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Abstract: 

The exponential rise in global population, technological development, and rise in lifestyle 

standards have brought a heavy load on natural resources to fulfill the demand, and it is increasing 

day by day. The conventional sources of food and energy are limited and are getting exhausted at 

a very fast rate. Environmental pollution is another concern due to increased anthropogenic 

activities. This has led to identification of novel sources for fulfilling the anthropogenic demands 

in terms of energy and food. Algae have been recently explored extensively as an alternative source 

for conventional ones. In this study, we have evaluated native microalgae for nutraceuticals and 

synthesis of nanoparticles for environmental pollution remediation. Microalgae isolate was 

identified as Graesiella emersonii based on morphological and molecular identification.  Beta- 

carotene was extracted from this isolate. Various parameters were optimized for optimum 

extraction of beta-carotene. The beta-carotene was used for its antioxidant activity. The leftover 

algal extract was used for synthesis of silver nanoparticles. The formation of silver nanoparticles 

was confirmed using spectrophotometer. The synthesized silver nanoparticles were tested for their 

antibacterial against Escherichia coli, and were found to be effective. Further, silver nanoparticles 

were used for photocatalytic degradation of methylene blue with an efficiency of more than 88% 

in ten hours. In addition to this, the silver nanoparticles were tested as an adsorbent for removal of 

heavy metals from synthetic wastewater. They were found to remediate 64 % of chromium in 48 

hours. 
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1. INTRODUCTION  

Out of 2.1 million living species identified worldwide, up to 30,000 species have been identified 

as algae. These autotrophic organisms comprise of economically relevant group. These can be 

either uni- or multi-cellular photosynthetic organisms living in diverse environments. Algae can 

be micro- or macro-algae depending upon their size and morphology. The find applications in a 

wide range of fields, ranging from feedstock to medical and pharma industry, nutraceutical and 

cosmeceutical industry as well as modernly in bio-nanotechnology. These have been identified to 

be good sources of fuel in the form of biodiesel as well as high value-low yield bio-products like 

beta-carotene, xanthophylls and so on. Being easy to handle, algae are preferred over other green 

organisms for such applications. 

The isolation and identification of microalgal species is done stepwise, through Morphological 

study using microscopy and molecular studies. The molecular study is done by sequencing the 

target nucleic acid sequence followed by construction of phylogenetic tree which leads to strain 

identification.  Computational analysis or molecular level identification involves finding closest 

similarity species, tree making and phylogenetic analysis. 

There are so many essential phyco-compounds targeted for recovery from algal species. Some of 

these are beta-carotene, xanthophyll, astaxanthin and so on. They are medically and industrially 

essential compounds which can be sustainably produced from algae. Chemical synthesis of such 

compounds produces compounds with similar efficacy however, its cost and treatment are not 

user-friendly. Dunaliella and Chlorella species are the most widely cultivated strains for the algae-

based production of beta-carotene. 

Since the culturing of microalgal cells requires liquid nutrient media, there exists a lot of strain on 

fresh, distilled water supply. The growth vessels are big enough to demand large amount of water 

as media component. This calls for the analysis of potential alternatives of distilled water. It has 

to be non-toxic, to make sure the compounds extracted are food-grade safe for consumption. There 

is scope for emphasis to be laid on waste-water remediation and reuse, attributing to the capacity 

of algae to reduce metal and dye contaminations. 

Plants and algae are considered the best sources of bright orange-red colored pigments, such as β-

carotene. β-Carotene (C40H56) is an oxygen lacking isoprene containing compounds, the 

characteristic color imparted due to the presence of double bonds. Due to the number of therapeutic 



2 
 

and preventive effects that β-carotene offers, it has been recognized as a functional component of 

food.  

As per James Olson, the activity of carotenes can be studied better upon the categorization 

of its properties as; “functions, actions, and associations”. The equivalence among these three 

would imply greater confidence in studies [1]. Functions would be the indispensable role of β-

carotene, to convert into vitamin A. Actions are demonstrations noted upon the administration of 

β-carotene in clinical subjects, minimized photosensitivity and so on. Associations could be simply 

understood as the correlation of β-carotene to any medical condition, like cancer or diabetes. 

Even being categorized as a micronutrient, due to its requirement in minute amounts as compared 

to other requirements of the body, β-carotene is considered to be very essential. β-Carotene 

conversion to vitamin A has moved from 6:1 to the current ratio of 28:1. The reason is the single 

nucleotide polymorphisms in the β-carotene-15’,15-monooxygenase (BCMO) enzyme, 

responsible for converting provitamin A into retinol. This means that, in the affected individuals, 

28 mg of β-carotene is converted into 1 mg of retinol. This exposes the population to a greater risk 

of developing vitamin A deficiency and associated disorders, as well as the inability to utilize 

provitamin A from the diet [2]. This also calls for the need of beta-carotene in the form of 

supplements. 

Some algal strains, as per literature, have been subjected to various physiological stresses to which 

the production and accumulation of target pigments like beta-carotene has been found to be 

functionally related. Hence, the identification of optimal stress conditions for efficient production 

and extraction could be figured out. Further, the application of these algal extracts as potential 

anti-oxidants can be accessed through several assays like DPPH. 

Some of the physiological properties of β-carotene limit its effectiveness. It was reported its poor 

bioavailability in crystalline form; and is insoluble in water. Hence, its better delivery is obtained 

in oil/water emulsion, which also imparts the pigment its stability [3]. Its sensitivity to heat and 

light and liability to oxidation are other challenges that need to be addressed. The trend of 

involving low-on-fat products in food has been adversely affecting the absorption of β-carotene in 

the body. This might also be the reason for trial results not agreeing with the epidemiological 

observations. The span of the study, the dosage of β-carotene is all crucial in determining the 

pigment’s disease-preventing potential. 
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Various species of algae like Chlorella and Graesiella, Rhodophyceae and so on are utilized for 

the production of biogenic metal-nanoparticles that have found to be stable and very effective in 

applications like antibacterial assay, dye degradation as well as heavy metal remediation from 

waste water. More research needs to be done on the strategies development for recovery of 

nanoparticles from the treated wastewater. 

These nano-particles can been tested for their antimicrobial properties through disc-diffusion, 

measurement of zone of inhibition and well diffusion methods. The photocatalytic dye degradation 

and stirred heavy metal removal capacity of nanoparticles has been found to be very efficient. The 

present study has been carried out with following objectives: 

1. Isolation, identification and characterization of microalgae from industrial cement curing 

tank – Morphological, Molecular and Computational studies 

2. Optimizations of culture conditions and selection of suitable factors for enhanced biomass 

production and accumulation of beta-carotene, and its applications. 

3. Condition optimization for synthesis of biogenic silver nanoparticles using leftover 

microalgal biomass, its characterization and applications as antimicrobial, dye and heavy 

metal remediation agent.  
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2. REVIEW OF LITERATURE 

Microalgae and its diversity 

The photosynthetic unicellular microorganisms having high amounts of intracellular 

carbohydrates, proteins, lipids and psycho-compounds are simpler forms of plants. They 

however grow 25X faster than terrestrial plants. They require very little nutrients for 

growth. The algal biomass obtained can be used as food supplement, feedstock for fishes 

and animals, bio-composites as well as good sources of essential pigments and biofuels. 

 

Graesiella emersonii 

The microalgal strain used for this study is considered the best candidate for biodiesel 

production due to its high lipid content. It belongs to the family Chlorellaceae. Very less 

work has been published on pigment extraction from this species. However, it has been 

exploited for biodiesel production. 

 

Factors affecting the growth of algae  

• Abiotic and physicochemical factors like light (Intensity and duration), 

temperature, oxygen concentration, carbon source, nutrient concentration, pH, 

salinity and presence of toxins. 

• Biotic factors like presence of pathogens (bacteria, fungi, viruses); interspecies 

competition, predators like zooplanktons. 

• Operational factors like dilution rate, growth chamber dimensions, mixing and 

agitation, harvesting protocol and frequency. 

 

Beta-carotene: The pigment 

Carotenoids (commonly abbreviated as Crts) are the class of natural pigments with hefty 

scientific attention due to their substantial properties. Out of around 600 structurally and 

functionally diverse natural types; three major provitamin A are the alpha, beta and gamma 

isomers. The beta isomers get actively cleaved at the center in an O2-dependent manner to 

produce retinal [4]. Plants and algae are considered the best sources of these bright orange-

red colored pigments, the β-carotene. These oxygen lacking pigments are fat-soluble and 

highly hydrophobic due to the conjugated double bonds and central symmetry [5]. These 
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have been reported to be safe for consumption, as nutritional supplements as well as food 

additives[6]. β-carotenes (C40H56) are 40-C isoprene-containing compounds, the 

characteristic color imparted due to the presence of double bonds. Both the ends of the 

molecule have cyclic rings. During isolation, cis-isomers of carotenoids are most common, 

however, they readily undergo cis↔trans isomerization in polar environments [7]. Due to 

the number of therapeutic and preventive effects that β-carotene offers, it has been 

recognized as the functional component of food. 

 

Figure 1: Structure of beta-carotene 

 

Physicochemical properties of beta-carotene 

β-Carotene, a type of secondary metabolite produced by plants and algae, is a dark red to 

brown colored solid substance. The brightness of the color depends upon the level of 

double bond cis↔trans isomerization, as a result of exposure to high temperatures [8]. The 

melting point of β-Carotene is around 178°C, having variable solubility. The substance is 

heat-labile and photosensitive, making the storage condition preferably in dark at 4°C. The 

pro-vitamin A characteristic of carotenoids is attributed to the β-ion ring in their structure 

[9]. The lipophilic properties of β-Carotene make it localized in lipoproteins and cell 

membranes. Hence the extracted c is also found dissolved in the lipid phase. 

 

Sources of Beta-carotene  

Mammals lack the de-novo carotenoid synthesis capability and hence totally depend on 

external sources for its supplementation[10]. These yellow, red, orange-colored pigments 

are naturally found in algae, higher plants (in fruits and flowers as esters), fungi and 

animals as illustrated in fig 4 [5]. Even human milk has a carotenoid component, which is 

easily alterable, depending on the manipulations in the mother’s diet [11]. 
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This intake of beta carotene is reflected in serum levels which is also an indicator of the 

health parameters. A natural pigment, so promising, should have been the center of the bio-

pharmaceutical industry. However, it is not. Out of all the beta-carotene in the market, only 

3% of it comprises the bio-synthesized type and the rest comes under the synthetic β-

carotene category. There is no strict difference between the function of the two, natural and 

synthetic. But the latter costs more.  

Switching to microalgae for β-carotene extraction is both scientifically and economically 

sensible. A lot of research has been done for the optimization of pigment in various species, 

along with special extraction techniques for cost-effective and enhanced yields [12]. 

