to 4000 cm−1 with 20 scan speed. 

 

2.2.10 Toxicity assay 

The toxicity of methyl red, methyl orange and amaranth dye was checked on fibroblast 

cell line (L929), to find out the probable health impacts. In toxicity assay, the fibroblast 

cell line (L929) was procured from National Centre for Cell Sciences (NCCS) Pune India, 

and maintained in RPMI 1640 liquid media supplemented with 15% heat-inactivated fetal 

bovine serum (FBS). In the media, 100 U penicillin and 100 μg ml−1 streptomycin 

antibiotics was added to stop the unwanted growth. MTT [3 (4, 5 dimethylthiazol 2 yl) 2, 

5 diphenyl tetrazolium bromide] assay was used to check the toxicity efficacy of the dyes. 

Healthy cells (5000)  were seeded in 96 well plates and were allowed to adhere for 24 h at 

37°C. After 24 h, the cells were treated with varying concentration (20 μg to 1000 μg) of 

dye and incubated again at 37°C for 24 h. After completion of 24 h, the media was 

removed from each well and 200 μl of MTT (0.5 mg ml−1) was added in to them and 

again incubated for 4 h at 37°C. After completion of 4 h, all the MTT was discarded and 
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100 μl DMSO was added to each plate and mixed properly. Absorbance was taken at 570 

nm in microplate reader by (BIOTEK Synergy HT) (Tiwari et al., 2016). 

 

2.2.11 Stability of azoreductase with various denaturant 

To analyse the capacity of the purified enzyme to retain its activity under denaturant 

conditions and organic solvents, 2 μg of enzyme was incubated with different 

concentration of urea, GdmCl (Guanidine hydrochloride) and SDS (Sodium Dodecyl 

Sulfate) for 12 h at room temperature and activity was measured in spectrophotometer. 

Stability of azoreductase was measured with respect to the percent activity of the enzyme. 

The reaction mixture contains amaranth dye, FAD, NADH and enzyme. The reaction was 

started by adding enzyme that was already incubated with different denaturant (urea, 

GdmCl and SDS) for 12 h. 

 

2.3 Results 

 

2.3.1 Cloning, expression and purification of C. violaceum azoreductase 

(CV_RS09840) 

The open reading frame of CV_RS09840 gene is 609 bp. The azoreductase gene was 

amplified by using PCR amplification from the genomic DNA of C. violaceus shown in a 

1% agarose gel stained with Etbr (fig. 2.2A). The amplified gene was cloned in the 

pET28a (+) plasmid. The pET28a CV_RS09840 construct was confirmed by double 

digestion, showing a release of 609 bp fragments on 1% agarose gel (fig. 2.2B). The 

clone was further confirmed by sequencing using T7 forward and T7 reverse primers. The 

pET28a-CV_RS09840 construct was transformed into the E. coli BL21 (DE3) cells for 

protein expression. The expression of protein was optimised at various temperatures and 

different concentrations of Isopropyl β D 1 thiogalactopyranoside (IPTG). Further, the 

protein was expressed in soluble fraction without induction with IPTG at 20°C 

temperature. 
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Figure 2.2: Cloning of azoreductase in pET-28a (+) (A) Lane M and Lane 1 shows the 10 kb ladder 

DNA marker and PCR amplification of azoreductase gene (609 bp) respectively (B) Lane M and 

shows the 1 kb ladder DNA marker and lane 1shows the fragmented release for clone 

confirmation by double digestion respectively . The 609bp of release is visible. Further the clone 

was also confirmed by sequencing.  

 

 

2.3.1.1 Protein purification 

The secondary cultured cells were centrifuged at 500 rpm for 10 min and sonicated with 6 

s ON and 10 s off cycle sonicator (Sonics) using lysis buffer (20 mM Tris-HCl, 250 mM 

NaCl pH 7.5 with 2.5% Glycerol). The sonicated sample was centrifuged at 12,000 rpm 

for 40 min. The supernatant was directly used for binding to the pre-equilibrated Ni-NTA 

column for 2 h. After binding, the unbound fraction was collected and the column was 

washed with 50 ml of wash buffer (20 mM Tris-HCl, 250 mM NaCl and 25 mM 

imidazole). Protein was eluted with elution buffer (20 mM Tris-HCl, 250 mM NaCl and 

250 mM imidazole) after washing. Further, the purified protein was dialyzed with 25 mM 

potassium phosphate buffer pH 7.5 for overnight. The purity of recombinant protein was 

checked on 12% SDS PAGE (Bornhorst et al., 2000). His-tagged purified protein 

displayed a characteristic band of 24 kDa on SDS-PAGE (fig. 2.3A lane 4 and in fig. 

2.3B). 
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Figure 2.3: Expression of azoreductase enzyme from E. coli BL21(DE3) cells (A) Lane M showing low 

range (97.2 kDa to 14.3 kDa) marker with various cut off,  Lane 1 shows the unbound fraction 

of protein, lane 2 shows the protein washed  with 25 mM of imidazole, lane 3 shows the elution 

with 50 mM of imidazole and lane 4 shows the elution of protein with 250 mM concentration 

of imidazole, in which the purified azoreductase enzyme showing the 24 kDa molecular 

weight. (B) Purified azoreductase enzyme lane M showing low range marker and lane 1 

showing the purified azoreductase enzyme with molecular weight 24 kDa.  

 

2.3.2 Prosthetic group identification 

The purified azoreductase enzyme with the prosthetic group is usually yellow in colour, 

which is non removable in dialysis or in the process of purification. The colour of the 

enzyme extracted and purified was also yellow, indicative of the presence of a flavin 

group with enzymes (protein binds to flavin). The colouration was found throughout the 

absorption spectrum at 262 nm with a retention time of 3.13 min in HPLC based analysis 

confirming the presence of FAD (fig. 2.4A), which also matched with the spectrum and 

retention time of standard FAD (fig. 2.4B) (Zenno et al., 1996; Ooi et al., 2007; Chen et 

al., 2004). 
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Figure 2.4: Studies on the prosthetic group by using HPLC. (A) Showing the peak of prosthetic group at 

3.12 min with denatured enzyme (B) Standard FAD (control) eluted at very similar elution time 

(3.20 min).  

2.3.3 Biochemical characterization of C. violaceum azoreductase 

2.3.3.1 Effect of temperature and pH on the activity of azoreductase enzyme  

The effect of temperature and pH on the activity of azoreductase is shown in fig. 2.5A 

and 2.5B. The effect of temperature on azoreductase activity was examined at a range 

from 10°C to 60°C and maximal activity occurred at 35°C. The effect of pH value was 

also examined at a range from pH 4.0 to 11.0 and optimum activity of azoreductase was 

found at pH 7.2, which is in agreement with the results of earlier report (Bin et al., 2004). 

 

 

 

Figure 2.5: (A) pH optima: Optimum pH was analysed for azoreductase enzyme from the pH 4.0 to10.0. 

The optimum activity was found at pH 7.5 with a wide pH range of enzymatic activity. 
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Figure 2.5: (B) Temperature optima for azoreductase enzyme: The optimum working temperature for 

azoreductase enzyme was 30°C to 37°C while the enzyme shows activity in the range of 10°C 

to 60°C. 
 

2.3.3.2 Kinetic characterization of azoreductase 

Azoreductase enzyme always catalyzes the oxidation-reduction reaction in the forward 

direction. In this reaction, three azo dyes were used as substrates with NADH as a co-

substrate and Km and Vmax were estimated for both the substrates. The estimated Km and 

Vmax for methyl red were 24.06 ± 2.48 nM and 2.98 ± 0.23 nM s−1 (fig. 2.6A). Km and 

Vmax for NADH used with the methyl red reaction were estimated at 38.23 ± 1.57 μM and 

2.30 ± 0.06 μM s−1 (fig. 2.6B), Km and Vmax for amaranth dye were 8.57 ± 1.08 nM and 

3.82 ± 0.17 nM s−1 (fig. 2.6C), Km and Vmax for NADH used with amaranth dye were 

59.94 ± 1.42 μM and 2.61± 0.10 μM s−1(fig. 2.6D) and finally the Km and Vmax for methyl 

orange reaction were 25.22 ± 3.44 nM and 3.44 ± 0.20 nMs−1 (fig. 2.6E) and Km and Vmax 

for NADH used with methyl orange were 56.44 ± 9.33 μM and 1.63 ± 0.05 μMs−1 (fig. 

2.6F).  
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Figure 2.6: Kinetic characterization of azoreductase from C. violaceum. Michaelis-Menten plot for (A) 

methyl red taken as a varying concentration of substrate and concentration of NADH was fixed 

at 100 nM.  The Km and Vmax for methyl red were calculated which is 24.06 ± 2.48 nM and 2.98 ± 

0.23 nMs-1. (B) The methyl red concentration was fixed at 100 nM with varying concentration of 

NADH. The Km and Vmax were calculated and found to be 38.23 ± 1.57 nM and 2.30 ± 0.06 µMs-

1 respectively (C) The NADH concentration was fixed at 100 nM with varying concentration of 

amaranth dye in which Km and Vmax were calculated as 08.57 ± 1.08 nM and 3.82 ± 0.17 nMs-1 

respectively (D) The amaranth dye concentration was fixed at 100 nM  with varying 

concentrations of NADH. The Km and Vmax were calculated as 59.94 ± 1.42 nM and 2.61 ± 0.10 

µMs-1 respectively. (E) The NADH concentration was fixed at 100nM  with varying 

concentrations of methyl orange. The Km and Vmax were calculated as 25.22 ± 3.44nM and 3.44 ± 

0.20 nMs-1 respectively. (F) The methyl orange concentration was fixed at 100 nM with varying 

concentrations of NADH. The Km and Vmax were calculated as 56.44 ± 9.33 nM and 1.63 ± 0.05 

µMs-1 respectively. 
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Table 2.1: List of biochemical kinetic parameters calculated for the azoreductase. 

S.No. Substrate Km(nM) Vmax 

1. Methyl Red  24.06 ± 2.48  2.98 ± 0.23 nMs-1  

2. NADH  38.23 ± 1.57  2.30 ± 0.06 µMs-1  

3. Amaranth Dye  08.57 ± 1.08  3.82 ± 0.17 nMs-1  

4. NADH  59.94 ± 1.42  2.61 ± 0.10 µMs-1  

5. Methyl Orange  25.22 ± 3.44  3.44 ± 0.20 nMs-1  

6. NADH  56.44 ± 9.33  1.63 ± 0.05 µMs-1  

 

2.3.4 Biodecolourization and biodegradation analysis 

 

2.3.4.1 Analysis with UV – Visible spectroscopy 

The degradation studies of methyl red, methyl orange and amaranth dye are clearly 

indicated in fig. 2.7. This UV–Visible data represents the degradation study of methyl 

red, amaranth dye and methyl orange, shown in fig. 2.7A, 2.7B and 2.7C respectively. 

The degradation of dye is measured as a decrease in absorbance of NADH. Methyl red 

dye was degraded very fast as compared to amaranth dye and methyl orange. The 

degraded results were compared with their undegraded counterpart. 
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Figure 2.7: Degradation of dye using the enzyme (A) Absorption of NADH used in the reaction of methyl 

red degradation with control and treated sample. Absorption of both control and treated sample 

starts from the 0.70 OD value, but the optical density of treated sample goes down after 1 min 

scanning to the 0.1 OD value and for the control sample, OD value remains constant at 0.70. (B) 

Absorption of NADH (342 nm) used in the reaction of amaranth dye degradation with control 

and treated sample. Absorption of both control and treated sample starts from the 0.80 OD value, 

but the optical density of treated sample goes down after 10 min scanning to the 0.20 OD value 

and for control sample OD value remains constant at 0.80. (C) Absorption of NADH (342 nm) 

used in the reaction of methyl orange degradation with control and treated sample. Absorption of 

both control and treated sample start from the 0.65 OD value, but the optical density of treated 

sample goes down after 2 min scanning to the 0.13 OD value and for control sample OD value 

remains constant at 0.65. 

 

 

2.3.4.2 Analysis with FTIR spectroscopy 

Degradation of azo dye was confirmed by FTIR spectra. The FTIR spectra for the 

azoreductase-treated dyes (methyl red, amaranth and methyl orange) were compared to 

that of the untreated dyes. Fig. 2.8A shows the degradation of methyl red dye in which 

the peak at 3391 cm−1 represents the stretching of -NH2 and the peak at 1656 cm−1, 

bending of -NH2 confirms the formation of -NH2 group after reduction of the azo bond, 

thereby confirming the degradation of the dye upon treatment with the enzyme. Fig. 2.8B 

shows the FTIR analysis for the degradation of amaranth dye, which also shows 

stretching and bending modes of -NH2 group at 3391 cm−1 and 1656 cm-1, respectively, 

which were absent in the untreated dye. Similarly, in fig. 2.8C the FTIR spectra show the  

degradation of treated methyl orange, which shows peaks stretching of -NH2 at 3391 cm−1 

and bending of -NH2 at 1656 cm−1 confirming the formation of -NH2 group after the 
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reduction of azo bond. In case of all untreated dyes, azo peak is present at a range of 1429 

cm−1 but in case of degraded dye the azo group was reduced to -NH2 which can be 

characterized from the FTIR analysis. 

 

 

 

Figure 2.8: FTIR spectra of dye before degradation and after degradation, (A) IR  spectra of methyl 

red dye before degradation and after degradation, in which peak showing the presence of 

stretching of –NH2 at 3391 cm-1 in the degraded dye and also the presence of bending of –NH2 

at 1656.35 cm-1, which confirms the formation of –NH2 group after reduction of azo bond, (B) 

IR spectra of amaranth dye before degradation and after degradation, in which peak showing 

the presence of stretching of –NH2 at 3391 cm-1 in the degraded dye and also the presence of 

bending of –NH2 at 1656 cm-1, which confirms the formation of –NH2 group after reduction of 

azo bond and in  (C) IR spectra of methyl orange before and after degradation, in which peak 

showing the presence of stretching of –NH2 at 3391 cm-1 in the degraded dye and also the 

presence of bending of –NH2 at 1656 cm-1, which confirms the formation of –NH2 group after 

reduction of azo bond. 

 

2.3.5 Toxicity assay 

The toxicity assay with dye showcases the significant cell death from very low 

concentration to higher concentration of dye. The concentration of dye was used from 20 

μgml−1 to 1000 μg ml−1. In this study we have taken L929 cells as control, study of all the 

three dyes was done before degradation and after degradation by the use of azoreductase 

enzyme. In case of methyl red dye, 80% cells were viable at 20 μgml−1 concentration and 

less than 10% cells were viable at 1000 μgml−1 concentration of methyl red (fig. 2.9A). 
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When degraded dye was used, 90% cells were viable at 20 μgml−1 concentration and 60% 

cells were viable at 1000 μgml−1 concentration. When amaranth dye was used, around 

85% of cells were viable at 20 μgml−1 concentration and 10% of cells were viable at 1000 

μgml−1 concentration. But in case of degraded dye, 90% of cells were viable and around 

65% of cells were viable at 1000 μgml−1 concentration (fig. 2.9B). In case of methyl 

orange dye, 80% of cells were viable at 20 μgml−1 concentration and less than 10% cells 

were viable at 1000 μgml−1 concentration. When degraded methyl orange was used 80% 

of cells were viable at 20 μgml−1 concentration and 60% of cells were viable at 1000 

μgml−1 concentration (fig. 2.9C) (Kumar et al., 2017). 

 

 

Figure 2.9: MTT assay showing the toxicity of dyes on fibroblast cell (L929 cells) in which normal healthy 

cells were taken as control, various concentrations of dyes without treated and treated with 

enzyme (degraded product, test) were used for the assay, from 20 µgml-1 to 1000 µgml-1. (A) 

Toxicity of methyl red, at 20 µgml-1 concentration 75% of cells were viable and in 1000 µgml-1 

concentration 10% cells were viable but after treatment of dye 80% of the cells were viable at 

20 µgml-1 concentration and 60% of cells were viable at 1000 µg concentration. (B) Toxicity of 

amaranth dye in which 85% of cells were viable at 20µgml-1 concentration, 10% of cells was 

viable at 1000 µgml-1 concentration but in after-treatment of amaranth dye 90% of the cells 

were viable at 20 µgml-1 concentration and 70% of the cells were viable at 1000 µgml-1 

concentration. (C) Toxicity of methyl orange dye in which 80% of cells were viable at 20 

µgml-1 concentration and less than 10% of the cells were viable at 1000 µgml-1 concentration 

but after treatment of methyl orange dye percent viability of cells was increased which was 

80% at 20 µgml-1 concentration and 55% at 1000 µgml-1 concentration. 
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2.3.6 Stability of the enzyme 

Stability of azoreductase enzyme was measured with various denaturants. Azoreductase 

enzyme was found very stable with all the three denaturants. The percent activity of 

azoreductase was found to be 100% in the absence of urea, in contrast, to decrease in the 

activity when concentration of urea increases. 55% residual activity was reported with 2 

M urea concentration while 10% activity was found at 4 M urea concentration (fig. 2.10). 

The percent activity of azoreductase was reported with varying concentration of GdmCl. 

50% activity was reported at 2 M GdmCl while 7% residual activity was found at 4 M 

GdmCl concentration. The percent activity of azoreductase was reported with varying 

SDS concentration, where 60% residual activity was found at 0.1% SDS and 20% 

residual activity was found at 0.2% SDS which decreases to 5% activity at 0.4% residual 

activity. High stability of the enzyme is a decisive factor about the usefulness of an 

enzyme for industrial/commercial applications. The azoreductase enzyme shows very 

good stability under various conditions of urea, GdmCl and SDS (Table 1.2). The 

stability results for azoreductase enzyme under various harsh conditions make it an 

excellent protein for dye degradation applications. 

 

 

Figure 2.10: Stability of the azoreductase under different conditions. The residual activity was calculated 

considering activity without incubation with any denaturants under same conditions of the 

enzymatic reaction. 
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Table 2.2: Residual activity of azoreductase enzyme with various concentrations of 

different denaturants. 

Conditions Residual activity (%) 

2M Urea 55 

4M Urea 10 

0.1% SDS 60 

0.2% SDS 20 

2M GdmCl 50 

4M GdmCl 7 

 

2.4 Discussion 

More than 3000 azo dyes are currently available commercially which are widely utilized 

by a diverse group of industrial sectors including textiles, printing paper manufacturing, 

pharmaceutical, cosmetics and food industries. The remains and residues are discharged in 

the water bodies after the utilization of these dyes in the industries. These dyes are 

metabolized into aromatic amines after entering inside the living body (Chung et al., 

1992). During manufacturing, 15% of total manufactured azo dyes are discharged which  

pollutes the environment (Robinson et al., 2001). Enzymatic degradation of azo dye has 

been found to be very efficient, useful and cost-effective method in present times (Vander 

Zee et al., 2005). It is also proved that azoreductase is involved in the metabolism of 

drug-containing azo groups (Ryan., 2017). In the present study, effectiveness of 

azoreductase extracted from C. violaceum was investigated. This bacterium has been used 

till now for its capability of producing violacein, a natural antibiotic which is helpful in 

the treatment of colon and other cancers (Kodach et al., 2006). The azoreductase enzymes 

of C. violaceum have not been discussed so far. Therefore this study aims to find the 

effectiveness of the azoreductase of C. violaceum as it can produce more enzyme than 

other bacteria and the gene sequence similarity of azoreductase is much different than 

other conventional bacteria. As it has the property to form antibiotics, it is also an old 

player of commercial world, which also makes it easy for quick and cheap availability of 

bacterial strain. This investigation was done in aerobic conditions by using the 

recombinant azoreductase from C. violaceum. This recombinant azoreductase was 
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purified from E. coli BL21 (DE3) shown in fig. 2.3A and 2.3B on SDS-PAGE. The size 

of the azoreductase was also confirmed to be 24 kDa.  

The temperature range for enzymatic activity for azoreductase in other bacterial 

species was reported from 20°C to 55°C (Cui et al., 2012; Ramalho et al., 2004; Misal et 

al., 2011), but C. violaceum azoreductase is active in a wider temperature range with 

maximum enzyme activity at 30°C to 37°C (fig. 2.5B). Again the pH optimum for 

azoreductase enzyme also varies from species to species (Ramalho et al., 2004). In this  

case the enzyme is active over a wide range of pH with maximum activity at around pH 

7.2 (fig. 2.5A). The wider temperature and pH range for enzyme activity make it an 

excellent enzyme for various applications related to the degradation and decolourisation 

of effluent dyes. Furthermore, the enzyme shows higher activity under very harsh 

conditions that may be useful for various applications.  

The substrate specificity showed a variable efficiency rate with all the three tested 

dyes. Amaranth dye was found to be the best substrate for azoreductase. While the other 

two dyes, methyl red and methyl orange have shown significant activity with 

azoreductase, but less than amaranth dye. This observed difference is due to the 

difference in the chemical structure of the dye molecules. The nature of all the three dyes 

are aromatic in nature but the difference in the group attached to their aromatic ring 

changed the specificity for their substrate (Moutaouakkil et al., 2003; Nachiyar et al., 

2005; Liu et al., 2007). Many azoreductases were known to be flavoenzymes as their 

activity depends on NADH/NADPH (Chen et al., 2005; Punj et al., 2009). Azoreductase 

activity depends upon NADH which in native condition always remains bound with FAD. 

So, FAD estimation data confirms the presence of coenzyme as FAD in native condition 

(fig. 2.4A) and also indicates that azoreductase enzyme from the C. violaceum was also a 

flavoenzyme.  

The dye is usually very toxic to human health as well as to aquatic life. These 

dyes can convert into more dangerous forms when released in the environment. Apart 

from all these dyes, triphenylmethane is one of the most commonly used dyes in textiles, 

fish farming industries, paper, leather, food and medicines (Azmi et al., 1998) showing its 

carcinogenic property in biotic environment and is also mutagenic to some fishes. 

Precursors of many dyes are carcinogenic compounds like benzidine,  accumulates in the 

environment and creates severe impacts (Baughman et al., 1988). Dyes analysed in the 

current investigation are among the most commonly used dyes both in domestic and 

industrial activities. Due to these reasons, determining the toxicity of these dyes becomes 
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a necessity which was checked on fibroblast cell line (L929). The obtained results are in 

agreement with the previous studies, which showed their severe toxic effects on living 

cells. In fig. 2.9A, it can be seen that in presence of methyl red, 75% of cells were viable 

at the concentration of 20 μgml−1. This percentage viability of cells slightly goes down at 

10% when concentration of methyl red was increased up to 1000 μgml−1. When degraded 

dye was used, the percentage viability of cells increased from 75% to 80% at 20 μgml−1 

concentration and 10% to 60% in 1000 μgml−1 concentration. Fig. 2.9B showed the 

toxicity of amaranth dye, in which 85% of cells were viable at the concentration of 20 

μgml−1. This percentage viability of cells slightly goes down at 10% when concentration 

of amaranth dye was increased up to 1000 μgml−1 concentration. But in the use of 

degraded dye, the percentage viability of cells increased from 85% to 90% at 20 μgml−1 

concentration and 10% to 70% in 1000 μgml−1 concentration. A similar trend was also 

observed in the case of methyl orange dye, as shown in fig. 2.9C. 80% cells were viable 

at the concentration of 20 μgml−1 and less than 10% at 1000 μgml−1 while viable cells 

went up to 80% at 20 μgml−1 and 55% cells at 1000 μgml−1 concentration. After 

degradation of methyl red dye, amaranth dye and methyl orange dye, the percentage 

viability of cells increased and dyes became non-toxic to cells. So it can be inferred that 

azoreductase enzyme from C. violaceum can degrade the studied dyes and can reduce 

their toxic effects. So azoreductase of C. violaceum may become a suitable option for 

industries involved in the treatment of wastewater containing dyes. Degradation of dyes 

was also checked by using UV–Visible spectrophotometer and compared with control 

dye (fig. 2.7A, B and C). The degraded products of dyes were checked in FTIR analysis 

(fig. 2.8A, B and C) and compared with control dye. In control dye, the stretching 

vibration peak of N-N was present at the range of 1429 cm−1 which was reduced into the -

NH2 after degradation with azoreductase enzyme. The stretching vibration peak of NH2 in 

all the three dye was present at the range of 3391 cm−1 and bending peak of NH2 was also 

present at the range of 1656 cm−1 in all the three dye molecules. The reduction of the azo 

bond into NH2 clearly indicates the degradation of dye molecule by the azoreductase 

enzyme. It was found in the present investigation that the activity of the enzyme depends 

on the presence of NADH and it also has a prosthetic group in bounded form and this 

prosthetic group was confirmed as FAD, a flavin molecule. The stability of enzyme was 

also checked at different temperature and pH range, which performed best in normal 

temperature range of 30°C to 37°C and neutral condition. The toxicity of the dye was also 

reduced up to 60% to 70% after degradation azoreductase enzyme and also the good 
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stability of azoreductase make it more efficient to use in various condition of 

environment. Efficient dye degrading capabilities of azoreductase in C. violaceum 

demonstrated in the present study will aid in the development of cheap microbial-based 

systems which will have the promising ability for efficient removal of azo dyes from the 

industrial effluents. 