 

Extraction of beta-carotene 

There are several extraction methods of β-carotene, depending upon the source selected. A 

lot of research is involved in the optimization of pigment production as well as its 

extraction. From a broader perspective, the extraction methods can be divided into the 

organic solvent-based, enzymatic method as well as mechanical extraction. Some 

collaborative extraction techniques also exist which involve clubbing of the existing 

methods, as well as with some innovation [13]. 

Different modes of synthesis of β-carotene in different sources and their extraction methods 

with advantages has been presented in Table 1. 

 

Table 1: Different modes of synthesis and extraction of β-carotene 

 Method Condition/Protocol/

Advantages 

Sources Ref 

  Natural extraction   

 

 

 

 

 

Organic solvents Post-pre-treatment, 

the solubility of β-

carotene in polar 

solvents like 

tetrahydrofuran, 

Algae, 

fungi, plant 

 

[13] 
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Solvent Based 

hexane, acetone 

offers ease for 

extraction 

 Supercritical 

fluid 

extraction 

Reduced extraction 

time, as 

well as enhanced 

efficiency involving 

supercritical carbon-

dioxide 

Plant, algae [14] 

 

 

 

 

 

 

 

Physical 

Ultrasonic 

waves 

 

To prevent thermal 

as well as 

chemical damage to 

pigment, 

extraction in solvent 

by 

ultrasonic waves 

 

 

Algae, 

yeast, plants 

(Conditions 

optimizable 

as per 

source) 

[15], 

[16] 

 Bead milling    

High-pressure 

homogenization 

 

Enzymatic Pectinolytic 

and cellulolytic 

enzymes 

 

Non-commercial 

enzymes used 

in combination with 

other extraction 

procedures, for 

better cell disruption 

Carrot, 

Bagasse, apples 

and 

other juice 

extracted 

leftovers 

 

[17] 
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 Collaborative approaches for  synthesis  

 

 

 

 

Biotechnological 

and 

chemical 

synthesis 

Genetic 

engineering 

 

Insertional of 

functional genes 

like crtI, crtE, crtY 

and crtYB 

Blocking expression 

of 

repressor genes like 

crgA 

Red yeast, 

fungus 

 

[18], 

[19] 

 Environment 

optimization 

Organism based 

optimization 

of culture conditions 

for 

enhanced production 

and 

accumulation of β-

carotene 

(like light intensity, 

salt stress, 

pH, carbon sources 

etc) 

Microalgae, 

plant and 

fungi 

[13] 

 

 Construction 

of poly-ene 

chains 

Wittig’s reactions Two 15-C 

containing 

phosphonium salt 

molecule + 

one 10-C 

containing 

[20] 
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dialdehyde 

molecule 

  Grignard’s reaction 2 molecules 

of Methanol + di-

ketone 

[21] 

 

 

Analytical methods for beta-carotene estimation 

Spectrophotometric analysis method is an inexpensive, sensitive, simple and rapid 

procedure for the estimation of β-Carotene. This method employs the use of smaller 

amounts of toxic chemical solvent for the analysis of β-Carotene. Spectroscopic methods 

have widely been employed in commercial settings; however, this method faces certain 

disadvantages such as being applicable for certain food components only [22]. Recently 

many liquid chromatography (LC) techniques have also been developed for the analysis of 

β-Carotene. Amongst all the LC techniques, high performance liquid chromatography 

(HPLC) is the most suitable method for analysis (separation and quantification) of β-

Carotene. HPLC has a requirement for high sample purification steps for the analysis of β-

Carotene present in the sample [23]. Column chromatography is also one of the most 

important methods for the separation and detection of various carotenoids including β-

Carotene. In case of column chromatography, silicic acid and alumina are used as 

stationary phase in order to separate different components from extract [24]. 

 

Enhancement of Beta-carotene content in algal cells 

For beta-carotene production, Dunaliella is generally cultivated by means of a two-stage 

process. First, microalgae grow in a culture medium rich in nitrates, phosphates and other 

minerals to obtain optimal biomass production. Second, the cells are moved in a larger 

production pond characterized by high nutrient deficiency. Tafreshi et al. (2006) reported 

that, in addition to the medium poor of essential components, also a high concentration (2.5 

M) of sodium chloride as a stress condition, promoted a further increase of beta-carotene 

in the algal biomass [25]. 
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ADMET of beta-carotene 

The lipophilic β-Carotene like all other lipids and lipid-associated compounds is absorbed 

in the mammalian small intestine for further transport to the peripheral tissues. Despite the 

presence of β-Carotene cleaving enzymes in the small intestine, about half of the un-

cleaved β-Carotene enters the circulatory system. The readily available provitamin A 

absorbed by human intestinal epithelia can be estimated by the concentration of intact 

plasma-β-Carotene [26]. The other factors affecting the bioavailability of β-Carotene are: 

genetic factors like pigment-cleaving gene polymorphisms and mutations, the type and 

lipid content of the food and its matrix, its digestibility and interactions, as well as 

subjective variations referring to individuals’ endogenous digestive enzymes [27]. 

Lipoproteins and cholesterols facilitate the transport and distribution of the non-polar β-

Carotenes in the organism. They can be found in the hydrophobic cores of organic 

compounds like various subtypes of lipoproteins, cholesteryl-esters and so on. This flowing 

β-Carotene from blood can be taken up by tissues for either storage or metabolism. The 

most efficient reservoir of β-Carotene in the human body is the liver, followed by muscles, 

kidneys, skin, as well as glands like adrenal and mammary glands. It has also been found 

in the placenta and the yolk sac. Hence, it is comparatively very widely distributed in the 

body as compared to the other classes of carotenoids [28]. The cleavage, transport and 

distribution of β-Carotene in humans are similar to that in ruminants and hence they are 

considered a good study model. Being water-insoluble, the bioavailability of β-Carotene 

through the GI tract is very low. Due to its vulnerability to physio-chemical degradation 

during processing, storage and post-consumption, its protected delivery becomes 

necessary. Nano-technology offers better solubility, storage, target delivery, encapsulated 

protection stability and dispersion properties to the β-Carotene. Some such nano-

engineered forms of β-Carotene are nanostructure- or solid-lipid-carriers, microemulsions, 

nano-spheres, -capsules and so on. These add to the physical and chemical properties of 

the pigment. The polymer-based and lipid-based delivery systems (PBDSs and LBDSs) are 

the most adopted delivery systems for β-Carotene. These nano-engineered pigments have 

to be targeted to the GI tract fluid for them to be absorbed by the enterocytes for subsequent 

assimilation. For this purpose, micelles and niosomes have been widely exploited. 

However, the interaction of these nano-pigments with the GI tract cells and the 
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environment within must be wisely researched before their incorporation into functional 

foods. 

 

Figure 2: - Fate of ingested beta-carotene 

 

Antioxidant properties of beta-carotene 

Depending upon the extent of oxidative stress of the environment to which the pigment is 

exposed, the actions can be beneficial or damaging. The accumulation of very reactive products 

released upon carotenoid breakdown contribute to pro-oxidation. This involves the production of 

very reactive organic compounds like aldehydes. Such products are termed as carotene breakdown 

products (CBPs) [29]. A representation of the necessary balance of antioxidant properties of β-

carotene is depicted. Hence, it can be summarized that the pigment offers 

several therapeutic effects in the context of acting as a pro-vitamin A: antioxidants neutralizing 

ROS, regulating connexin expression thus improved communications through gap junctions, 

activating macrophages, and triggering immune response [13].  

 

 

Figure 3: A representation of the necessary balance of antioxidant properties of β-carotene 



12 
 

Environmental nano-remediation 

The environmental pollution caused due to the heavy metals and dyes produced by mining 

activities, industries and effluent discharge directly into the environment causes great 

environmental threats. These chemicals and metals get bio-accumulated in the food chain 

and are highly toxic for the higher organisms [30]. These toxic chemicals and metals get 

accumulated in higher concentrations in the body due to bioaccumulation capacity. There 

have been a number of treatment technologies adopted for the clearance of these pollutants 

which includes physical treatment methods such as ion exchange, precipitation, 

electrocoagulation, membrane filtration, electrodialysis, chemical treatments which 

include chemical washing, reduction and chelate flushing, and biological treatment 

methods such as biofiltration, bioremediation, biosorption, bioaugmentation, 

phytoremediation, phycoremediation, and microbial reduction of compounds [31], [32] . 

In addition to these traditional technologies, nanotechnology has also been used for the 

environment remediation and is gaining popularity due to its relative ease of operation and 

high efficiency.  

 

What is Phyco-nano-remediation? 

Despite numerous advantages, nanotechnology faces some drawbacks such as the 

traditional methods of synthesis of nanoparticles produces toxic by-products and requires 

a lot of energy input. So, a new methodology called “phyco-nano-remediation” is 

employed which involves the green synthesis of the nanoparticles and its use in the 

remediation process [33]. By adopting algae for the synthesis of nanoparticles, the toxic 

by-products and high energy consumption is almost eliminated. These nanoparticles can 

be synthesized either by intracellular or extracellular mode using algal biomass. Using 

algae; gold, silver, ZnO, iron, CdS and nanoparticles have been synthesized [34], [35]. The 

synthesized nanoparticles have been used to remediate lead, copper, mercury, and other 

heavy metals along with many dyes like methylene blue, congo red, malachite green, 

crystal violet and so on. However, nanoparticles synthesized from algae lack uniformity 

[36], [37]. Their shape and size depend on the conditions of the culture system provided 

during the synthesis of the nanoparticles. If synthesized intracellularly, the extraction of 

nanoparticles becomes a time and energy consuming job. There is a risk of cross-
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contamination of the environment from the acting nanoparticles as their recovery is 

difficult due to their extremely small size [38]. Growing the algae at the site of discharge 

will provide a cost-effective remediation strategy while bridging the ends of lab-scale and 

large-scale application. Phyco-nano-remediation is advantageous as compared to phyco-

remediation because it is independent of the growth of algal cells and the prevailing 

environmental conditions at the site of remediation. The remediation efficiency for phyco-

remediation is dependent on the growth of the algal species under consideration whereas 

in case of phyco-nano-remediation, the remediation efficiency is independent of the 

environmental as well as algal growth conditions from which these nanoparticles have been 

derived from. 

 

Why silver nanoparticles (AgNPs)? 

The characteristics of nanoparticles depend upon various factors such as incubation 

conditions, molar concentration of metal precursor solution, pH and biogenic extract 

employed for synthesis. Silver has many inherent properties due to which it has been used 

over a period of time [39]. Biogenic silver nanoparticles have various applications in wide 

research areas including nanomedicines, biosensing and others. Biogenic silver 

nanoparticles have been extensively studied for its antimicrobial action and it has been 

found that they are highly effective against gram negative bacterial species as compared to 

gram positive ones [37]. They have been studied for their dye degrading and heavy metal 

removing capabilities and it has been found that they have high potency as a remediating 

agent against a wide range of environmental pollutants [40]. 

 

Algal AgNPs 

Algae are the most abundant and easily available organism; this property of algae makes 

them the best candidates for nanoparticles’ synthesis [41]. Algal mediated synthesis of 

silver nanoparticles involves three major steps;  

(i) algal extract preparation in distilled water or in organic solvents by boiling at a particular 

temperature for a predetermined duration,  

(ii) preparation of precursor metal molar salt solution, and;  

(iii) incubation of algal extract with salt solution under controlled conditions [41], [42].  
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Various algal biomolecules such as polysaccharides, proteins, cytochromes and 

other pigments are responsible for the reduction and stabilization of metal ions [43]. Algal 

based NP synthesis takes a short time as compared to any other biogenic synthesis method 

[44]. Algal NP synthesis takes place both extracellularly and intracellularly [45]. 

Intracellular synthesis of NPs requires an additional step of recovery of synthesized NPs 

from within the cells [46] . Edison et al., synthesized spherical Ag-NPs of size ~25 nm 

employing Caulerpa racemose [47] . Ag-NPs of size range 8- 12 nm have been synthesized 

using algal extract of Chlorella pyrenoidosa [48]. Spherical NPs have been reported to be 

synthesized from Jania rubins [49]. Azizi et al., reported the synthesis of spherical Ag-NPs 

in size range 5-15 nm using the algal extract of Sargassum muticum [50]. 

 

 Applications of Algal Silver Nanoparticles 

● Ag-NPs of biological origin are emerging as new age antimicrobials and the research in 

this area has accelerated over the period of time due to the frequent occurrence of 

antimicrobial resistant strains [51]. They interact directly with bacterial cells and 

consequently overcome the antibiotic resistance mechanisms adopted by bacterial species 

[42]. Biogenic Ag-NPs are advantageous over conventional antibacterial agents as they 

prevent the emergence of antimicrobial resistance strains, are cheap and rapid to 

synthesize, and environment friendly [52]. These NPs are reported to use one of the three 

mechanisms or a combination of mechanisms for causing bactericidal effect: 

(i) increased production of reactive oxygen species;  

(ii) penetration within membrane, and;  

(iii) interaction with cellular components like DNA, RNA and cell organelles [53].  

Dhavale et al., synthesized Ag-NPs using Amphiroa fragilissima and its application as an 

antibacterial agent targeting Bacillus subtilis, Escherichia coli and Staphylococcus sp [54]. 

Ag-NPs produced from Chlorella vulgaris extract was used as antibacterial agents against 

E. coli and Pseudomonas aeruginosa [55]. Other algal strains used for biogenic NP 

synthesis are Chlorella sorokiniana, Graesiella emersonii and so on. 

● Nanoparticles are considered to be the best material for heavy metal remediation as they 

have high surface activity, large surface-to-volume ratio and unique physicochemical 

characteristics. Type of nanoparticles and their physical, chemical and magnetic properties 
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play a major role in the abatement of heavy metal [56]. Metal-based nanoparticles like 

silver, gold, iron, and metal-oxide nanoparticles are widely used for remediation of heavy 

metals like cadmium, copper, chromium, lead and mercury. Ag-NPs can remediate 

mercury, cadmium, chromium, cobalt, lead, etc [57]. It is observed that remediation ability 

of Ag-NPs is dependent on the reduction potential of heavy metals [58]. Thus, it can be 

concluded that for every different heavy metal, a different type of nanomaterial is required. 

Attasi and Nsiah reported that 20 nm Ag-NPs are able to remediate 92.92% lead and 

53.34% cobalt within 14 days [59]. On the other hand, El-Tawil et al., observed that Ag-

quartz nanocomposite enhances the removal efficiency of mercury to 96% within an hour 

[60]. Many algal species like Sargassum muticum, Turbinaria ornate, Sargassum 

polycystum, Turbinaria conoides, Gilidiella acerosa, Sargassum wightiigrevilli, Padina 

pavonica, Colpmenia sinusa are able to synthesize different size of Ag-NPs [45].  

● Biogenic NPs have been considered for their potential dye degradation capacity from 

contaminated water bodies. NPs help in effective adsorption of these dyes owing to the 

large surface area of NPs [61]. NPs are also known to degrade dyes into simpler non-toxic 

forms. Ag-NPs can degrade dyes such as Congo Red, Coomassie blue, Methyl orange, 

Malachite green, and so on [62]. Ag-NPs derived from Microchaete sp have been reported 

to demonstrate 84.6% removal efficiency of Methyl red in contaminated water sources [59] 

[62]. Aziz et al., used Chlorella pyrenoidosa extracts and reported the synthesis of Ag-NPs 

that could efficiently degrade methylene blue from wastewater [48]. Ag-NPs have been 

synthesized using algal extracts of Ulva lactuca and were subsequently used for the 

degradation of methyl orange from contaminated water sources [63]. So, silver 

nanoparticles can be employed for treating effluents from dyeing and textile industries at a 

larger scale in an economic and environment friendly manner. 
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3. MATERIALS AND METHODOLOGY 

 

Bioprospecting microalgae: sample collection, enrichment, isolation, and identification 

Sample water containing target microalgae was collected from an industrial run-off cement 

curing tank and brought to the laboratory. A certain volume of the sample water was then 

mixed with microalgae culture media BG-11 and kept for growth in incubator chamber at 

25±2°C in 16:08 photoperiod. After a week, this preparation was used for isolation of 

microalgae using BG-11 agar plates.  

 After establishment of pure culture, morphological and molecular identification of the 

isolated microalgae strain was performed. For morphological identification, isolate was 

examined on light microscope. For molecular identification, 18S rRNA gene molecular 

identification was performed. DNA was extracted from the culture and the target DNA 

sequence was amplified and subjected to agarose gel electrophoresis. After sequencing of 

the strain, computational works (Basic Local Alignment Search Tool and Phylogenetic 

analysis) were performed to identify the closely related species.  

 

Cultivation and biomass harvesting 

 The isolated strain was cultivated in BG11 medium at 25±2°C in 16:08 photoperiod in a growth 

chamber. For growth measurement, sample from 10% starter culture was inoculated in fresh 

media, was collected and observed under UV spectrophotometer @ 690nm for 12 days at a 

regular interval. The growth curve was prepared for identification of suitable time period for 

biomass harvesting. The biomass was harvested using centrifuge (5000 rpm for 10 mins). Thus, 

harvested biomass was dried in a hot air oven and stored for future studies.  

The biomass productivity of strains can be calculated by using the following formula.  

Biomass productivity (mg/l-d) = 
Total dry weight (mg) 

Number of days of cultivation(days) X Volume(ml)
 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  
𝑊𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔)

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 (𝐿)
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Total carotenoids estimation 

Carotenoids estimation was done by 1:2 hexane-ethanol method. A slight modification was 

exercised in the protocol provided by NREL for total carotenoids estimation, beta-carotene 

analysis and chlorophyll measurement. 10 ml culture of microalgae was taken and subjected 

to centrifugation for 10 minutes at 10,000 rpm. The harvested biomass was washed twice with 

distilled water and resuspended in 10 ml (X ml) of distilled water. Cell disruption techniques 

were performed on the preparation. Then sample was allowed to cool and 3X ml of 1:2 hexane-

ethanol solution was added in it. The preparation was subjected to centrifugation and 

supernatant was collected. The absorbance of collected supernatant was taken for chlorophyll 

a, chlorophyll b and total carotenoids estimation. The following formula was used for the 

estimation: 

Ca= 12.23A663-2.81A646 

Cb= 20.13 A646-5.03 A663 

Ct =
1000A470−3.27Ca−104Cb 

198
 

Where Ca, Cb, and Ct are chlorophyll a, chlorophyll b and total carotenoids respectively in 

µg/ml. 

 

Qualitative and quantitative estimation of beta-carotene 

Paper chromatography and Thin-layer chromatography were performed to confirm the 

presence of beta-carotene in algal extracts. Samples were run against beta-carotene standard 

dissolved in 95% ethanol. For quantification, the extracts were subjected to UV-Vis 

spectrophotometry. Beta-carotene, as per literature, gives peak at 450 nm. 

Quantification of beta-carotene from algal sample was done using the following formula. 

Total beta-carotene (µg/ml) = 25.2*A450 

 

Factor optimization for efficient Beta-carotene production and accumulation 

Several abiotic factors influencing the production and accumulation of beta-carotene in algal 

cells were performed.  

The algal culture was subjected to light stress, with light intensity variations of normal 

incubator (2000 Lux), in modified lighting incubator (10,000 Lux) and natural sunlight (last 

week of March 2022, Delhi; 50,000 Lux) respectively.  
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A salt stress using NaCl salt varying from 0M, 0.1M, 0.2M…1M was performed to the growing 

algal culture. Suitable salt and light stress were identified using the standard beta-carotene 

extraction protocol.  

Growth media for algal culture were varied. The cells were grown in normal BG11 media, in 

RO spent water and D-Glucose supplemented BG11 media. 

 

Factor optimization for efficient Beta-carotene extraction from algal cells 

The standard protocol for beta-carotene extraction from algal cells is subjective to the cell 

morphology and hence variations to cell disruption levels were studied. Different cell 

disruption techniques including bead milling (3 mm diameter glass beads + high speed 

vortexing), ultrasonication, heat treatment (boiling@60°C) and centrifugation were performed. 

The solubility of beta-carotene in solvents vary, from being soluble in lipids, some organic 

solvents including hexane, chloroform. Beta-carotene is sparingly soluble in ethanol, methanol 

and insoluble in water. Hence, a set of organic solvents were tried as beta-carotene extraction 

solvents for efficient recovery.  

The sonication ranges have also been varied to study the extraction efficiency. Cycles (0.5 to 

1), amplitude (25, 50 and 100) and sonication times (0, 15, 30, 45, 60, 90, 120, 150 mins) were 

performed. 

Biomass type, wet and oven-dried were also studied for profitable beta-carotene extraction, for 

identification of suitable type of biomass. Wet and Dry biomass from all the three types of 

cultures, from normal BG11, BG11 supplemented with glucose and BG11 in 50% RO spent 

water were taken. 

For beta-carotene recovery from dry biomass, Soxhlet extraction was performed, using 

Hexane: Ethanol (1:2) and the resultant sample was studied with UV-Vis spectrophotometer. 

 

Applications of beta-carotene (DPPH Assay) 

Beta-carotene has anti-oxidative properties that were accessed through 2,2-diphenyl-1-

picrylhydrazyl (DPPH assay). 0.2mM DDPH in ethanol was prepared and its initial absorbance 

(Ao) at 517 nm was taken. To 4 ml of the ethanolic DPPH was added 0.2 ml of sample and 

incubated in dark for 40 mins. The final absorbance at 517 nm (A1) was noted. 