 

2.5 Conclusion 

Methyl red, amaranth and methyl orange are widely used in industries and most common 

contaminant in the industrial wastewater with potential health hazards. In the present 

investigation, azoreductase enzyme from C. violaceum was made in recombinant form 

and characterized. A smaller value of Km indicates very high affinity of azoreductase 

enzyme with all the three dyes. The enzyme is also found stable at very harsh conditions. 

This enzyme degrades dye product and shows much lower toxicity on various cell lines. 

The data indicate great potential of the enzyme for degrading dye in wastewater and can 

play a great role in cleaning the environment. 
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CHAPTER 3 

 

 

Folding and stability of recombinant azoreductase enzyme 

from Chromobacterium violaceum* 

 

 

 

 

ABSTRACT 

Azoreductase from Chromobacterium violaceum was characterized biophysically using 

experimental and computational tools. The azoreductase enzyme performs the oxidation-

reduction reaction. The azoreductase enzyme perform the function with the help of 

cofactor FMN (Flavin mononucleotide). This FMN also helps in the proper folding and 

also provides space for substrate binding. The stability of azoreductase-cofactor complex 

is also depends on the binding of FMN. The stability-folding studies indicate that the 

cofactor, FMN is required for folding, stability and activity. The apoenzyme has 

significantly exposed tryptophan residue and sing type of tryptophan population are 

present as shown in quenching experiments.  Overall, the data provides an interesting 

insight into stability, flexibility and biophysical parameters of the azoreductase protein. 

* Part of the work has been published in Enzyme and Microbial Technology 131 (2019) 109433. 
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3.1 Introduction 

A large number of proteins (around 30%) require a cofactor for their biological activity. 

The precise role of the cofactor in folding and stability of proteins is not fully understood 

(Deu et al., 2007). Proteins require co-factor for their activity and usually fold properly 

only with their respective co-factor. The cofactor not only helps in folding process but 

also dictate stability and function. However, the precise contribution for folding and 

stability needs more investigation.  It is reported that the dissociation constant (Kd) for 

azoreductase for FMN binding correlates with stability and helps in measuring the 

stability of azoreductase enzyme (Von Der Lehr et al., 2003; Havel et al., 1973; Wardell 

et al., 2005; Apiyo et al.,2002). We have recently reported detailed characterization of 

azoreductase from C. violaceum (Verma et al., 2019). The FMN dependent azoreductase 

(NC_005085.1) enzyme from C. violaceum also uses NADH as a co-substrate and 

converts azo dyes into respective amines (Jingxian et al., 2016; Qi et al., 2017).  In this 

reaction, the NADH molecules are oxidised into NAD+ and azo bond (-N=N-) reduces 

into single bond and in subsequent steps, the dye molecules get degraded (Blumel et al., 

2002; Zahran et al., 2019; Jagat et al, 2017). The azoreductase enzyme would have 

significant application in controlling azo dye pollution in industrial effluent (Verma et al., 

2019). Few azoreductase enzymes have already been characterized. The activity of 

azoreductase enzymes is lost in absence of cofactor or when the dimeric structure of 

azoreductase is disrupted into monomer (Prasanna et al., 1999). However, recently 

reported azoreductase from C. violaceum is not yet characterized for similarities and 

differences with already reported azoreductase.  

In this present study, the structural characterization of azoreductase holoenzyme 

and apoenzyme are highlighted by using fluorescence spectroscopy. Further, the 

structural components of azoreductase from C. violaceum were also investigated. The 

work was focused on the effect of FMN as a cofactor on protein activity, structure and 

stability. Chemical denaturants like urea and GdmCl (Guanidinium chloride) were used to 

study the enzyme’s folding and stability. These investigations will help in understanding 

the azoreductase structure, mechanism of denaturation, folding and stability with cofactor 

molecules for better activity. 
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3.2 Materials and methods 

3.2.1 Materials 

All reagents used during the study were highly pure and purchased from Sigma-Aldrich 

chemical company, USA, HiMedia laboratories Pvt. Ltd and SRL Mumbai, India.  

3.2.2 Over-expression and purification of azoreductase enzyme 

The recombinant azoreductase enzyme was expressed and purified from E. coli by the 

method described by Verma et al (Verma et al., 2019). In brief, the azoreductase enzyme 

was expressed as apoenzyme and purified by Ni-NTA (Ni-Nitrilotriacetic acid) affinity 

chromatography column. The purified enzyme was extensively dialysed with 25 mM 

phosphate buffer (25 mM KH2PO4, 25 mM K2HPO4, pH 7.5) and concentrated with the 

concentrator. To perform the function of azoreductase apoenzyme, FMN was used as a 

cofactor to convert the apoenzyme into holoenzyme.  

3.2.3 The azoreductase enzyme activity assay  

The azoreductase enzyme activity was measured spectrophotometrically using Carry 100 

UV-Vis (Agilent Technology) spectrophotometer. The azoreductase activity was 

measured by decreasing the absorbance of NADH after adding the azoreductase enzyme 

into the reaction mixture. The standard reaction mixture contained 25 mM K2HPO4, 25 

mM KH2PO4 pH 7.2 (HiMedia)  with varying concentration of methyl red, methyl orange 

or amaranth azo dye (Himedia) (1 to 1000 nM), 0.1 mM NADH and 10  µM FMN, 

respectively. The reaction started immediately after addition of 2 µg of an enzyme into 

the reaction mixture. The standard volume of reaction was 1 ml (Verma et al, 2019; 

Suzuki et al, 2001). 

3.2.4 Spectroscopy measurement 

All the UV-Visible absorption spectra were measured in Carry 100 UV-Visible 

spectrophotometer (Agilent Technology). The absorption spectra were taken from 230 

nm to 500 nm at normal room temperature. The tryptophan intensity spectra for 

recombinant azoreductase apoenzyme and holoenzyme were recorded from 310 nm to 

400 nm after excitation at 295 nm with 5 nm slit width. The fluorescence spectra of the 

enzyme in the presence of FMN was recorded from 370 nm to 600 nm with excitation 

wavelength at 355 nm. In ANS (8-Anilino-1-naphthalene sulfonic acid) (Sigma, USA) 
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binding studies, 100 µM of ANS ware added to each sample and ware incubated for 1 h 

at room temperature. After incubation all the sample ware properly mixed and 

fluorescence spectra was recorded from 400 nm to 600 nm with excitation wavelength at 

365 nm and slit width of 5 nm (Parray et al., 2019). 

3.2.5 Determination of Kd for FMN - azoreductase complex by fluorescence 

spectroscopy 

The azoreductase enzyme was used for the titration with coenzyme (FMN) in potassium 

phosphate buffer (25 mM K2HPO4 and 25 mM KH2PO4) pH 7.3. The binding of FMN 

with apoenzyme was measured by quenching of tryptophan fluorescence emission. This 

quenching of tryptophan fluorescence emission was already used to study the binding 

affinity of the cofactor (FMN) with apoenzyme previously (Verma et al., 2016). This 

binding of FMN to the apoenzyme was monitored by measuring the tryptophan 

fluorescence emission at 340 nm with the excitation wavelength at 295 nm. The 

dissociation constant for FMN- azoreductase was calculated from equation 1. 

 1/(1-a) = 1/ Kd [{(L0)/a} - (E0)]                                                                     Eq. 1 

Whereas ‘a’ is the fractional saturation of binding sites, (which is also equal to the 

ΔF/ΔFmax in which ΔF is the difference in the FMN fluorescence intensity after addition 

to the enzyme solution and ΔFmax is the change in the fluorescence intensity when all the 

protein converted to the holoenzyme); Kd is the dissociation constant; L0 is the total FMN 

concentration and E0 is the total enzyme concentration (Verma et al., 2016; Grove et al., 

1976). 

3.2.6 Fluorescence quenching study with acrylamide and potassium iodide (KI) 

The quenching of intrinsic tryptophan fluorescence spectra for apoenzyme and 

holoenzyme for azoreductase were performed with acrylamide and potassium iodide (KI) 

as a quencher. The concentrations of both quenchers were varied from zero to 1 M.  The 

Stern–Volmer quenching constant (Ksv) was calculated from the F0/F plot at maximum 

emission against the concentration of both quencher with equation 2 (Balasera et 

al.,2003). 

F0/F = Kvs (Q) + 1                                                                                         Eq. 2 
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In this equation, F0 is the fluorescence intensity at zero quencher concentration (absence 

of quencher) and F is fluorescence intensity at the given quencher concentration (Q), 

whereas K is the Stern-Volmer quenching constant for the accessible tryptophan.  The 

Stern–Volmer equation was used to study the population of tryptophan (W), tyrosine (Y) 

and phenylalanine (F). Apart from these amino acids, a few were accessible whereas rests 

were buried inside of the core of enzyme and thus were not accessible by the quencher 

(Suthar et al., 2013). 

3.2.7 Equilibrium unfolding of apoenzyme and holoenzyme of azoreductase  

The unfolding of azoreductase apoenzyme and holoenzyme was carried out by incubating 

the enzyme with various concentrations of different denaturants like urea (0 to 8M) and 

GdmCl (0 to 5M) before the activity or spectroscopic measurements as reported in the 

literature (Bertoldi et al., 2005; Venktesha et al.,1998).  The fluorescence or activity was 

measured until no further change in fluorescent intensity or enzyme activity was observed 

(Singh et al., 2010; Verma et al., 2019).  

3.3 Results and discussion 

3.3.1 The spectroscopic property of apoenzyme and holoenzyme 

The UV-Vis absorption of apoenzyme showed the maximum absorption at 274 nm 

whereas holoenzyme showed the maximum absorption at 257 nm. The slight 

hypochromic shift in the absorbance of holoenzyme was seen due to the presence of 

FMN. The absorption for the binding of the enzyme with NADH (cosubstrate) was also 

measured but no significant conformational changes was found (fig. 3.1A). The 

difference in the absorption of apoenzyme and holoenzyme was probably due to the 

conformational changes of protein after binding with co-factor. The Fluorescence 

absorption spectra of azoreductase apoenzyme and holoenzyme were measured with the 

excitation at 295 nm. The emission maxima for apoenzyme and holoenzyme were found 

at 325 nm and 330 nm respectively (fig. 3.1B). These absorption was found due to the 

presence of tryptophan residue, which indicated that the tryptophan molecule might be 

buried in the hydrophobic core of protein or very less exposed to the solvent molecule 

(Gorga et al., 1982).  