DPPH scavenging effect (%) Inhibition = (
Ao−A1

Ao
) ∗ 100 
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Synthesis, characterization and applications of silver nanoparticles from residual biomass 

The residual algal biomass, post beta-carotene extraction was used for the synthesis of biogenic 

silver nanoparticles. Synthesis of nanoparticle was carried out using silver salt as a precursor. 

Different formulations (1:10, 1:1, 10:1) of silver salt in 10mM strength against algal extract at 

varying pH (5-10) was performed to identify optimum conditions for silver nanoparticle 

synthesis using algal extract. 

The synthesized silver nano particles were characterized using UV-Vis spectrophotometer 

(200-700 nm). 

The silver nanoparticles synthesized were preserved for antibacterial, photocatalytic dye 

degradation and heavy metal removal. 

 

Antibacterial assay of synthesized silver nanoparticles 

• 0.1 ml of overnight grown bacterial culture Escherichia coli was spread using a 

spreader on the nutrient agar plate. 

• Circular disks were cut from filter paper under aseptic conditions 

• Four filter-paper disks were taken. 1 dipped in solution, other three dropped with 10, 

15 and 20 µl of synthesized Ag-NP solution and placed carefully on the nutrient agar 

plates containing E. coli cultures. 

• The plates were incubated in upright manner for 24 hrs. 

• The plates were checked for zone of inhibition around the disks and was measured 

carefully using a millimetre scale for determination of antibacterial activity.   

Photocatalytic degradation of Methylene blue dye using Ag-NPs synthesized using Graesiella 

emersonii extract 

• Standard curve of different concentration of Methylene blue (MB) dye was prepared and 

absorbance at 663 nm was noted for each dilution. 

• 10 mL of 10 and 100 PPM solution of MB was taken and 1 mL of biogenic Ag-NPs was 

mixed. 

• Absorbance was noted after mixing Ag-NPs with the MB solution. 

• The solutions were incubated in the sunlight and absorbance was noted after every hour. 

• Removal efficiency was calculated using the standard curve. 
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Removal of Chromium using Ag-NPs synthesized using Graesiella emersonii 

• Take 2 mL of biogenic Ag-NP solution in a centrifuge tube 

• Centrifuge at 10,000 rpm for 10 mins 

• Discard the supernatant and collect the pellet 

• Prepare different PPM solution of Chromium (30 and 100 PPM) 

• Mix the biogenic Ag-NP pellet with different concentration solution of Chromium 

• Incubate at rotatory shaker overnight 

• Absorbance was noted at 350 nm at 0 min, 24 and 48 hours of incubation by centrifuging 

the solution at 10,000 rpm for 10 mins. 

• Removal efficiency was calculated using the concentration after removal using standard 

curve. 
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4. RESULTS AND DISCUSSION 

 

Morphological studies: Sample from an industrial run-off cement curing tank was isolated 

and cultured for strain isolation. The isolated microalgae were studied by light microscope. 

The morphology was circular as seen under the microscope. The colonies initially are dark 

green in color similar to the liquid media culture, and are a vigilantly growing species. 

However, they turn brown after 10-12 days of culture inoculation. Based on the molecular 

identification study, the strain was found to be Graesiella emersonii. 

 

 

Figure 4: Isolated colonies of microalga in agar plate in order to establish pure culture 

 

The slides were prepared and viewed under the light microscope at 20X and 40X 

magnification. The cells are prominently visible with the organelles stained. They have 

morphological resemblance with the scientifically described structures. 

 

Figure 5: Microscopic view of isolated pure culture. A- 20X and B- 40X magnification 

under light microscope 

  

A B 
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Molecular identification studies: Genomic DNA of the sample was isolated using the 

phenol-chloroform method. The purity of extracted genetic matter was confirmed using 

Nano Drop 2000 Spectrophotometer. PCR was run, which gave a single ~700 bp PCR 

product of the 18S rRNA gene. 

 

 

Figure 6: Gel electrophoresis of microalgal gDNA amplicons 

 

FASTA sequence of the strain 

>UKS-Microalgal-1F.ab1 

ATTAAGGCCATGCATGTCTAAGTATAAACTGCTTATACTGTGAAACTGCGAAT

GGCTCATTAAATCAGTTATAGTTTATT 

TGGTGGTACCTTACTACTCGGATAACCGTAGTAATTCTAGAGCTAATACGTGC

GTAAATCCCGACTTCTGGAAGGGACGT 

ATATATTAGATAAAAGGCCGACCGGGCTTTGCCCGACCCGCGGTGAATCATG

ATATCTTCACGAAGCGCATGGCCTTGCG 

CCGGCGCTGTTCCATTCAAATTTCTGCCCTATCAACTTTCGATGGTAGGATAG

AGGCCTACCATGGTGGTAACGGGTGAC 

GGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACAT

CCAAGGAAGGCAGCAGGCGCGCAAATTA 

CCCAATCCTGATACGGGGAGGTAGTGACAATAAATAACAATACCGGGCATTT

AATGTCTGGTAATTGGAATGAGTACAAT 

CTAAATCCCTTAACGAGGATCCATTGGAGGGCAAAGTCTGGTG 
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This gene sequence was used to run the Basic Local Alignment Search Tool (BLAST) with 

the GenBank database. The top 10 hits with maximum similarity are shown below. 

 

Table 2: Sequences producing significant alignments. Nearest relatives, Accession 

Number and % Identity observed in GenBank when BLAST was performed with 

microalgae consensus sequence. Microalgae displayed the maximum identity with 

Graesiella emersonii MK541794.1 with 99.64% identity. 

 

 

 

The phylogenetic tree gives a distance matrix resembling the closest species, as shown 

below. 

 



24 
 

 

Figure 7: The evolutionary history was inferred using the phylogenetic tree 

construction. 

 

Growth medium and algal biomass production 

The growth curve of the strain was prepared accessing its growth on regular intervals 

through UV-Vis spectrophotometry at 690 nm wavelength. The graph was plotted as shown 

below. Generally, the OD for cultures is recorded till the value reaches 1. 

 

Figure 8: Growth curve of Graesiella emersonii with 10% starter culture 

inoculum (Fast growing strain) 

 

The standard of beta-carotene from Sigma Aldrich was dissolved in 1:2 Hexane-Ethanol 

and absorbance was measured at 450 nm. The readings were plotted on a graph for 

reference standards. This graph will work as the standard reference for determination of 

effective concentration with respect to absorbance at 450 nm. 
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Figure 9: Absorbance pattern of beta-carotene standard made in 1:2 Hexane: Ethanol 

Assessment of different solvents for beta-carotene extraction from Graesiella emersonii 

The solubility of beta carotene is different in various solvents and hence extraction efficiency is 

different. Nano-technology offers better solubility, storage, target delivery, encapsulated 

protection stability and dispersion properties to the β-carotene. Some such nano-engineered forms 

of β-carotene are nanostructure- or solid-lipid-carriers, microemulsions, nano-spheres, and 

capsules, inter alia. 

 

Figure 10: Comparison of different organic solvents for efficient beta-carotene extraction 
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Pigment estimation for algae under light stress 

Table 3: Effect of environmental conditions and light stress on pigment accumulation in 

microalgae 

Samples Β-Crt Chl A Chl B Total Crt 

Day 0 
   

  

1 - Incubator 7.192 4.4013 0.8347 0.454 

2 - Sunlight  5.987 4.1599 0.7236 0.355 

3 - Modified light stress 6.894 4.7390 0.9134 0.382 

Day 4 
   

  

1 - Incubator 11.982 6.0096 1.7288 0.648 

2 - Sunlight  5.702 2.9499 1.2455 0.239 

3 - Modified light stress 7.280 4.089 1.0451 0.367 

Day 10 
   

  

1 - Incubator 15.785 11.057 1.7968 1.007 

2 - Sunlight  0.519 0.1534 0.0854 0.035 

3 - Modified light stress 5.198 2.457 0.6757 0.316 

 

Results and observations: The culture at 2000 Lux kept in the incubator at temperature 28°C and 

light period 16:8 showed highest accumulation of beta-carotene. The axenic algal culture kept in 

natural sunlight lost its pigmentation and ultimately entered the decline phase, in a very short span 

of time, probably due to isolation from mutualistic relations. The other factors could be 

temperature fluctuations and photo period. The highest accumulation of b-carotene was found in 

normal incubator (15.785µg/ml) at the end of 10 days as compared to culture kept at other two 

conditions sunlight (0.519 µg/ml) and modified chamber (5.198µg/ml).  

 

Pigment estimation for algae under salt stress 

Table 4: Effect of salt stress on pigment accumulation in microalgae over a period of time 

Samples Β-Crt Chl A Chl B Total Crt 

Day 2 
    

0 M 0.3160 0.104199 0.017624 0.0324 
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0.1 M 0.5027 0.175968 0.041723 0.0351 

0.2 M 0.7056 0.205437 0.160259 0.0358 

0.4 M 0.3840 0.106831 0.058253 0.0276 

0.6 M 0.3013 0.110333 0.034088 0.0199 

0.8 M 0.441 0.178812 0.061077 0.0252 

1.0 M 0.3691 0.144948 0.044159 0.0242 

Day 4 
    

0 M 1.0949 0.314595 0.084271 0.1004 

0.1 M  1.7032 0.542028 0.381265 0.0672 

0.2 M 1.2423 0.415386 0.331114 0.0436 

0.4 M 0.9704 0.327003 0.241699 0.0378 

0.6 M 2.4575 0.889029 0.803135 0.0558 

0.8 M 2.5915 0.881673 1.017291 0.0370 

1.0 M  0.2696 0.126219 0.02321 0.0244 

Day 6 
    

0 M 2.2090 0.838739 0.503814 0.0845 

0.1 M 3.1878 1.128517 0.912896 0.0972 

0.2 M 1.9429 0.77503 0.395392 0.0904 

0.4 M 2.1682 8.306616 1.99289 0.9255 

0.6 M 2.3564 0.964605 0.494179 0.1224 

0.8 M 1.8516 0.665003 0.548647 0.0650 

1.0 M 1.2461 0.47557 0.311544 0.0618 

Day 11 
    

0 M  3.8278 1.65393 0.737959 0.1827 

0.1 M 4.7376 1.797515 1.213417 0.1570 

0.2 M 2.3133 1.29626 0.496796 0.1023 

0.4 M 1.2020 0.6157 0.309218 0.0385 

0.6 M 5.2794 2.275975 1.70965 0.1606 

0.8 M 2.5275 1.02836 0.934535 0.0462 

1.0 M 1.9882 0.79994 0.810174 0.0134 
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Day 19 
    

0 M 6.0026 4.225065 0.707096 0.3866 

0.1 M 6.5192 4.22812 1.137262 0.2966 

0.2 M 9.5230 5.98122 1.660055 0.4467 

0.4 M 4.7149 2.782165 1.255747 0.1386 

0.6 M 4.9518 3.12503 0.607436 0.3126 

0.8 M 1.9731 1.172885 0.280015 0.1165 

1.0 M 2.3688 1.33997 0.86337 0.0268 

 

Results and observation: In the longer run, a salt stress of 0.1M to 0.2M was found to be the best 

for beta-carotene accumulation. For a duration of few days to a week, highest accumulation of 

beta-carotene was found to be in 0.6M to 0.8M. This is in accordance with the published literature 

on the pattern of pigment accumulation of algal cells. 

 

Assessment of various cell disruption techniques on algal cells for beta carotene extraction 

Results and observation: Out of all the cell disruption techniques, heat treatment and bead milling 

were found to be the best. However, as per industrial relevance, sonication is considered the best 

option due to cost-effectiveness and treatment effects. 

 

Figure 11: Comparison of different cell disruption techniques for efficient beta-carotene 

extraction 
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Assessment of sonication time ranges (0.5 cycle; 50 amplitude) 

Table 5: Assessment of sonication range with 0.5 cycle; 50 amplitude for beta carotene extraction 

Sonication time beta carotene (μg/ml) Chl A Chl B Total carotenoids 

0 min 0.64512 0.367305 0.299281 0.0101112 

15 min 7.4844 4.95004 1.235296 0.3163449 

30 min 9.17784 6.376255 1.075143 0.5727280 

60 min 10.3068 7.22719 1.074206 0.8434093 

90 min 11.13588 4.449255 1.135207 0.9528385 

120 min 18.24228 5.42709 2.282906 1.5896562 

150 min 22.48344 7.115095 2.176367 1.9946804 

180 min 25.27056 5.44213 2.23529 2.5832324 

Results and observation: The extraction of beta carotene has been found to be linearly increasing 

up to 60 mins of sonication time. It was also found that sonication in distilled water was more 

effective as compared to sonication in extraction solvent. Because, organic solvents vaporize 

quickly, leading to pigment loss and adding to operating cost. 

 

Assessment of wet biomass in culturing media variants for efficient beta-carotene extraction 

in Hexane: Ethanol (1:2) 

The amount of beta-carotene was found to be higher in dried biomass for culture in RO water. 

However, the amount of beta-carotene is comparable in wet biomass of strain grown in RO water. 

Table 6: Study of beta-carotene extraction on biomass type and cell disruption type 

Samples Beta carotene Chl A Chl B Total Carotenoids 

Wet Biomass     

GE in BG11 
    

Normal 11.64744 3.802065 1.918736 1.135613225 

Sonicated 13.3686 4.005105 1.326458 1.579448152 

Bead milling 12.40596 3.59926 1.19953 1.477039374 

Heat treated 15.246 4.752875 1.355968 1.945529421 

GE in BG11 + Glucose 
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Normal 7.735896 1.78704575 0.92838285 0.9107623 

Sonicated 8.006544 2.693194 0.950041 0.905035737 

Heat treated 7.275744 1.925167 1.0078954 0.831573504 

Bead milling 8.8263 2.95781575 1.06122125 0.976926645 

GE in RO spent water 
    

Normal 6.96528 2.2629325 1.0378525 0.708731056 

Bead milling 6.89724 2.1522475 0.8809395 0.74892477 

Heat treated 7.6356 1.7109175 0.5806635 0.975992107 

Sonicated 6.9426 2.121815 0.952668 0.732759052 

 

Assessment of dry biomass in culturing media variants for efficient beta-carotene extraction 

using Hexane: Ethanol (1:2) 

Table 7: Comparison of beta-carotene accumulation levels in media type variation study 

Samples Beta carotene Chl A Chl B Total Carotenoids 

in BG11 19.40778 0.516953 1.0627014 2.676531378 

in BG11 + Glucose 4.842432 1.44948 0.173127 0.775472327 

in RO water 32.93136 1.88329 0.970693 4.752469258 

Results and observation: Glucose supplementation in media is not suggested for beta-carotene 

extraction. However, RO water supplementation gives better pigment extraction from dried 

biomass. 

 

Qualitative estimation of beta-carotene in algal extract using paper chromatographic 

technique: Mobile phase of 9:1 petroleum ether: acetone. Standard and extract made in 95% 

ethanol to perform the paper chromatography to determine the presence of the beta-carotene in 

algal extract. The presence of beta-carotene was confirmed against the standard as shown in figure 

12. 
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Figure 12: Paper chromatography of beta carotene standard with algal extract, indicating the 

presence of beta carotene in the sample.  

 

Qualitative estimation of beta-carotene in algal extract using Thin Layer Chromatography 

 

Figure 13: Thin Layer Chromatography of beta-carotene standard and algal extract prepared in 

95% ethanol. Mobile phase of Acetone-hexane in 3:7 ratio prepared. 
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Applications of extracted beta-carotene: 

The Radical scavenging capacity of algal extract was found to be around 28.9% and hence was 

found to be an effective anti-oxidant. 

The initial absorbance at 517 nm for control was 0.5222. 

Table 8: DPPH assay on beta carotene standard and algal extract for antioxidant activity 

Sample 
A517 after 40 mins 

R coefficient 

Control 0.4075 21.96476 

Beta-carotene 

standard 

0.2899 

44.48487 

Algal extract 0.3714 28.87782 

 

 

Figure 14: DPPH assay samples A - 4 ml of Ethanolic DPPH + water (Control) B - 4 ml 

Ethanolic DPPH + Beta-carotene standard (Reference) C - 4 ml of Ethanolic DPPH + algal 

extract (Sample) 

 

Soxhlet extraction 

The Soxhlet apparatus is effective for essential oil extraction from solid, dry biomass. It was found 

to be effective for beta-carotene extraction as well from dried algal biomass using 1:2 hexane: 
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ethanol mixture solution. The target extract is washed repeatedly under reflux and is further 

condensed and collected for characterization and application. 

 

Figure 15: Soxhlet set-up for dry algal biomass in 1:2 hexane-ethanol solvent 

 

Table 9: Pigment concentration post Soxhlet extraction 

Beta carotene 

(μg/ml) Chl A (μg/ml) Chl B (μg/ml) 

Total Carotenoids 

(μg/ml) 

83.20536 36.87667 8.620181 10.18549439 
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Silver Nanoparticle synthesis from algal extracts 

The cellular and cell free extracts were compared at different pH for nanoparticle synthesis. The 

particles synthesized at pH 10 in cellular extract was found to be stable. 

 

Figure 16: pH 5-10 range optimization for nanoparticle synthesis from cell free and cellular 

extract of Graesiella emersonii 

 

The Extract: Salt ratio variations were checked for best results. Variants of 1:10, 1:1 and 10:1 were 

studied. The ratio of 10:1 extract: salt solution was found to be best suited for nanoparticle 

synthesis. 

 

Figure 17: Extract: Salt solution ratio variation optimization for nanoparticle synthesis from 

cellular extract of Graesiella emersonii 
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Figure 18: Schematic representation of algal silver nanoparticle synthesis 

 

Results and observation: Cellular extract (biomass boiled in distilled water @ 80°C for 30 mins) 

was mixed with 10mM AgNO3 precursor salt in 10:1 ratio respectively and maintained at pH 10. 

The preparation is left in light for 24 hours. Colorimetric changes resemble the synthesis of stable 

silver nanoparticles. 

 

Antibacterial assay of synthesized silver nanoparticles  

Table 10: Zone of inhibition of synthesized nanoparticles on E. coli 

S. no Quantity Zone of inhibition 

1 Dip 13.5 mm 

2 10 µl 12.9 mm 

3 15 µl 13.6 mm 

4 20 µl 15.7 mm 

Figure 19: Nutrient agar plate showing zone of inhibition on E. coli 
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culture due to the activity of Ag-NPs produced by extract of Graesiella emersonii at pH 10 

Observation and Results: Ag-NPs synthesized from Graesiella emersonii extract was found to 

be effective against E. coli and can be used as an effective agent to control the spread of the 

bacterium. The nanoparticles synthesized at pH 10 in extract: salt ratio 10:1 gave good antibacterial 

results against E. coli. The dipped disc, 10µl, 15µl and 20µl doses were used. 20µl gave the best 

zone of inhibition. 

 

Photocatalytic degradation of Methylene blue dye using Ag-NPs synthesized using Graesiella 

emersonii extract 

The photocatalytic dye degradation efficiency of AgNPs synthesized using Graesiella emersonii 

was found to be 88.80% after incubation of 10 hours in sun light as depicted in figure below. 

 

Figure 20: Photocatalytic degradation efficiency assay of synthesized AgNPs on Methylene blue 

dye (10 and 100 ppm) 

 

Table 11: Absorbance range of dye degradation assay of synthesized nanoparticles 

 

Time A663 

0 hour 0.8976 

1 hour 0.8185 

2 hours 0.7005 

3 hours 0.5715 

4 hours 0.5082 

5 hours 0.432 
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6 hours 0.3328 

7 hours 0.2804 

8 hours 0.2685 

9 hours 0.2098 

10 hours 0.1005 

 

 

 Figure 21: Dye degradation efficiency graph of synthesized silver nanoparticles 

 

Removal of Chromium using Ag-NPs synthesized using Graesiella emersonii 

 

 

 

 

 

 

 

 

Figure 22: Heavy metal Chromium (30 and 100 ppm) remediation assay of the synthesized 

nanoparticles 
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Table 12: Efficiency of heavy metal removal assay performed using synthesized nanoparticles 

Sample 0 min 24 hours 48 hours 
Efficiency after 

24 hours (%) 

Efficiency after 

48 hours (%) 

100 ppm Cr 4.2564 4.2564 4.2564 0 0 

100 pm Cr + 1 ml NP 4.2542 2.9622 2.3462 30.40597688 44.87830091 

100 ppm Cr + 2 ml Cr 4.2638 2.0325 2.001 52.24837891 52.98844094 

30 ppm 1.0389 1.0389 1.0389 0 0 

30 pm Cr + 1 ml NP 1.0405 0.8213 0.5796 20.94523053 44.21022235 

30 pm Cr + 2 ml NP 1.0469 0.6996 0.3771 32.65954375 63.70199249 

 

 

Figure 23: Heavy metal removal efficiency of synthesized nanoparticles 

 

Observation and Results: Ag-NPs synthesized from Graesiella emersonii extract was found to 

be effective in removing smaller concentrations of Chromium. We performed heavy metal 

adsorption using two different concentration (30 ppm, and 100ppm) and two different dosages 1ml 

biogenic SNPs, and 2ml biogenic SNPs for two days. At 30 ppm concentration, silver nanoparticles 

were found to be effective for removal of chromium. At the interval of 24hours, 32.66% removal, 

and at the end of 48hours almost 64% removal was achieved.  
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CONCLUSION 

 

The unsubstantiated healing roles of edible ‘nutraceuticals’ awaits acknowledgement. They have 

the potential to cure as well as preclude innumerable chronic diseases. These diseases even include 

outcomes of the modern, desk-bound sedentary lifestyle. The incline towards mainstream medicine 

and its associated side-effects calls for the unveiling of extraordinary attributes the natural products 

have to offer. The mode of action of these nutraceuticals is yet to be confirmed, along with 

legitimation for commercial acceptance. Some lifestyle associated medical conditions like 

hypertension, cardiovascular diseases and diabetes are treatable with remedial nutraceuticals. Such 

compounds might be slow but have notable effects and even can be clubbed for multiplex upshots. 