The increase in fluorescence intensity of azoreductase holoenzyme and redshift 

indicated the exposure of tryptophan residue side chain to a more polar environment. The 
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holoenzyme emission spectra of tryptophan was affected after binding with FMN. The 

binding of FMN quenched the azoreductase fluorescence and also masked the tryptophan 

emission spectra. The decrease in fluorescence emission spectra after binding to FMN 

exposed tryptophan residue to the surface of the enzyme. The change in fluorescence 

emission spectra of protein after binding to the cofactor is directly related to the 

quenching of protein fluorescence.  

The ANS treatment of azoreductase apoenzyme and holoenzyme (fig. 3.1C) 

indicated that hydrophobic site is completely exposed in apoenzyme but after binding to 

FMN molecules the same showed a slightly decrease. Again, when NADH was bonded to 

the FMN-azoreductase complex, the spectrum showed a fully dominated hydrophobic 

binding site. From fig. 3.1C, we can understand that after binding to the cofactor the 

conformational changes occurred in apoenzyme azoreductase and hydrophobic sites are 

not affected by FMN binding but NADH binding would affect the hydrophobic sites. 
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Figure 3.1: Biophysical characterization studies (A) The UV-Vis absorption spectra of azoreductase.  Solid 

line, dotted line and dashed line represents apoenzyme, Holoenzyme and azoreductase 

holoenzyme with NADH, respectively (B) The fluorescence emission spectra for azoreductase 

enzyme. The dotted line, dashed line and solid line represent the intrinsic fluorescence spectra 

of apoenzyme, Holoenzyme and azoreductase holoenzyme with NADH, respectively. The 

fluorescence measurements were done after excitation at 295 nm. (C) ANS fluorescence 

spectra.  The dashed line, dotted line and the solid line represents apoenzyme, Holoenzyme and 

azoreductase holoenzyme with NADH, respectively. 

 

3.3.2 Determination of Kd for FMN and azoreductase complex 

The dissociation constant (Kd) for FMN was determined by using the fluorescence 

enhancement method of FMN binding with azoreductase enzyme and tryptophan 

quenching experiment respectively. The dissociation constant for the cofactor- 

azoreductase was calculated by taking the assumption of 1:1 and 1:2 equilibrium (Zahran 

et al., 2019; Guex et al., 1997; Morris et al., 2009). The dissociation constant for the 

cofactor (FMN) and azoreductase was determined by monitoring the ligand-induced 

fluorescence spectra of azoreductase apoenzyme. In fig. 3.2A, the titration for the 

fluorescence of azoreductase was started from 0.1 mM concentration of FMN and 

quenching of fluorescence spectra for protein binding with FMN was also started from 

the 0.1 mM concentration. The complete quenching of fluorescence spectra for FMN was 

stopped with the concentration of 15 mM. In fig. 3.2B, the change in fluorescence 
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intensity (ΔF) versus the concentration of FMN was shown, where it gave the binding 

curve for the FMN-azoreductase. In this plot, the fluorescence emission intensity 

decreased with respect to the maximum fluorescence intensity. As shown in fig. 3.2C, the 

binding site was gradually saturated with increasing concentration of FMN. After 

analysing all the fluorescence data as found in fig 3.2, the dissociation constant was 

calculated as 6.859 ± 0.145 x 10-5 M. From this analysis we can conclude that a part of 

FMN binds to the azoreductase active site while others help in folding and maintaining 

the native state of azoreductase. 

 

Figure 3.2: Biophysical characterization studies (A) Determination of the dissociation constant by the 

intrinsic fluorescence emission spectra. For the FMN- Azoreductase complex and the graph 

was plotted against fluorescent intensity versus the wavelength. (B) The graph was plotted 

against the ΔF verses FMN concentration, in which ΔF is the changes in fluorescent (C) The 

dissociation constant was Determined from the slop of graph. 

 

3.3.3. Fluorescence quenching of azoreductase apoenzyme and holoenzyme 

In fluorescence quenching study, the relative solvent exposure of fluorophores 

(Tryptophan and Tyrosine) was analysed. Due to the uncharged nature of acrylamide and 

potassium iodide, it is used as the intrinsic fluorescence quencher. In this study, the 

concentration of acrylamide and potassium iodide was used up to the concentration of 0.8 

M.  The gradual decrease in the fluorescence emission intensity was observed due to the 
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presence of quencher. The tryptophan residues present in azoreductase were accessible to 

the acrylamide and potassium iodide was partially exposed to the solvent. In fig. 3.3A, 

the Stern - Volmer plot for acrylamide with apoenzyme and holoenzyme showing the 

linear plot, Stern – Volmer quenching constant was also calculated from the slops of 

graph and found to be Ksv = 3.5 M-1 and  Ksv = 2.32 M-1 respectively. It clearly indicates 

that tryptophan residue was interacting with the quencher in apoenzyme but the decrease 

of Stern – Volmer quenching constant with holoenzyme indicated a decrease in 

tryptophan population as well as interaction to quencher. In fig. 3.3C, the upwards 

curving Stern – Volmer plot for potassium iodide (KI) with apoenzyme and holoenzyme 

indicates the static quenching mechanism where potassium iodide (KI) form non-

fluorescent complex or quencher is very close to the tryptophan residue. The Stern-

Vomer quenching constant was also calculated from the slope of curve for fig. 3.3C, 

which was Ksv = 1.3 M-1 and Ksv = 3.5 M-1 respectively. In fig. 3.3C, Stern-Volmer 

quenching constant was 1.3 M-1, which means the quencher was not fully interacting with 

the tryptophan residue on the surface but in holoenzyme case the Stern – Volmer 

quenching constant was 3.5 M-1, indicating that all the tryptophan population were fully 

accessible to the quencher. 

The linear graph was found in fluorescence quenching of azoreductase apoenzyme 

and holoenzyme with both the quenchers. The fraction of tryptophan accessible to 

quencher (Fa) was calculated from the modified graph (fig. 3.3B), which was plotted by 

F0/ΔF verses 1/[Q]. The fraction of tryptophan accessible to acrylamide in both 

apoenzyme and holoenzyme was found to be one which clearly indicates that the single 

types of population of tryptophan were present on enzyme. The Stern - Volmer quenching 

constant indicates that all the tryptophan residues is fully involved with the quencher 

molecules and accessible to the acrylamide in both azoreductase apoenzyme and 

holoenzyme. This might be because of the binding of the cofactor (FMN) with 

azoreductase enzymes. 

In fig. 3.3D when potassium iodide was used as a quencher, the fraction of tryptophan 

accessible to the quencher (fa) was found as more than one for apoenzyme (filled circle), 

and one for holoenzymes (open circle). This results clearly indicates that the tryptophan 

population found in azoreductase apoenzyme was not fully accessible to the quencher 

molecule. But in case of the holoenzyme, the entire tryptophan residue was fully 

accessible to the quencher molecule. These same results were also found in the above 
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paragraph. In which, the Stern – Volmer quenching constant for apoenzyme and 

holoenzyme was 1.3 M-1 and 3.5 M-1 respectively. This fraction of tryptophan accessible 

to quencher (Fa) and stern – Volmer quenching constant confirm that the entire 

tryptophan residues were involved with the surrounding quencher in holoenzymes. This is 

because of cofactor (FMN) binding with azoreductase apoenzymes. 

 

 

 

Figure 3.3: Quenching of tryptophan of azoreductase apoenzyme () and holoenzyme () with 

acrylamide and potassium iodide (KI). (A) The Fluorescence intensities at 340 nm (B) The 

fluorescence intensities were indicated as modified Stern-Volmer plot. (C) The fluorescence 

intensities with different concentration of potassium iodide (KI) (D) The fluorescence 

intensities with potassium iodide (KI) were indicated by the modified Stern-Volmer plot. 

 

3.3.4 The equilibrium unfolding of apoenzyme and holoenzyme of azoreductase 

Enzyme activity and tryptophan fluorescence emission spectra of the enzyme can be 

regarded as the most sensitive probe to study the protein conformation. The oligomeric 

structure and tryptophan fluorescence emission spectra of the enzyme are a very 

important marker for unfolding of azoreductase from C. violaceum as tryptophan is also 

present in its structure. The effect of urea and GdmCl on folding and unfolding of 
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azoreductase has been shown in fig. 3.4. The folded structure of azoreductase is very 

important to perform its function. The UV-Visible spectroscopy of urea/GdmCl on 

activity of azoreductase provides information about the folding and unfolding of structure 

of azoreductase enzyme. The effect of urea and GdmCl on activity of enzyme 

summarised in fig. 3.4A and 3.4B. The activity of azoreductase start decreasing while 

increasing the concentration of urea in fig. 3.4A. The 50% activity was lost up to 2M urea 

concentration and complete loss of activity was observed at 4M urea condition. These 

observations clearly indicate 50% of azoreductase was unfolded up to 2M urea and 

complete denaturation stage was up to 4M urea concentration respectively. The activity 

of azoreductase enzyme was also decreased with respect to increasing concentration of 

GdmCl. The 55% activity of azoreductase decreased at up to 2 M GdmCl concentration 

while complete loss of activity was found at 3.5 M GdmCl concentration, which showed 

that 55% of azoreductase was unfolded up to 2 M GdmCl condition.  

The equilibrium unfolding study of protein using denaturant, provides information 

about the conformational stability of the protein. The common denaturant like urea and 

GdmCl made changes in the tertiary structure of azoreductase apoenzyme and 

holoenzyme. These changes were monitored by studying the tryptophan fluorescence 

emission spectra in fig. 3.4C and 3.4D, in which changes of tryptophan fluorescence 

emission of apoenzyme and holoenzyme was plotted against urea and GdmCl 

concentration. The urea and GdmCl induced three state transitions in apoenzyme of 

azoreductase while in case of holoenzyme, it showed two-state transition of azoreductase. 

In the first stage of transition of tryptophan, it started with unfolding of azoreductase but 

in second stage of transition corresponded with final stage of unfolding state. In case of 

holoenzyme, up to 2 M urea concentration, the cofactor FMN stabilized holoenzyme, 

implying, FMN binding site becomes folded up to 2 M urea concentration. Subsequently, 

FMN binding site becomes unfolded while increasing the concentration of urea. In case 

of apoenzyme, transition stage was found from 1 M to 2 M urea concentration while in 

holoenzyme, the transition stage was from 2 M to 3 M urea concentration. The folded 

state of azoreductase was also measured by increasing the GdmCl concentration for both 

apoenzyme and holoenzyme. The FMN binding site became unfolded with increasing 

GdmCl concentration of holoenzyme. The transition state was observed from 0.75 M to 2 

M GdmCl for apoenzyme while in case of the holoenzyme, transition state was observed 

from 1 M to 3 M GdmCl concentration. The similar profile was observed for both 
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apoenzyme and holoenzyme, from 3.5 M to 8 M urea concentration while with GdmCl, 

similar profile was observed from 4 M to 8 M GdmCl concentration. This biphasic 

unfolding plot was found with holoenzyme in both graphs due to the presence of FMN 

with azoreductase. The presence of cofactor stabilized structure of azoreductase in 

dimeric condition. The apoenzyme and holoenzyme did not unfold up to 1M and 2M urea 

condition respectively; unfolding of holoenzyme started with 2M urea and completely 

unfolded at 4M urea concentration. It clearly indicates conformational change due to 

binding of FMN with apoenzyme, where these changes stabilize the azoreductase up to 2 

M urea and 1M GdmCl condition respectively.   

 

 

 

Figure 3.4: Folding study of azoreductase with urea and GdmCl. (A) Loss of azoreductase activity in 

percentage with respect to increasing urea concentration. (B) Loss of azoreductase activity in 

percentage with respect to increasing GdmCl concentration. (C) The folding study of 

tryptophan fluorescence emission spectra of apoenzyme (open circle) and holoenzyme (filled 

circle) with increasing urea concentration. (D) The folding study of tryptophan fluorescence 

emission spectra of apoenzyme (open circle) and holoenzyme (filled circle) with increasing 

GdmCl concentration. The data are shown in fig. (C) and (D) are the average of three 

experiments. 
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3.4 Conclusion 

The accessibility of tryptophan, stability and folding in azoreductase from C. violaceum 

was affected by cofactor binding. The cofactor (FMN) binding, results in more than 70% 

quenching of intrinsic fluorescence of azoreductase enzyme. In this study, we have 

observed that the cofactor molecules are tightly associated with the azoreductase enzyme. 