One such compound is the beta-carotene. Humans being unable to synthesize beta-carotene, the 

provitamin-A, depend on external sources as its supplement. Health benefits and dietary 

requirements of beta-carotene are interrelated. This orange-red colored pigment has been 

enormously examined for its capacity to alleviate several chronic diseases including various types 

of cancer, cystic fibrosis, as well as COVID-19. However, this class of phytoconstituents has 

witnessed a broad research gap due to several twin conclusions that have been reported.  

There are various methods of synthesis of nanoparticles including physicochemical and biological 

methods. Biogenic mode of NP synthesis is widely used due to the non-toxic and sustainable nature 

of synthesis. A range of biological agents used for the production of NPs including bacteria, fungi, 

plants and its parts, as well as algae. Biogenic Ag-NPs find applications in diverse fields, such as 

antimicrobial properties, anticancer activities, and environmental remediation. Researchers have 

conducted a large number of studies employing Ag-NPs for their antimicrobial properties and 

found out that Ag-NPs are one of the most prominent antimicrobial activities as compared to any 

other NPs derived from other metals or their oxide. Ag-NPs have been found to be highly effective 

for environmental remediation strategies such as heavy metal removal and dye degradation from 

waste water. Thus, it can be concluded that biogenic Ag-NPs can be a sustainable alternative to 

the traditionally used antimicrobial agents which can also prevent the emergence of antimicrobial 

resistance. Biogenic Ag-NPs are also a cheap and highly effective alternative for dye degradation 

and removal of heavy metals from wastewater. 

Hence, the present study is a significant step forward in utilization of microalgae for beta-carotene 

production as well as biogenic silver nanoparticle synthesis and its application. 
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FUTURE PERSPECTIVE 

 

Till now, the main objective of work which was Isolation, Identification and Characterization of 

cement water has been achieved. Another aim of enhanced biomass production and culture 

condition optimization has been achieved along with algal strain, media type, efficient cell 

disruption technique, biomass type, extraction solvent, sonication ranges, light and salt stress have 

also been studied.  

● Research should be aimed at contributing to the global scientific literature on beta-

carotene’s application in prevention and treatment of lifestyle diseases. 

● More research is needed to improve the overall efficiency of the phyco-nano-remediation 

approach to deal with heavy metals and dyes pollution. 

● More emphasis should be laid on the selective extraction of the target pigment from the 

solvent for further applications, for example on cancer cell lines and so on. 

● The efficiency of algal strains for wastewater treatment, the application of residual biomass 

for nanoparticle synthesis, biochar preparation and its subsequent application should also 

be practiced. 
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Annexure-I: Media Composition 

 

BG11 Media (ATCC Medium 616) 

 

S.no. Component Stock solution 

 (gL-1 dH2O) 

Amount per liter of media 

1 NaNO3 - 1.5 g 

2 K2HPO4.3H2O 40.00 1 ml 

3 MgSO4.7H2O 75.0 1 ml 

4 CaCl2.2H2O 36.0 1 ml 

5 Citric acid 6.0 1 ml 

6 Ferric ammonium citrate 6.0 1 ml 

7 MgNaEDTA.H2O 1.0 1 ml 

8 Na2CO3 20 1 ml 

9 Trace metals* - 1 ml 

 

 

Preparation of Trace metals* solution components 

 

Components Amount per liter of double distilled water 

H3BO3 2.86 g 

MnCl2.4H2O 1.81 g 

ZnSO4.7H2O 0.22 g 
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Na2MoO4.2H2O 0.39 g 

CuSO4.5H2O 0.08 g 

Co(NO3)2.6H2O 0.05 g 

 

 

Preparation of Culture Solution 

Add chemicals and stock solution as indicated above to 1000 ml of double distilled water. Adjust 

pH to 7.4 with NaOH, and autoclave. 

 

Observation tables 

 

Pigment estimation for algae under light stress: 

Samples A450 A470 A505 A645 A662 

Day 0 
     

1 - Incubator 0.2854 0.181 0.0213 0.1301 0.4006 

2 - Sunlight  0.2376 0.1489 0.0201 0.1193 0.3779 

3 - Modified light stress 0.2736 0.1719 0.0305 0.1409 0.4315 

Day 4 
     

1 - Incubator 0.4755 0.3016 0.0391 0.2107 0.5536 

2 - Sunlight  0.2263 0.1624 0.059 0.1257 0.2762 

3 - Modified light stress 0.2889 0.1777 0.0271 0.136 0.3752 

Day 10 
     

1 - Incubator 0.6264 0.4001 0.0392 0.31 1.0031 

2 - Sunlight  0.0206 0.0153 0.0148 0.0077 0.0146 

3 - Modified light stress 0.2063 0.1323 0.0148 0.0844 0.226 

 

Pigment estimation for algae under salt stress: 

Samples A450 A470 A505 A645 A662 

Day 2 
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0 M 0.01254 0.00904 0.00031 0.00296 0.00946 

0.1 M 0.01995 0.01176 0.00024 0.00567 0.01611 

0.2 M 0.028 0.02165 0.01261 0.01288 0.02006 

0.4 M 0.01524 0.01125 0.00436 0.00529 0.01015 

0.6 M 0.01196 0.00755 0.00236 0.004 0.01019 

0.8 M 0.0175 0.01112 0.00381 0.00681 0.01658 

1.0 M 0.01465 0.00943 0.00266 0.00522 0.01338 

Day 4 
    

0 M 0.04345 0.03037 0.00352 0.01068 0.02891 

0.1 M  0.06759 0.04754 0.02169 0.03165 0.05246 

0.2 M 0.0493 0.0378 0.02411 0.02644 0.04064 

0.4 M 0.03851 0.02901 0.01729 0.01975 0.03178 

0.6 M 0.09752 0.08006 0.05496 0.06189 0.08804 

0.8 M 0.10284 0.09321 0.07688 0.07377 0.08979 

1.0 M  0.0107 0.00772 0.00059 0.00369 0.01148 

Day 6 
    

0 M 0.08766 0.06209 0.03117 0.04414 0.08021 

0.1 M 0.1265 0.09893 0.06434 0.07258 0.11056 

0.2 M 0.0771 0.05447 0.02151 0.03685 0.07333 

0.4 M 0.08604 0.06672 0.04136 0.04527 0.716 

0.6 M 0.09351 0.0702 0.03127 0.04598 0.09129 

0.8 M 0.07348 0.06093 0.03842 0.04337 0.06527 

1.0 M 0.04945 0.04047 0.02147 0.02648 0.04577 

Day 11 
     

0 M  0.1519 0.1053 0.0464 0.0727 0.1553 

0.1 M 0.188 0.1385 0.0747 0.1021 0.1734 

0.2 M 0.0918 0.0666 0.0265 0.0524 0.1208 

0.4 M 0.0477 0.0353 0.0193 0.029 0.0582 

0.6 M 0.2095 0.1808 0.1115 0.139 0.2215 

0.8 M 0.1003 0.0889 0.0616 0.0719 0.1019 



51 
 

1.0 M 0.0789 0.0708 0.054 0.0606 0.0802 

Day 19 
    

0 M 0.2382 0.1549 0.0199 0.1196 0.3835 

0.1 M 0.2587 0.1695 0.0449 0.1438 0.3886 

0.2 M 0.3779 0.2501 0.0724 0.2063 0.5503 

0.4 M 0.1871 0.14 0.0688 0.1231 0.2614 

0.6 M 0.1965 0.1275 0.0207 0.0932 0.2846 

0.8 M 0.0783 0.0519 0.0101 0.0379 0.1074 

1.0 M 0.094 0.0794 0.0486 0.0738 0.1288 

 

Assessment of sonication time ranges  

Sonication time 450 nm 470 nm 505 nm 645 nm 662 nm 

0 min 0.0256 0.0229 0.0134 0.0232 0.0359 

15 min 0.297 0.1836 0.0245 0.1561 0.4525 

30 min 0.3642 0.232 0.0722 0.1722 0.5771 

60 min 0.409 0.2953 0.0884 0.1871 0.6525 

90 min 0.4419 0.3188 0.0433 0.1917 0.407 

120 min 0.7239 0.559 0.1216 0.2231 0.5065 

150 min 0.8922 0.6461 0.0766 0.2468 0.6549 

180 min 1.0028 0.7807 0.1076 0.2207 0.5073 

 

Assessment of wet biomass in culturing media variants for efficient beta-carotene extraction 

in Hexane: Ethanol (1:2) 

Hexane: Ethanol (1:2) 
     

Samples A450 A470 A505 A645 A662 

GE in BG11 
     

Normal 0.4622 0.4226 0.0853 0.1796 0.3595 

Sonicated 0.5305 0.4756 0.0841 0.1502 0.3709 

Bead milling 0.4923 0.4411 0.0805 0.1354 0.3334 

Heat treated 0.605 0.5628 0.0446 0.166 0.4377 
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GE in BG11 + Glucose 
     

Normal 0.30698 0.28637 0.075 0.085905 0.16927 

Sonicated 0.31772 0.28889 0.0303 0.10426 0.25006 

Heat treated 0.28872 0.27518 0.052845 0.09298 0.18244 

Bead milling 0.35025 0.31486 0.035475 0.115505 0.27483 

GE in RO spent water 
     

Normal 0.2764 0.2505 0.047 0.10105 0.2128 

Bead milling 0.2737 0.2466 0.04445 0.09015 0.2012 

Heat treated 0.303 0.2727 0.0274 0.06495 0.1586 

Sonicated 0.2755 0.2487 0.05275 0.0936 0.1993 

 

Assessment of dry biomass in culturing media variants for efficient beta-carotene extraction 

using Hexane: Ethanol (1:2) 

 

GE Dry Biomass 
     

in BG11 0.77015 0.69525 0.01975 0.06942 0.05788 

in BG11 + Glucose 0.19216 0.16523 0.00529 0.0177 0.1269 

in RO water 1.3068 1.1621 0.0894 0.0901 0.1783 
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The most widely used eukaryotic model organism fungi, with its 
simple yet specialized organismal structure, possess the 
biochemical ability to degrade pollutants, therefore being of 
economic importance. Its bioremediation capacity is attributed to 
either its chemical modification mechanisms or influential 
bioavailability, with effects of degradation on metals, metalloids as 
well as highly toxic radionuclides. Fungi form mycelial network 
extensions, their catabolic enzymes having low specificity, and can 
hence independently use pollutants as a substrate for growth. These 
features make fungi best suited for the process of bioremediation. 
However, fungi have been under-exploited for environmental 
bioremediation in spite of them being present as dominating 
creatures in the soil-living biomass and abundance in aqueous 
systems. Yeasts are very efficient in degrading wastes and can be 
easily engineered for targeted features. In this review, we will 
briefly discuss some of the potential “mycoremediation” 
techniques. 
 