Quenching experiments with acrylamide or potassium iodide (KI) also showed that single 

type of tryptophan population residues were associated with azoreductase. The 

azoreductase enzyme was treated with denaturants like urea and GdmCl to check 

structural flexibility of protein and it was found that azoreductase activity decreased with 

increase of both denaturant Urea and GdmCl. The change in azoreductase activity and its 

folding-unfolding nature confirms the flexibility of the structure. The FMN was bound 

very strongly with cofactor binding sites of azoreductase enzyme and stabilize the 

structure. 
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CHAPTER 4 

 

Binding study of cofactor with oligomeric state of 

azoreductase enzyme from Chromobacterium violaceum* 

 

 

 

ABSTRACT 

The azoreductase enzyme from Chromobacterium violaceum was characterized 

biophysically using experimental and computational tools. The in silico study, suggests 

that the azoreductase enzyme from C. violaceum is very unique and do not show very 

sigh similarity with other azoreductase enzyme. The modelling and cross-linking 

experiments using glutaraldehyde suggest that the enzyme is dimeric in nature. The 

modelled secondary structure of azoreductase and circular dichroism (CD) spectroscopy 

studies suggest 40% α-helix, 30% β-sheet and 30% random coils. In docking 

experiments, the cofactor (FMN) binds strongly with enzyme with -3.8 kJ/mol binding 

energy. The binding of FMN stabilizes the enzyme structure.  

 

 

* Part of the work has been published in Enzyme and Microbial Technology 131 (2019) 109433. 
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4.1 Introduction 

Around all available enzymes, more than 30% requires various cofactors for their 

biological activity. The precise role of cofactor with the associated enzyme was still not 

very clear (Deu et al., 2007). Stability, folding and the activity of enzyme depends on the 

cofactor binding. So that, it is very important to understand the binding property of 

cofactor with the enzyme.  All these knowledge about the binding of cofactor may be 

important for the enhancement of the activity, modification of activity and also in the 

diversification of enzyme activity (Von Der Lehr et al., 2003; Havel et al., 1973; Wardell 

et al., 2005; Apiyo et al., 2002). The proteins molecule fold into their natural 

environments with the specific cofactor. It also helps in the folding of misfolded or 

partially folded protein to convert into its native or properly folded state.  Most often the 

role of the cofactor is to stabilize the native state of their respective proteins (Caldinelli et 

al., 2008; Apiyo et al., 2002).  

Recently, the gene encoding the azoreductase enzyme from Chromobacterum 

violaceum was cloned and characterized by Kamalesh et al (Verma et al., 2019). This 

azoreductase (EC1.7.1.6) enzyme belongs to the oxidoreductase family and catalyses the 

oxidation reaction. The main function of azoreductase was the conversion of the azo bond 

into the respective amines with the help of co-substrate NADH/NADPH (Ooi et al., 

2007). This azo bond was mainly found in azo dye which is utilized by textiles industries. 

So, the azoreductase enzyme can be used for the degradation of dyes pollution from the 

environments (Chung et al., 1992; Stolz., 2001; Chang et al., 2001). The coding sequence 

of azoreductase encodes 202 amino acid of protein sequence. The structure of FMN 

dependent azoreductase was dimeric in nature. One monomer was engaged in binding 

with azo dye and another monomer binds with cofactor FMN molecules, while catalysing 

reaction (Jingxian et al., 2016; Qi et al., 2017). While degrading the azo dye with help of 

azoreductase, the NADH molecules were oxidized into the NAD+ and the electron was 

transferred to the azo bond and degraded it in the subsequent steps (Blumel et al., 2002; 

Zahran et al., 2019; Jagat et al, 2017). The activity of azoreductase enzymes depends on 

the presence and absence of cofactor. (Prasanna et al., 1999). However, there is not 

much information about the similarities and differences of azoreductase from C. 

violaceum with already reported azoreductase enzymes.  
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In this chapter, we are reporting about the similarity and dissimilarity of 

azoreductase enzyme with well-characterized azoreductase enzyme from E.coli and the 

secondary structure of the azoreductase enzyme after modelling the structure. The 

modelled secondary structure was confirmed by Circular-dichroism (CD) 

spectropolarimeter. The confirmation of modelled oligomeric structure with 

glutaraldehyde cross-linking experiments and docking of modelled azoreductase enzyme 

with their cofactor (FMN) helps in the better understanding of the azoreductase binding 

with FMN. 

4.2 Materials and methods 

4.2.1 In silico studies on azoreductase C. violaceum 

The amino acid sequence of azoreductase enzyme was obtained from the NCBI 

(NC_005085.1). The sequence alignment between the azoreductase sequence and the 

sequence of another azoreductase (E. coli) was done by using the ClustalW (Chenna et 

al., 2003). This sequence was used to predict the model structure of azoreductase by 

Phyre 2 software (Kelley et al., 2015). The modelled structure was verified by procheck 

and patch dock by generating the Ramachandran plot (Laskowski et al.,1996; Duhovny et 

al., 2002). The secondary structure analysis was done in PDB sum after modelling the 

structure of azoreductase (Laskowaski., 2009). The energy minimization was done by 

using the Swiss PDB viewer (Guex et al., 1997). The visualisation for the analysis of 

three-dimensional structures was done in PyMOL (The PyMOL Molecular Graphics 

System, Version 1.2r3pre). The energy minimized structure of azoreductase was used in 

Autodock program to study the binding of the cofactor (FMN) to its respective residue 

present on azoreductase protein (Morris et al., 2009). The three-dimensional structure of 

FMN used for autodock study, was chosen from the Zinc database (Irwin et al., 2005).  

4.2.2 Azoreductase secondary structure prediction in CD spectropolarimeter 

Circular-dichroism (CD) measurement was made on JASCO J-1500 spectropolarimeter 

(JASCO, Inc., MD, USA). The calibration of instrument was done with 25 mM 

potassium phosphate buffer (25 mM K2HPO4 and 25 mM KH2PO4) pH 7.5. The 

concentration of enzyme was found to be 0.5 µgml-1, and 25µg of enzyme used for the 

study of secondary structure. The sample contained purified enzyme and the volume was 

madeup with phosphate buffer. The cuvette used for the reaction was found to be 1 mm 
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thick and the path length is 1 cm. the sample was scanned from 190 nm to 250 nm. The 

results have collected an average of three scans per sample. The obtained values were 

normalised by subtracting the baseline recorded for the buffer in a similar condition. The 

recorded spectrum was analysed in-silico using the K2D2 online software and secondary 

structure of azoreductase was determined (Verma et a., 2016). 

4.2.3 Conformation of the oligomeric structure of azoreductase with glutaraldehyde 

cross-linking 

The cross-linking studies of azoreductase were performed using glutaraldehyde (Sigma-

Aldrich) as described by  Singh et al (Singh et al., 2010). The reaction mixture contained 

1% of freshly prepared glutaraldehyde solution (Sigma-Aldrich) and 2 µg of protein (0.6 

µgµl-1) was also added to it. The total volume of the reaction became 30µl. The reaction 

was optimised with various concentrations of glutaraldehyde solution and incubation time 

was also optimized with various time intervals. The reaction was stopped by adding 10 µl 

of the tris-HCl buffer, pH 8.0. The cross-linked protein was dissolved in the Laemmli 

buffer and ran on 12% SDS-PAGE (Wu et al., 1996; Duddempudi et al., 2013). 

 

4.3 Results and Discussion 

4.3.1 Sequence similarity of azoreductase  

The amino acid sequence similarity alignment of azoreductase (C. violaceum) with other 

azoreductases (E. coli) was found to be 42% (fig. 4.1). The residue found in red text is 

similar in both the azoreductase enzymes while residue highlighted in the red box is the 

conserved/ identical residue found in both organisms. 
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Figure 4.1: The sequence similarity alignment using ClastalW: The residue found in red text is similar in 

both proteins while residue highlighted in the red box is the conserved/ identical residue. 

 

4.3.2 Homology modelling of azoreductase  

Three-dimensional models for azoreductase were produced by using the software Phyre2 

(Kelley et al., 2015). The modelled azoreductase and active site residue of the structure 

were shown in fig. 4.2. The conserved active site residues involved in the binding of 

FMN were shown as Met95, Asn97, Phe98, Gly141, Gly142, Arg186 and His144 of 

chain A (fig. 4.2). 

 

Figure 4.2: In silico studies on azoreductase enzyme: (A) The homology modelled structure of 

azoreductase enzyme (B) The cofactor FMN buried inside of azoreductase enzyme binding 

site. 
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4.3.3 Validation of model structure with Ramachandran plot 

In Ramachandran plot, different regions shown with different colour cote in which dark 

yellow shows the most favoured regions, pale yellow shows the additional allowed region 

and faded yellow shows the residue found in the generously allowed region (fig. 4.3). The 

amino acid from modelled azoreductase found in the most favoured is 89.5%, the amino 

acid found in additional allowed reason is 9.6% and 0.8% in the generously allowed 

region.  

 

Figure 4.2: The Ramachandran plot for modelled azoreductase structure: this plot showing different colour 

areas indicated by white (Disallowed regions), light yellow (generously allowed regions), red 

(Mostly favoured regions) and yellow (Additional allowed) regions respectively. 
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4.3.4 Azoreductase secondary structure prediction 

The secondary structure compositions of the predicted structure showed 40% α-helix, 

30% β-sheets, two β- α - β motifs, one β hairpin, 19 β turns and 2 γ-turns respectively.  

 

 

 

Figure 4.4: Schematic diagram showing modelled azoreductase enzyme. The secondary structure elements 

(α-helices and β-sheets) were indicated by wiring diagram and all structural motifs β- turns, γ- 

turn, and β-hairpins present. 

 

4.3.5 Secondary structure determination of the purified, recombinant azoreductase by 

circular dichroism (CD) 

The secondary structure composition of recombinant azoreductase from C. violaceum 

was determined by circular dichroism (CD). This secondary structure is important 

parameter for protein to study the presence of α helix, β sheet and random coil. Study of 

secondary structure for azoreductase enzyme was performed in (Jasco CD - Circular 

Dichroism J-1500). The spectra of enzyme were dependent on structural conformation. 

Thus, CD can be used for the detection of conformational change in protein and for the 

estimation of the structure of unknown protein like azoreductase (Bhoir et al., 2018). The 

spectra for azoreductase enzyme were taken in far-UV region. The data was analyzed in 
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K2D2 program and it showed the presence of 87.59% α-helix, 0.48% β-sheet and 

remaining 11.93% was coiled structure (Verma et al., 2016; Sun et al., 2019 ). 

 

 

 

Figure 4.5: The far UV CD spectra of azoreductase enzyme, The obtained CD spectrum of azoreductase 

after analysis in K2D2 software, obtained data was plotted from 190 nm to 240 nm.  

 

4.3.6 FMN docked with azoreductase enzyme 

The cofactor (FMN) was docked with modelled azoreductase structure to find the residue 

involved in binding with cofactor. The FMN showed complete binding with azoreductase 

cofactor binding site. The cofactor binds with surrounding residues present only on 

azoreductase chain A but chain B is not involved in hydrogen bonding with FMN 

molecule. The residues Met95, Asn97, Phe98, Gly141, Gly142, Arg186 and His144 

present on chain A, are involved in binding with modelled azoreductase protein; having 

binding energy - 3.8 kJ/mol (fig. 4.6D). The FMN binds into the cleft of azoreductase 

formed by α-helix and β-sheet (fig. 4.2B). The hydrogen bonding between the Met95, 

Asn97, Phe98, Gly141, Gly142, Arg186 and His144 with FMN, to stabilise the structure. 