 

Introduction 
 
The exponential increase in pollution associated with its harmful repercussions, attributed 
to the accelerated industrialization along with urbanization has been a matter of great 
concern. It’s not only the air that has been polluted, but these contaminants have found 
their way into the soil and water as well, each type being polluted and plying its role in 
threatening the human health and native ecosystem(1). There have been research 
approaches carried out for discovering sustainable and affordable remediation methods 
and technology development (2). However, along with the development of cost-effective 
remediation techniques, the malpractices of untreated effluent release into the open as a 
general practice must be checked.  

 
The current scenario of pollution with the rising pace has several adverse effects 

already like decreased domestic GDP, water-stress on population, crippling ecosystem, 
food security, biodiversity (3) and so on as declared by renowned bodies like WHO (4). 
The conventional methods of effluent treatment and removing contamination are quite 
effective, however, the expenses, toxic by-product formation and inefficiency on low 
concentrations of the highly toxic chemicals call for better in-situ process developments 
for remediation of such typical pollutants (5).  
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The involvement of microbes, be it in the form of biofilms or fungal engagement 
called myco-remediation, has been a major area of interest for researchers. Being an 
environment friendly, economical, and effective, the fungal use of remediation has been a 
majorly exploited strategy. There are various characteristics of fungi that have proved to 
be useful for application, like a high surface area to volume ratio, hyphal network, robust 
growth and proliferation, extracellular enzyme production capability like ligninolytes, 
fluctuating physicochemical conditions like temperature and pH adaptability, heavy metal 
resistance and so on (6–8). Along with their application in bioreactors (9), fungi can also 
be used for in-situ remediation from pharmaceutical drugs, dyes, and herbicidal 
chemicals. Studies have shown that the degradation of pollutants can be accelerated by 
regulated metabolite use along with the controlled biomass of fungi (10,11).  

 
Although bioremediation has a very broad range, considering the variety, 

availability and metabolic potential of microbes has restricted it. Bacteria have been 
found as the most versatile and effective of all the micro-organisms attributing to a 
majority of the outcomes, only needing a pre-exposure to the pollutant for the stimulation 
of enzyme expression. Here, the concentration of pollutants acts as the limiting factor to 
the enzyme expression (12). Fungi potentially can control phytoremediation as they have 
the ability to increase the plants’ uptake ability of heavy metals from the environment 
(13–16). The fungi have been found to degrade high molecular weighing PAHs and many 
other organic compounds when studies in the laboratory were made (17).  

 
 

 
 
Figure 1: Overview of general mechanism on organic pollutants by fungi. 
 
 

There is extensive growth of spatially evolved filamentous fungi to form thread-
like hyphae. It maintains a highly polarized cellular organization internally, which 
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supports apical growth (18,19). Despite the diameters of these hyphae being microscopic 
(about 2–10 µm), the organisms belonging to the Kingdom Fungi have network 
extensions to over hectares (20). So, supported by this observation, fungi can also be 
regarded as “macro-organisms packaged in microscopic units” (21); devoted to the 
exhibition of unique lifestyles adapted to heterogeneous environments. The general work 
of fungi is to produce exoenzymes that supposedly digest organic matter to provide 
nutrition to the growing hyphae. These enzymes have a quite low specificity which 
makes their substrate compatible with varieties like AAs and their derivatives (22–24). 
These enzymes are called the XMEs (18). 

 
This review will consist of different fungi used specifically for remediation of 

pollutants, how the process can be accelerated and what is the mechanism for the 
degradation. There are also certain limitations to the current status and emphasis would 
be given to put them up. Fungi are used to degrade several pollutants ranging from simple 
to very harmful ones like Polycyclic Aromatic Hydrocarbons (PAHs), anti-fungal drugs, 
detergents, heavy metals and so on (3)  
 
 

The Class of Pollutants 
 

The Total Petroleum Hydrocarbons (TPH) have major components as nitrogen-sulfur-
oxygen containing compounds, the alkanes, asphaltenes and the aromatic compounds 
consisting of the benzene rings along with the fusions and PAHs rings. These are the 
major pollutants having carcinogenic, toxic, and mutagenic properties causing 
environmental recalcitrance (25). The toxic metal contamination in soil with metals like 
As, Pb, Hg, Zn and so on which comes from the extraction of petroleum and refining (26). 
The quality of pollutants ranges from inorganic to organic leading to co-contamination, 
and these need to be treated differently (26). The microorganism that biodegrades 
petroleum has been found to have a negative growth effect by the co-contamination of 
toxic metals in the soil (27). The growth, metabolism as well as sulfur-nitrogen 
conversion has all been found altered by the toxic metals’ presence (28,29).  
 

Depending on the concentration and speciation of metal, the contamination can 
exhibit toxic effects, either intrinsic or extrinsic, on the organism’s ability (30–32). The 
metal toxicity ranges from enzyme inhibition, cell and organellar membrane disruption, 
altered homeostasis to cell response mechanism and essential metals substitution or 
displacement (29). The hydrophobic petroleum hydrocarbons reduce toxic metal’s 
bioavailability to the bioremediating system by attaching it to the soil matrix (33). The 
bacterial system has been much tested for its efficacy however, the fungal bioremediation 
capacity of soil contaminants like toxic metals and petroleum hydrocarbons needs to be 
exploited.  

 
 

Table 1. Different fungal species involved in the degradation of Petroleum hydrocarbons. 

Species Hydrocarbons Formula Structure Efficiency Of 
Removal Reference 

Penicillium sp. Decane C10H22 

 

49.0% (24) 
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Aspergillus sp. N-hexadecane C16H34 

 
86.3% (34) 

Pleurotus 
ostreatus Anthracene C14H10 

 
60.0% (35) 

Irpex lacteus Anthracene C14H10 
 

56.0% (35) 

Polyporus sp. Chrysene C18H12 

 

65.0% (36) 

 
 

The Remediator 
 

Fungi are ubiquitous organisms, chemo-organo-heterotrophic in nature (37) which have 
independently evolved as multicellular eukaryotes (38). The fungal mycelia colonize the 
soil, enmeshing and forming soil aggregates. This facilitates contaminant bioavailability 
improving the soil structure (18) performing better when compared to the bacterial mode 
of action. Thus, filamentous bacteria show effective results in contrast to bacteria in the 
matter of translocation or transport of essential nutrients and the pollutant itself to a 
significant distance, which is an advantage of filamentous fungi (18,39–41)(41,42) There 
have been studies stating that the mycelia of fungi are the facilitator “highways” in soil 
over a distance for the bioremediation through pollutant degrading bacteria (43–45).  
 
 
Table 2. Major enzymes active in fungal remediation 

Enzyme 
(Commission 

number) 
Taxa of Fungi 

Occurrence 
and 

localization 

Mechanism of 
Reaction Remark References 

Laccases 
(EC 1.10.3.2) 

Basidiomycota 
and Ascomycota 

Extra-
cellular 

• Organic 
compounds 

undergoing O2 
dependent one e- 

oxidation 

• Direct oxidation of 
pollutants 

• Mostly active in 
acidic pH and 

rarely works in 
neutral or basic 

environment 

(46,47) 

Tyrosinases 
(EC 1.14.18.1) 

Mucoromycotina, 
Basidiomycota 

and Ascomycota 

Mostly 
intra-

cellular but 
sometimes 
even extra-

cellular 

• cresolase 
activity (O2 
dependent 

monophenol’s 
hydroxylation) 
producing o-

diphenols 
• catecholase 

activity 
(Oxidation of 

the above 
produced o-
diphenols) 
producing 
catechols 

• pH independent - 
activity in alkaline 

as well as acidic pH 
• Oxidation of 

various phenols – 
even the 

chlorinated ones. 

(48,49) 

Lignin 
peroxidases 

(EC 1.11.1.14) 
Basidiomycota Extra-

cellular 

• Hydrogen 
peroxide-

dependent; one-

• Rapid inactivation 
during phenol 

oxidation 
(50,51) 
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e- oxidation of 
aromatic 

compounds 

• Direct oxidation of 
high redox potential 

aromatics 
• Favourable acidic 

pH 
• Extended range of 

substrates, all from 
dyes and phenols 

Dye-
deoxidising 
peroxidases 

(EC 1.11.1.x) 

Basidiomycota Extra-
cellular 

• H2O2-dependent 
one-electron 
oxidation of 

organic 
compounds 

• Additional 
hydrolysing 

activity 

• Works in acidic pH 
• Stable at high 

temperature and 
pressure. 

• Oxidation of dyes 
like anthraquinone 

with high redox 
potential, which are 

not oxidised by 
usual peroxidases 

(50) 

Nitroreductases 

Ascomycota, 
Mucoromycotina 

and 
Basidiomycota 

Cell-bound 

• NAD(P)H-
dependent 
reduction 

nitroaromatics 
 

hydroxylamine 
and amino(nitro) 

compounds 
• Similarly, 

reduction of N-
groups of 

heterocycles 

• Common in fungi 
• Reduces TNT (52–54) 

Reductive 
dehalogenases 

Basidiomycota 
and Ascomycota 
perhaps (PCDD 

degradation) 

Cell-bound 

• The membrane-
bound 

glutathione S-
transferase 
produces 

glutathionyl. 
• It conjugates 

with 
concomitant 

chlorine 
removal. 