If azoreductase docked with FMN structure, binds with NADH, it may destabilise the 

enzyme cofactor binding. Further, the potential binding of cofactor with modelled 

structure can be seen in fig. 4.6C and 4.6D. 
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Figure 4.6: Cofactor (red) with surrounding amino acid residues (Met 95- Blue, Asn 97-Green, Phe 98-

Magenta, Gly 141-Cyan, Gly 142-Orange, His 144- Green and Arg 186-Yellow) present on 

azoreductase enzyme (D) The cofactor showing hydrogen bond with respective amino acid 

residues on azoreductase with binding energy -3.8 kJ/mol. 

 

4.3.7 Study of azoreductase after cross-linking with glutaraldehyde 

The oligomeric state of azoreductase enzyme was confirmed by modelling the 

azoreductase enzyme and further confirmed by glutaraldehyde cross-linking. In a cross-

linked experiment with glutaraldehyde, dimeric form of the structure was shown and 

results were compared with the control one (monomeric form). In fig. 4.7A, the dimeric 

form of the enzyme was clearly shown in lane 2  and monomeric form was shown in lane  

1 and lane M showing the marker on SDS-PAGE.  This increase in molecular weight of 

cross-linked azoreductase indicates the homodimeric state of azoreductase (as molecular 

weight gets doubled i.e. ~ 48 kDa). In fig. 4.7B, the modelled structure of azoreductase 

also revealed its homodimeric nature of azoreductase. 
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Figure 4.7: The cross-linking study of azoreductase. (A) The cross-linked azoreductase observed on SDS-

PAGE, which indicates Lane M protein marker, Lane 1 control azoreductase showing 

molecular weight ~24 kDa as subunits get dissociated; Lane 2 shows cross-linked azoreductase 

in which protein band is around ~ 48 kDa of homodimeric azoreductase. (B) The modelled 

structure of azoreductase by using Phyre 2, which is showing the homodimeric structure. 

 

 

 

4.4 Conclusion 

The azoreductase enzyme from C. violaceum was found to be unique with respect to 

other reported azoreductases from various organisms. The oligomeric state of 

azoreductase enzyme was confirmed by modelling and further confirmed by cross-linking 

with glutaraldehyde, and it was found to be homodimeric nature. The predicted secondary 

structure of the enzyme was different from the structure predicted in CD spectroscopy; 

this may be because of the modelled structure. The azoreductase enzyme performs its 

function with the help of cofactor as FMN.  The binding of FMN helps in the stabilization 

of azoreductase structure. 
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CHAPTER 5 

 

Degradation of dye-waste using immobilized azoreductase 

enzyme  from Chromobacterium violaceum in a continuous 

bead pack reactor* 

 

 

ABSTRACT 

Various industries utilize several types of azo dyes (containing azo group -N=N-) every 

day. After utilization, a majority of it cames out as industrial waste and discharged into 

the water without proper treatment, which causes severe pollution to the environment. In 

this report, we are reporting a new method with the capability for complete-degradation 

of azo dyes from industrial waste. This report showcases the functional role of 

immobilized azoreductase enzyme from Chromobacterium violaceum (MTCC No: 2656) 

as an important enzyme for the degradation of azo dyes. The purified azoreductase 

enzyme was immobilized on amberlite beads and the degradation efficiency of various 

azo dyes (methyl red, methyl orange, and amaranth dye) have been studied. The toxicity 

and phytotoxicity of degraded azo dyes were verified in fibroblast cell lines (L929) and 

Cicer arietinum, respectively. Further, the reusability of the immobilized azoreductase 

enzyme makes the process cheaper and can be utilized by various industries for the 

degradation of dye waste before releasing into the environment. 

 

* Part of the work is submitted for publications. 
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5.1 Introduction 

A very small amount of dye contaminant in the water affects the water transparency, gas 

solubility, and light penetration into the water bodies (Banat et al., 1996; Robinson et al., 

2001). We have seen that the industrial effluents, containing textile wastewater is very 

difficult to treat because of the complexity and diverse chemical nature of dye in 

wastewater.  All these parameters make the process very difficult to treat by using 

conventional procedures (Alinsafi et al., 2006). Nowadays, more than 700,000 tons of the 

commercial dyes are being produced annually, and more than 100,000 dyes are being 

utilized only in textile industries (Lukas et al., 2007). Around 70% of the produced dye 

belongs to the azo group and is released in the environment (Zollinger et al., 2004). 

Among all the synthetic dyes used during the dyeing process, azo group of dyes are 

significant. Azo dyes are mostly used in the textiles, plastics, pharmaceuticals, food, and 

cosmetics products (Chung., 1992; Stolz., 2001). More than 10% of total dyes, used 

during the dyeing process, are not bound to the fabrics and directly released into the 

effluent (McMullan et al., 2001). These dyes are very stable and persistent into the 

environment, which leads to environmental pollution like bioaccumulation into the 

aquatic life, hampering human health (Golka et al., 2004; Saratle et al., 2011). More than 

thousand types of organic azo dyes are daily used by various industries. The 

biodegradability and persistence nature of dye into the environment are still unexplored. 

These compounds are cytotoxic, carcinogenic, and might be the invisible threat to the 

world (Wackett et al., 1999; Hsueh et al., 2009).  All the azo dyes produced by industries 

are very toxic, carcinogenic, and also mutagenic in nature (Verma et al., 2019; Lukas et 

al., 2007; Zollinger., 2004; Chung et al., 1992).  It is also very difficult to degrade azo 

dyes using a conventional sewage treatment plant (Stolz., 2001). To ensure a pollution-

free environment, we have to ensure the treatment of the dye-effluents before releasing 

into the environment. The degradation and decolorization of an azo dye is a reductive 

process, in which the dye is converted into an aromatic amine under anaerobic condition. 

The degraded aromatic amines are more dangerous than the parental ones (Wong et al., 

1996). For complete mineralization of the azo dyes, aerobic condition is required (Ekici et 

al., 2001; McMullan et al., 2001). The complete degradation of azo dyes, under aerobic 

condition, have been studied using microbial, fungal, and enzymatic methods. Among 

these, enzymatic methods were found to be highly effective for the complete-degradation 

of dye effluent (Verma et al., 2019; Stolz., 2001; Spadro et al., 1992). In this case, single-
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step enzymatic degradation in aerobic condition is enough for complete decolorization of 

the azo dyes. In recent years, many enzymes from different sources, have been explored 

to study the degradation of azo dyes. Among the various enzymes studied, azoreductase 

from Chromobacterium violaceum, was found to be a very effective enzyme for the 

degradation (Verma et al., 2019).   

Recently, many environmental engineers are trying to solve the problem of textile 

effluent. To remediate the textile effluent, they are struggling to develop the new 

technology or to make a change into the existing technology (Sathishkumar et al., 2014; 

Santos et al., 2007). But none of the technologies has been implemented in large scale to 

solve the problem, primarily due to the toxicity of the by-products, extreme operation 

condition, labor-intensive and high cost process (Hayat et al., 2015).  

In the present study, a new method is explored for the degradation of effluent azo dyes. 

The immobilization of the azoreductase enzyme would be preferred because of its high 

efficiency, easy separation of by-products, cost-effectiveness, and prevention in the 

consumption of enzyme during the process. The immobilization is a process of physical 

localization of an enzyme on the specific surface. In this process, the enzyme property 

was improved and enhancement of operational performance without disturbing the 

catalytic property (Mateo et al., 2007; Krajewska., 2004). Most importantly, the 

reusability of the immobilized azoreductase enzyme is expected to make the process 

economically feasible. 

5.2 Materials and methods: 

 5.2.1 Materials 

The entire chemicals used, during the process was highly pure and of analytical grade. 

The azoreductase enzyme was cloned into the pET28a (+) vector to make it recombinant 

and further purified from the Escherichia coli BL21(DE3) cells by methods described by 

Kamalesh et al., 2019 (Verma et al., 2019). Amberlite MB-150 beads, glutaraldehyde, 

and bradford reagent were purchased from the Sigma Chemicals Co. (St. Louise, MO). 

Potassium phosphate buffer (K2HPO4 and KH2PO4), sodium chloride (NaCl), sodium 

dodecyl sulfate (SDS), sodium hydroxide, and dialysis bag were purchased from the 

Himedia. All the buffers were prepared in the Milli Q (Millipore, USA) water. 
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5.2.2 Overexpression and purification of recombinant azoreductase enzyme 

The recombinant azoreductase enzyme was purified using a method described by 

Kamalesh et al., 2019 (Verma et al., 2019). The concentration of the enzyme required for 

immobilization was optimized and measured by bradford method where BSA was taken 

as a standard (Bradford., 1976). 

5.2.3 Immobilization methods 

The purified recombinant azoreductase enzyme was immobilized on amberlite bead (500 

mg to 1000 mg) of size 0.5 mm diameter. The immobilization was optimized under 

different conditions like pH, glutaraldehyde concentration, activation time of bead with 

glutaraldehyde and also with enzyme concentration. The azoreductase enzyme was 

immobilized on glutaraldehyde activated beads. Before activation, the bead was 

incubated overnight with different range of pH from pH 4.0 to 10 with 25 mM phosphate 

buffer (K2HPO4 + KH2PHO4). The equilibrated beads were activated with various 

concentration of glutaraldehyde at room temperature. The different concentrations of 

glutaraldehyde (1% to 5% v/v) was used at various time intervals. Excess glutaraldehyde 

was washed extensively after the activation of amberlite bead. The complete removal of 

unutilized glutaraldehyde was confirmed by measuring the absorbance 

spectrophotometrically. The activated bead was incubated with different concentrations 

of enzyme for various time intervals to determine the appropriate time of coupling 

reaction, which correspond to the maximum immobilization of the enzyme. The beads 

with maximum absorbed enzyme are used for further experiments (Singh et al., 2013).  

5.2.4 Immobilization confirmation by Field Scanning Electron Microscopy (FESEM) 

and Energy Dispersive X-ray (EDX)  

The immobilization of azoreductase on amberlite bead (MB-150) was confirmed by 

FESEM analysis. For this, non-activated beads, beads activated with gluteraldehyde and 

beads immobilized with azoreductase were studied. Before analysis, the surface of the 

bead was coated with gold to make the surface conducting for better quality of an image. 

For analysis, sample was placed on the small siliconized surface and dried it at room 

temperature and directly used for analysis. EDX spectra were also recorded to quantify 

the elemental difference among the normal, activated, and immobilized amberlite MB- 

150 beads (Singh et al., 2013; najar et al., 2018).  
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5.2.5 Reactor design and setup 

The laboratory-scale fixed bed reactor was setup with the main component of the reactor 

containing the glass column of 50 ml volume was packed with immobilized beads. One 

side of the column is connected to the sample container through the peristaltic pump and 

considered as inlet while other side is considered as an outlet. The layer of cotton (3 mm) 

was present on both sides of the column to support the bead and also to assist the 

distribution and uniformity of the effluents. The sample container contains non-degraded 

azo dyes which pass through column and comes out as degraded products through outlet. 

The rate of the process can be controlled with a peristaltic pump. The model of the 

reactor is shown in fig. 5.1. 

 

 

 

Figure 5.1: The schematic representation of fix bed pack reactor setup for the degradation of dyes. 
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5.2.6 Effect of pH and temperature on the activity of immobilized azoreductase enzyme 

The immobilization process for azoreductase enzyme on amberlite beads, was optimized 

with respect to the pH. The immobilization of the azoreductase was measured at different 

pH range from pH 4.0 to 11. To analyze the immobilization, the entire reaction 

component was incubated at different pH. The reaction starts immediately after coming to 

the contact with immobilized enzyme. The control experiment was also performed at 

each pH range. All the reaction were performed in triplicate order, and the best pH was 

optimized for the maximum immobilization of the azoreductase enzyme (Chen et al., 

2005; Verma et al., 2019).  

The activity of immobilized azoreductase enzyme on amberlite beads was 

optimized with respect to the various temperatures. The activity of the azoreductase was 

measured with a different temperature range from 10°C to 70°C. The immobilized 

amberlite bead was incubated at various temperatures for 10 minutes with 25 mM 

phosphate buffer (25 mM K2HPO4 and 25 mM KH2PO4) at 7.2 pH. The reaction mixture 

contains 0.1 mM NADH, 25 mM of phosphate buffer, and 1 µM of azo dyes. The entire 

reaction component is incubated at different temperature range, and reaction starts 

immediately after the addition of immobilized enzyme to the reaction mixture. The 

control reaction was also performed with each reaction at different temperatures. All the 

experiments were done in triplicate, and the optimum temperature was analyzed by 

plotting results of different temperatures (Chen et al., 2005). 

5.2.7 Biodegradation kinetic study of immobilized azoreductase enzyme 

The biodegradation study of azo dye (methyl red, methyl orange, and amaranth dye) by 

using immobilized azoreductase enzyme was monitored by using the UV-Visible 

absorption spectrophotometer (Carry 100, Agilent Technology) and Fourier Transform 

Infrared spectroscopy (FTIR) (Perkin Elmer Spectrum two). In UV-Visible absorption 

spectra, the reaction was monitored by measuring absorbance of co-substrate, i.e., NADH 

at 340 nm, which is being used in reaction. The reaction mixture contains the continuous 

supply of 1 µM of azo dyes, 0.1 mM NADH and 25 mM of phosphate buffer (Verma et 

al., 2019; 3 Eslam et al., 2016). The degraded waste coming out from the reactor outlet 

was used for the FTIR analysis and sample was prepared by the method described in 

section 2.4(Verma et al., 2019; Rosu et al., 2019).  
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5.2.8 Toxicity analysis of degraded azo dyes 

The assessment of the degradation efficiency of azoreductase enzyme on azo dyes 

(methyl orange, methyl red, and amaranth dye) was analyzed by measuring the toxicity of 

the degraded products. The toxicity and phytotoxicity of dyes were checked on the Hela 

cells and on chickpeas (Cicer arietinum L.) respectively. For the toxicity assay, HeLa 

cells were procured from the National Centre for cells science (NCCS) India. DMEM 

(Invitrogen) liquid media supplemented with 10% fetal bovine serum (FBS), 100 µgml-1 

streptomycin, and 100 U of penicillin was used to maintain the culture. Approximately 

5000 cells/well were seeded on 96 well micro-titer plates and kept it on 37°C for 24 h for 

adherence. After 24 h of adherence, the cells were treated with all the three degraded dyes 

in varying concentrations. After the treatment, again the cells were kept in a CO2 

incubator for 24 h at 37°C. After the incubation, media was removed and 200 µl of 3- (4, 

5-dimethylthiazol-2-yl)- 2, 5-diphenyltetrazolium bromide (MTT) (0.5 mgml-1) was 

added into each well and again incubated for 4 h, then MTT was removed and 100 µl 

DMSO was added and mixed properly. The absorbance was taken at 570 nm in a micro 

plate reader (BIOTEK Synergy HT) (Verma et al., 2019; Tiwari et al., 2016; Stocker et 

al., 2018).  

The phytotoxicity assay was performed with respect to the germination index. In 

phytotoxicity assay transfer of permeate (treated sample) through the membrane was 

tested in the seed germination process. The experiment was set up in four different types, 

and the results were compared with the control (distilled water), raw (untreated), and tap 

water. In phytotoxicity test, the 50 number of chickpeas seed (Cicer arietinum L.) taken 

in petri plates and distilled water (Contol), tap water, untreated water (raw dyes) and 

treated water (permeate) added into each plate separately. The petri plates were kept in 

the dark for 72 h. The germination index (GI%) was calculated with given equation no. 1 

(Divyapriya et al., 2014;  Paul et al., 2019). 

 

                                                          Seed germination (%) x Root elongation (%) 

Germination index (GI %) =                                                                                  Eq.      1 

                                                                                                   100  
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5.2.9 Reusability of immobilized azoreductase enzyme 

The reusability assay was performed by repeated use of the same bead immobilized with 

azoreductase until the degradation capability of the enzyme was decreased. The 

reusability assay for degradation studies, was analyzed by UV-Visible spectra at different 

time intervals. After each usage the bead was washed with phosphate buffer pH 7.5 and 

then used for the next batch of reaction.  

5.3 Results  

5.3.1 Optimization of azoreductase immobilization on amberlite beads 

The azoreductase enzyme was immobilized on glutaraldehyde activated amberlite beads. 

The immobilization was optimized at various glutaraldehyde concentrations from 1% to 

4%, activation times, coupling time and various enzyme concentrations. The best 

immobilization results were shown as 70.62 ± 0.71%, at 3% glutaraldehyde 

concentration (table 5.1), the activation time was optimized at 3% glutaraldehyde 

concentration, and it was found that 69.63 ± 0.56% at 4 h activation time (table 5.1). The 

coupling time was optimized at 3% glutaraldehyde concentration and 4 h activation time. 

The immobilization was found to be 67.36 ± 0.37% at 12 h coupling time (table 5.1). 

Further enzyme was optimized at 3% glutaraldehyde concentration, 4 h activation time 

and 12 h coupling time. The maximum immobilization of enzyme was found on this 

condition was 67.37 ± 0.61% and enzyme concentration was found to be 0.5 mgml-1 

(table 5.1).  
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Table 5.1: The optimization of the different parameters for the immobilization of 

azoreductase enzyme on amberlite bead 

 The concentration 

of Glutaraldehyde 

(%) 

Activation 

Time 

(h) 

Coupling 

time 

(h) 

Enzyme 

concentration 

(mgml
-1

) 

Immobilization 

(%) 

Variation in 

Glut. 

concentration  

1 5 12 0.4 55.82 ± 0.63  

2 5 12 0.4 65.46 ± 0.92  

3 5 12 0.4 70.62 ± 0.71  

4 5 12 0.4 67.43 ± 0.55  

Variation of 

activation time  

3 2 12 0.4 61.28 ± 0.63  

3 4 12 0.4 69.63 ± 0.56  

3 6 12 0.4 60.32 ± 0.72  

3 8 12 0.4 56.32 ± 0.23  

Variation in 

coupling time  

3 4 4 0.4 53.28 ± 0.73  

3 4 8 0.4 62.38 ± 0.73  

3 4 12 0.4 67.36 ± 0.37  

3 4 16 0.4 56.47 ± 0.82  

Variation in 

enzyme 

concentration  

3 4 12 0.2 59.27 ± 0.46  

3 4 12 0.3 63.37 ± 0.92  

3 4 12 0.4 64.56 ± 0.81  

3 4 12 0.5 67.37 ± 0.61  

 

5.3.2 Analysis of enzyme immobilized amerlite beads by FESEM and EDX 

The FESEM analysis showed change in amberlite bead surface topology after activation 

and immobilization as in fig. 5.2D,  fig. 5.2G. Fig. 5.2A shows the control beads fig. 5.2C 

shows the Energy Dispersive X-ray (EDX) analysis, in which the elemental composition 

for control beads was analyzed. Fig. 5.2D and 5.2E shows, 100 µm and 2 µm size of 

activated amberlite beads, while 5.2F was shows EDX for activated beads. The fig. 5.2G 

and 5.2H shows the 100 µm and 2 µm size of enzyme immobilized beads and 5.2I 

showed EDX graph, which shows that elemental composition for enzyme immobilized on 

beads.The activation of bead and immobilized enzymes on the surface was clearly 

confirmed by the FESEM analysis. 
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Figure 5.2: Immobilization of enzyme on amberlite bead by FeSEM analysis: (A) and (B) showing the 

normal amberlite bead with 100 µm and 2 µm size. (C) And (D) showing the glutaraldehyde 

activated amberlite bead, with 100 µm and 2 µm size and fig. (G) and (H) showing the 

azoreductase immobilized on amberlite beads. Fig. C, F and I were showing EDX analysis in 

which elemental composition varies with the respective image and composition. 

 

5.3.3 Effect of pH on immobilization of azoreductase enzymes and the effect of 

temperature on its activity   

Since we know that the amberlite beads contain the mixture of cationic and anionic 

resins, It is the important parameter to find out the suitable pH for the immobilization of 

azoreductase enzyme on amberlite beads. For this, the beads were equilibrated at different 

pH for overnight and activated with glutaraldehyde (3% v/v) for 6 h. The activated beads 

were washed and incubated for 12 h with azoreductase enzyme for immobilization. The 

maximum immobilization of azoreductase was found at pH 7.0 (fig. 5.3A). The 

maximum immobilization occurs at pH 7.0 may be because of the proper ionization of 

bead surface. Further, the temperature was optimized for the activity of immobilized 
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azoreductase enzyme and optimum activity was measured in the temperature range 30°C 

to 40°C (fig.5.3B) 

 

 

Figure 5.3: Effect of pH on immobilization of azoreductase enzyme: (A) showing the pH optima in which 

maximum immobilization was found at the ~7 pH and in (B) showing the temperature optima in 

which 30°C to 40°C temperature is most suitable for the activity of immobilized azoreductase 

enzymes. 

 

 

5.3.4 Comparative study for the degradation of dyes with UV-Visible spectroscopy  

The complete degradation of methyl orange, methyl red, and amaranth dyes was studied 

by using the UV-Visible spectroscopy shown in the fig. 5.4. The degradation of dyes was 

studied by decreasing the absorption spectra of NADH with different time intervals. The 

degradation of various azo dyes was compared with control, which gives a clear 

understanding of the degradation of various azo dyes.  In UV- Visible degradation, the 

complete degradation of methyl red was found to be very fast and easily degraded within 

minutes but the degradation of methyl orange and amaranth dye was little slow as 

compaired to methyl red dye (fig. 5.4).  
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Figure 5.4: Degraded effluent dyes by absorption in UV-Visible: The methyl red dye was degraded very 

fast, the degradation of methyl orange was a little bit slow as compared to the methyl red and the 

degradation of amaranth dye very slow as compared to the methyl red and methyl orange.  

 

5.3.5 Comparative study for the degradation of dyes FTIR analysis 

In FTIR spectra, degraded azo dyes (methyl red, methyl orange, and amaranth dye) was 

analysed and result was compared with non-degraded dye. The fig. 5.5A and 5.5B shows 

the control and degraded amaranth azo dye which depict the N-H bond stretching and 

conversion of the azo bond into the primary amine. The primary amine peak was shown 

at 3436 and 1645 cm-1 respectively and peak shown at 764   cm-1 represents the N-H 

wagging for primary and secondary amine. In fig. 5.5C and  5.5D shows control and 

degraded methyl red dye in which peak at  3436 and 1645 cm-1 depict the N-H bond 

stretching and peak at 764 cm-1 shows the N-H bond wagging for primary and secondary 

amine. Moreover, fig. 5.5E and 5.5F shows the control and degraded methyl orange dye. 

The peak found at 3436 and 1645 cm-1 in fig. 5.5F shows  N-H stretching and peak at 764 

cm-1 shows the N-H wagging for primary and secondary amine respectively. 
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Figure 5.5: Analysis of degraded azo dye by FTIR spectra, (A) and (B) showing the control and 

degraded amaranth azo dye in which the peak at 3436 and 1645 cm-1  showing N-H stretching 

and conversion of azo bond into the primary amine and peak found at 764 cm-1 showing the N-H 

wagging for primary and secondary amine respectively (C) and (D) showing the control and 

degraded methyl red dye, in which the same results was found as amaranth dye after degradation, 

in which peak showing at 3436 and 1645 cm-1 represented as N-H stretching and conversion of 

azo bond into the primary amine and peak at 764 cm-1 showing the N-H wagging for primary and 

secondary amine while in  (E) and (F) showing the control and degraded methyl orange dyes in 

which the peak showing at 3436 and 1645 cm-1 represented as N-H stretching and conversion of 

azo bond into the primary amine and peak found at 764 cm-1 showing the N-H wagging for 

primary and secondary amine respectively. 
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5.3.6 Toxicity study of degraded azo dyes on L929 cells 

The toxicity assay for azo dye shows significant cell death at various concentration of azo 

dyes. The concentration of non-degraded and degraded azo dye was varied from the 20 

µgml-1 to 1000 µgml-1. Fig. 5.6A shows 78% to 10% of cells was viable from the 20 

µgml-1 to 1000 µgml-1 concentration of non-degraded methyl red dye while after 

degradation the percent viability of the cells increased from 90% to 60% at same range of 

concentration. Moreover, fig. 5.6B shows 80% to 7% of cells was viable at 20 µgml-1 to 

1000 µgml-1 concentration of non-degraded methyl orange dye while after degradation 

the percent viability of the cells increased from 90% to 66% at same range of degraded 

methyl orange concentration. The same pattern was observed with amaranth dyes in 

which 77% to 8% of cells was viable from the 20 µgml-1 to 1000 µgml-1 concentration of 

non-degraded amaranth dye while after degradation the percent viability of the cells 

increased from 85% to 63% at same range of concentration for amaranth dyes (fig. 5.6C). 