• This soluble 
conjugate 
reductase 
releases 

dechlorinated 
compounds 

• Two-component 
system 

• Probable for 
reductive 

dechlorination of 
chlorocatechols 

• Reductive 
dechlorination of 

cholorohydroquino
nes from herbicides 
by Basidiomycota 

(55,56) 

Miscellaneous 
transferases 

Ascomycota, 
Mucoromycotina 

and 
Basidiomycota 

Cell-bound 

• Glucoside or 
Xyloside 
formation 

• Sulphate or 
methyl 

conjugation 
from 

hydroxylated 
compounds 

• Phase II enzymes 
prominently 

metabolise PAH 
• Also acts on other 

pollutants 
• Common in fungi 

 (57) 

 
 

Depending on the physiological or genetic adaptation, intrinsic structural or 
biochemical property, morphological changes, and many other parameters like 
bioavailability of metals, speciation and toxicity, the Fungi have developed survival and 
growth capacity (30,58,59). There has been recognition of species that have been found 
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to have action on a particular class of pollutants. The filamentous kind of fungi belonging 
to Aspergillus and Penicillium spp. degrade aliphatic, poly-cyclic aromatic hydrocarbons; 
and chlorophenols, the organic components serving as energy sources (18,60,61). The 
Neurospora crassa, are ureolytic fungi which have the ability of immobilizing metals as 
these when incubated in media with urea supplements, carbonates and/or oxides of toxic 
metals are precipitated (62–66). When this urea-supplemented media was mixed with 
heavy oil and ions like Ca2+, there was aggregated precipitate of minerals towards the 
heavy oil edge, that might be an additional acting source of energy as well as carbon, 
during the process of biomineralization. The fungi have the ability to primarily 
decompose the plant biomass and organic matter present in the soil. Their chemical 
structure wood’s lignin polymers can be compared with Polycyclic Aromatic 
Hydrocarbons (PAHs) aromatic structures (67,68). Thus, fungi like Phanerochaete 
chrysosporium which are lignin-degrading organisms that can attack a wider range of 
organisms were investigated for PAHs and other similar compounds like aromatic 
hydrocarbon degradation (69).  

 
 

 
 
Figure 2: Kinds of mycoremediation 
 
 

Some fungi can convert highly carcinogenic benzo(α)pyrene, which are high 
molecular-mass PAHs, by the non-specific mechanism of detoxification into products 
water-soluble in nature (18). Fungi obtained from soils of petrol stations, like Fusarium 
solani and Hypocrea lixii, have the ability to degrade pyrene up to 60% and show 
tolerance to metals, copper and zinc by accumulation (70).  

 
The Iron (Fe (III)) co-ordinating fungal siderophores in co-contaminated soil not 

only binding to Fe (III) but also to other metals like Pb, Ni, Zn, Th (IV), Cu, Cd, U(IV), 
and Pu (IV) (71). They also facilitate petroleum hydrocarbons biodegradation by 
providing Fe to the degrading microorganisms in habitats having Fe-limitations. 
Sometimes, the co-contaminating PAHs interact with lipophilic components of the fungal 
cell membrane which alters its permeability. This results in toxic metal penetrating inside 
the cells, leading to remolded cellular functioning. Shen et al. 2005 investigated the 
effects on fungal growth imposed by Cd and phenanthrene (Phe) (72). Certain fungi have 
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shown strongly inhibited growth in Cd and Phe containing soil when compared with soil 
containing only Cd. 
 
 

Factors Affecting Fungal Bioremediation Efficiency 
 
Reduced bioavailability, heavy metal toxicity, soil characteristics, present metabolites 
and enzymes all play a role when myco-remediation is taken into account. Other 
physicochemical factors include pH, temperature, and mineral content of the soil, metal 
speciation and so on which ultimately hamper the transportation of pollutants and 
bioavailability (32,73).  
 
Soil Characteristics 
 

The solution-phase metal-ions concentration is significantly reduced by clay 
minerals and organic matter. As reported, the mineral-dominated soil with 0.01-mg L-1 
Cd2+ inhibits trichloroaniline (TCA) dichlorination, while about 0.2-mg L-1 of Cd2+ 
necessarily from an organic-dominated soil correlates with organic material metal-
binding capacity (74). The high cation exchange capacities (CECs) of clay minerals like 
montmorillonite efficiently reduces metal bioavailability and toxicity (29). Also, the pre-
existing metal of the soil reacts with organic pollutants, affecting its speciation, 
bioavailability as well as toxicity (75). 

  
Another crucial factor is pH, that determines hydrocarbons of petroleum 

biodegradation along with toxic metal biotransformation. Any change in pH alters fungal 
as well as bacterial community structure, also manipulating enzyme activities and metal 
speciation. Simulations of such altered pH effects on metal ion speciation can be done 
using software like Geochemists’ workbench (GWB) (76). These are geo-chemical 
modelling software, more examples like MINEQL+ (77,78), and PHREEQC (79,80).  
 

Co-contaminated soil bioremediation is also influenced by temperature as it 
affects the pollutant’s chemistry along with fungal biodiversity (32). At a lower 
temperature, there is increased viscosity of petroleum, with reduced volatility resulting in 
retarded biodegradation. Generally, the degradation rates for hydrocarbon pollutants are 
highest around temperatures of 30–40 °C in the soil environment (81). When the 
temperature is high, the PAHs’ solubility increases along with metal ion toxicity. This 
improves the bioavailability; however, such high temperatures are influential to the 
structure of the microbial community as well as its activity. It was evidently confirmed 
upon the comparison of the effects of temperatures between 20 °C and 40 °C for metal 
removal, the optimum temperature for Beauveria bassiana was found to be 30°C which 
occurred due to an increase in biomass production that ultimately provided more sites for 
metal-binding (82). 
 
 
Metabolites and Enzymes 
 

A variety of excreted substances and extracellular metabolites have several 
upshots that transform interactions between fungi and different pollutants in the 
environment (69,83). By secreting enzymes like laccases and tyrosinases, fungi degrade 
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petroleum hydrocarbons, and metal speciation is managed by a variety of other excreted 
metabolites like organic acids, amino acids. Other enzymes secreted by fungi are 
reductive dehalogenases, manganese peroxidases and cytochrome P450 monooxygenases, 
whereas extrinsically secreted metabolites are siderophores, extracellular proteins and so 
on (84). The degradation of Petroleum Hydro-Carbons (PHCs) is a sequential process 
involving diverse enzymes and depends on several factors like the chemical structure 
otherwise imparting stability to the pollutant, along with the fungal growth in the polluted 
medium. 

 
  

 
 
Figure 3: The bio-degradation efficiency for varied classes of pollutants in different and 
can be ranked as shown in the figure; tip resembling the easily degraded and the base 
showing the more stable pollutant category. 
 
 

The PHCs of co-contaminated soil has been found to be the C- and energy source 
for certain species of fungi. Apart from this, toxic metals also exert significant effects on 
fungal activity. In spite of the metal species toxicity potential, there are numerous fungi 
species that can flourish with composition shift, in contaminated conditions (31).  
 

The fungal mechanisms that lead to tolerance and resistance are the actual reason 
behind the survival of these species in a toxic environment (31,54). The toxic metal 
mobility is influenced by various properties possessed by fungi, along with mechanisms 
like production of proteins with metal affinity, precipitation of organics and inorganics, 
transport, and compartmentalization (30,31). The transformation of minerals and metals 
is highly dependent on fungal secretions. This play role in the mobilization as well as 
immobilization of metal species (31,86). In addition to this, the melanin and the phenolic 
polymers from fungi have the potential to bind metals with O-containing groups (87). 
Formation of the complex by fungal surface can be linked to the metal ion coordination, 
releasing proton, with oxygen donor atoms (88). 
 

Metal immobilization is relevant particularly to approaches in bioremediation. 
The fungi mediate metal precipitation by forming insoluble oxalates, oxides, phosphates, 

Linear 
alkanes

Branched 
alkanes

Small aromatics

Cyclic alkanes
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and carbonates (86,89–91). As an example, phosphate is liberated from the hydrolysis of 
organic or inorganic phosphate, which is an efficient metal immobilization method for 
metals like Zn, Pb, La, and U. The metal precipitates were found over and around the 
hyphae (92,93). Neurospora crassa, Pestalotiopsis sp., and other Urease-positive fungi 
like Myrothecium gramineum promisingly immobilize toxic metals through their 
involved mechanism of urea degradation.  

 
 

 
 
Figure 4: Fungal interaction with petroleum hydrocarbons (PHCs) schematic diagram.  
 
 

The cell membranes of fungi are permeable not only to PHCs, but also many 
other simple organic compounds produced upon oxidation by extracellular enzymes. 
Further, they undergo a range of metabolisms including hydrolysis, removal of the 
halogen group, as well as β-oxidation. Later, they enter into the citric acid cycle. As per 
their fate, these heavy/toxic metals can either undergo (i) biosorption by accumulation on 
cell surface; which result in the nucleation of biomineral followed by its precipitation; or 
(ii) intracellular accumulation of other minerals followed by their localization into 
organelles, either due to active transport or cross-membrane diffusion mechanism (84,85). 
 

Fungi can actively hydrolyze urea from the medium and produce ammonia along 
with free carbonate. These carbonate ions responsibly precipitate metals as carbonates, 
like BaCO3, CoCO3, Cu2(OH)2CO3, La2(CO3)3, and CdCO3, NiCO3 (64,76,90,94). A 
variety of oxalates of metals like Cd, Co, Cu, Mg, Sr can be produced by the interaction 
of fungi with metals and their minerals (86). Other important factors in the 
immobilization of toxic metals in played by a variety of extracellular proteins, amino 
acids, and polysaccharides. The removal of nickel present extracellularly in the form of 
precipitate was associated with extracellular protein removal (76). Demonstrations have 
shown that the templates for mineral formation can be extracellular protein, which also 
influences the resultant biominerals’ size (63,76). 
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Conclusion and Future perspectives 
 
Currently, the petroleum hydrocarbon and toxic metals contaminated soil’s 
bioremediation, referred to as co-contaminated soil, is a mostly step-wise treatment 
involving removal followed by detoxification. There is an efficiency of degradation for 
both single and composite kinds of pollutants. There has been very little research on the 
fungal metabolism as a response to pollutant complex and its stress. The contrasting 
fungal metabolism, simulated synthesis of enzymes upon induction, extracellular release 
of metabolites reflects the fungal responses to organic pollutant from petroleum. This 
also affects the transformation of toxic metals and their migration (84).  
 

This convoluted situation due to the effect of variables, and limitations put up by 
the unavailability of suitable analytical techniques is a major target for the upcoming 
researchers. Toxic metals are spatially distributed in the soil, accompanied by various 
fungi-mediated migration and transformation mechanisms depending on the methods of 
sampling and analysis adopted. The main bottleneck limiting the understanding of soil 
heterogeneity is the sampling technology taken up for vertical and horizontal dimensions 
(84). 

 
The conventional techniques of sample collection and handling are also similar 

however there have been deviations found in the samples collected that might be the 
result of different reasons like contamination while sample picking, changed 
environmental conditions like pH, temperature, humidity, dissolved oxygen and so on. So, 
new technologies like microbial proteomics and metabolomics (95) must be applied in 
the field of study to overcome such issues. This will lead to the discovery of fungal 
responses to pollutants on a molecular level (96,97).  
 

Several other new methods for getting a high-resolution toxic metal characteristic 
of spatial distribution, Gradient Diffusion Film Technology (DGT) which is performed in 
combination with LA-ICP-MS. This also reveals reaction processes interface for soil-
metals-fungal interactions and can be applied for the analysis of vigorous alterations in 
the physicochemical state of the toxic metal at the interfaces. Hence, contributions to 
developing new strategies for fungi-assisted bioremediation of toxic-co-contaminated soil 
must be made on an interdisciplinary level.  
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