The increase in percent viability of cell after degradation of dye clearly indicate that the 

decrease in toxicity of methyl red dyes and azoreductase enzyme play a significant role in 

the reduction of toxicity of all azo dyes.   
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Figure 5.6: Toxicity assay for various azo dyes by MTT assay: this assay was performed on fibroblast cells 

(L929 cells) in which the normal healthy cells ware taken as control and various concentration of 

degraded and un-degraded azo dye used for the assay. Fig 5.6A showing the  toxicity of methyl red 

in which 78% to 10% of cells was viable from the 20 µgml-1 concentration to 1000 µg/ml 

concentration in un-degraded dye while after degradation the percent viability of the cells 

increased from 90% to 60% at 20 µgml-1 concentration to 1000 µgml-1 concentration. Fig 5.6B 

showing the toxicity of methyl orange in which 80% to 7% of cells was viable at 20 µgml-1 to 

1000 µgml-1 concentration of un-degraded methyl orange dye while after degradation the percent 

viability of the cells increased from 90% to 66% at 20 µgml-1 to 1000 µgml-1 concentration while 

in fig. 5.6C showing the toxicity of amaranth dye in which 77% to 8% of cells was viable from the 

20 µgml-1 to 1000 µgml-1 concentration of un-degraded amaranth dye while after degradation the 

percent viability of the cells increased from 85% to 63% at 20 µgml-1 to 1000 µgml-1 concentration 

of degraded amaranth dyes. 

 

5.3.7 Phyto-toxicity study of degraded azo dye on chickpea (Cicer arietinum) 

The germination index (GI) for Cicer arietinum was used to study the phytotoxicity of 

untreated (raw) and treated dyes collected from continuous bead pack reactor. The GI is a 

very important parameter for the assessment of toxicity. It is used to monitor the change 

in phytotoxicity of non-degraded and degraded azodyes. The germination index was 

calculated as per equation 1,. For analysis, raw dye (without degradation), degraded dyes, 

milli Q water, and tap water was used as control. The GI for the raw dye (undegraded) 

was calculated as 28% (fig. 5.7A), the GI for degraded dye 83% (fig.5.7B), GI for milli Q 
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water was 65% (fig. 5.7D) and GI for the tap water system (Control) was 96% (fig. 5.7C) 

which is the highest among all. The increase in GI after degradation clearly indicates the 

removal of the toxic compound from the dye waste.  

 

 

Figure 5.7: Germinated Cicer arietinum seed in various condition: (A) showing the seed grown under the 

raw dye condition (mixture of methyl orange, methyl red and amaranth dye) (B) showing the 

seed grown under the degraded dye condition with enzyme (C) showing the seed grown under 

tap water (control) and (D) showing the seed grown under the Milli Q water condition. 

 

5.3.8 Reusability of immobilized azoreductase enzyme 

The reusability assay of immobilized amberlite beads is the most important parameter to 

study the degradation of various azo dyes with immobilized azoreductase enzymes. This 

reusability assay enhance the importance of methods and it makes the immobilized 

enzyme a preferred choice as compare to the soluble forms. The azoreductase enzyme 

immobilized on amberlite beads showed 25% activity till the 15th batch of reaction cycle 

(fig. 5.8). 
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Figure 5.8: Reusability of azoreductase enzyme immobilized on amberlite beads, the reusability assay was 

performed by the repeated use of same beads, and before next round of use the beads were 

washed with phosphate buffer (pH 7.5). 

 

5.4 Discussions 

More than 700,000 tons of the commercial dyes are being produced annually, and more 

than 100,000 dyes are being utilized only in textiles industries (Lukas et al., 2007). Apart 

from the total production, around 70% of them belongs to the azo group and is released 

into the environment after utilization (Zollinger., 2004). Immobilization is also preferred 

because of the reusability of enzymes after completion of the process. For 

immobilization, the azoreductase enzyme from the C. violaceum was found to be the 

most effective enzyme because of their better degradation capability. The reason for 

choosing the azoreductase from C. violaceum was already explained in my previous 

report (Verma et al., 2019). In this report the various parameters to immobilize the 

azoreductase enzyme on amberlite beads have been explored in detail, and each condition 

is available in table 1. The beads were activated with different concentration of 

glutaraldehyde, activation times, coupling time, and various enzyme concentrations. The 

best-suited condition for immobilization was 3% glutaraldehyde, 4 h activation time, 12 h 

coupling time, and 0.5% enzyme concentration. The maximum immobilization, under 

each condition, was found to be 70.62 ± 0.71%, 69.63 ± 0.56%, 67.36 ± 0.37% and 67.37 

± 0.61% respectively.  
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Immobilization of enzyme on beads were also confirmed by FESEM analysis 

shown in fig. 5.2. The normal amberlite beads was shown in fig. 5.2A and 5.2B whereas, 

fig. 5.2D and 5.2E showing the beads after activation with glutaraldehyde. The clear 

patches of azoreductase enzyme found on the surface of beads in fig. 5.2G and 5.2H also 

confirm the immobilization of the enzyme on the surface. The respective EDX elemental 

analysis also confirms the activation and enzyme immobilization. There is another 

parameter such as pH, which also play role in immobilization of enzymes. The 

immobilization was performed with various pH ranges from 4.0 to 10, but the maximum 

immobilization was found at pH 7.0 (fig. 5.3A). This is because of the proper ionization 

of beads at pH 7.0 (Beynon et al., 1989). After immobilization of enzyme, the 

temperature was also optimized from the 10°C to 70°C temperature. The maximum 

activity of immobilized azoreductase was found to be in the range 30°C to 40°C (fig. 

5.3B) The temperature range for the azoreductase enzyme was varied from species to 

species. But in this case, a wider range of temperature makes the enzyme more perfect for 

the degradation and decolorization of azo dye effluents. Since we know that the dye is 

very toxic to human health as well as to the environment, the degradation of such dyes 

are very important.  The immobilized azoreductase enzyme on amberlite beads, packed 

into column, help in the degradation of commonly used azo dyes (methyl red, methyl 

orange and amaranth dyes) in very large scale and in a very easy way. The complete 

setup of the reactor is shown in fig. 5.1. 

The degradation of the dyes was studied using UV- Visible spectroscopy and 

FTIR analysis. The rate of degradation of methyl red was found to be faster as compared 

to methyl orange and amaranth dyes, and methyl orange degraded more easily as 

compared to the amaranth dyes. The degradation results was compared with control dye. 

Complete degradation of methyl red, methyl orange, and amaranth dye were calculated to 

be within 1 minute, 1.5 minutes and 10 minutes, respectively (fig. 5.4). The degraded 

products coming out as effluents were also analysed by FTIR for the conformation of 

degradation. In FTIR analysis, the azo bond (N=N) in a raw dye was reduced to –NH2. 

The fig. 5.5A shows the FTIR for pure amaranth dye in which 1488  cm-1 peak was due to 

the azo bond. In fig. 5.5B, the 1488 cm-1 peak completely disappeared, and new peaks at 

3436 and 1645 cm-1  appeared, showing N-H stretching, thereby suggesting conversion of 

the azo bond into the primary amine. Another peak at 764 cm-1 showing the N-H wagging 

for primary and secondary amine suggesting presence of amine group. The same pattern 
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was also found in fig. 5.5C and 5.5D for methyl red and in fig. 5.5E and 5.5F for methyl 

orange dyes. After analyzing all the data, it is very clear that azo bonds reduced into the 

primary or secondary amine and complete degradation of azo dyes took place with the 

presence of immobilized azoreductase enzyme. 

The dyes used in different industries are very toxic to human health and also for aquatic 

life because, most of the unutilized water containing dye effluents are being utilized for 

agricultural fields or discharged into the water body. Hence, determining the toxicity of 

these dye effluents is a necessity before releasing into the environment. The toxicity of 

the degraded dye effluent was monitored in fibroblast cell (L929) (fig. 5.6) and chickpea 

seed (Cicer arietinum) (fig. 5.7). The toxicity of dye was verified in respect to the percent 

viability of cells and germination index of the chickpea seeds. Fig. 6.6A shows the 

toxicity of methyl red dye in which 78% to 10%  of cell is viable at 20 µgml-1 to 1000 

µg/ml concentration of raw dyes but after degradation of dye the percent viability of cell 

increased from 90% to 60% at 20 µgml-1 to 1000 µgml-1 concentration of degraded 

methyl red dye. In fig. 6.6B the toxicity of the methyl orange is demonstrated in which 

the percent viability of cells was found to be the 80% to 7% at 20 µgml-1 to 1000 µgml-1 

concentration of raw methyl orange dye. However, after degradation of dye the percent 

viability of the cells increased up to 90% to 66% at same range of dye concentration. The 

toxicity for the amaranth dye was explained in fig. 5.6C in which the percent viability of 

the cells was found to be 77% to 8% at 20 µgml-1 to 1000 µgml-1 concentration. This 

percent viability of the cells increased up to 85% to 63% at the same concentration of 

degraded amaranth dyes. The increase in percent viability of the cells after the 

degradation of all dye confirms that toxicity of dye was reduced.  Concerning the toxicity 

assay, fig. 5.7 showed that the toxicity of azo dye was measured on chickpea seed with 

respect to the germination index of chickpea seed. The seed was grown at various 

conditions, and GI was measured. The GI for seed grown under raw dye was calculated 

as 28% (fig. 5.7A), the GI for seed grown under degraded dye condition was 83% (fig. 

5.7B), again the GI for seed grown under Milli-Q water was measured as 65% (fig. 5.7D) 

and GI for seed grown under tap water (control) was calculated as 96% (fig. 5.7C). The 

germination index for the dye was increased from 28% to 83% after degradation of dye 

with azoreductase enzyme. This further varifies the importance of the present method and 

role of immobilized azoreductase for the removal of the toxic compound from the dye 

effluents. The decrease in toxicity of the wastewater containing dye effluents helps the 
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farmer to utilize the wastewater for the agricultural lands. By using this method we can 

use such water for irrigation. The reduction in the toxicity of dye after treatment with 

azoreductase enzyme assured that there is no toxicity in the effluent. Therefore, such 

methods can be utilized in industries for the degradation of dye effluents. The reusability 

assay for the immobilized enzyme on beads also make the methods more useful, cheaper 

and cost-effective for the continuous degradation of azo dyes effluents (fig. 5.8).  

5.6 Conclusion 

There are many azo dyes which are used by various industries. These dye are very toxic 

to human health, plant, and aquatic life because of the dye that are being discharged into 

the water body without proper degradation. In this study, we are trying to solve the 

pollution caused by various azo dye effluents with the development of a new method. In 

this method, the immobilized azoreductase enzyme from C. violaceum on amberlite beads 

was used for continuous degradation of the dye effluents. All the parameter regarding 

immobilization and degradation were optimized. To test the reusability, the bead pack 

reactor was run several times in continuous mode which showed efficient degradation of 

the dyes. The degraded dye showed very low toxicity in fibroblast L929 cell line and very 

high germination index on chickpea seeds. All the data indicates that this bead pack 

reactor has great potential for degrading dyes from wastewater and can play a great role 

in cleaning of the environment. The future objective of this works is to validate the 

methods for degradation of dye effluent with immobilized azoreductse enzyme at pilot 

scale and industrial scale. 
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