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Abstract  

Poly-3-hydroxyalkanoates (PHA) are biodegradable and compostable polyesters. This 

review is aimed to provide a unique approach that can help think tanks to frame strategies 

aiming for clean technology by utilizing cutting edge biotechnological advances to convert 

fruit and vegetable waste to biopolymer. A PHA manufacturing method based on watermelon 

waste residue that does not require extensive pretreatment provides a more environmentally 

friendly and sustainable approach that utilizes an agricultural waste stream. Incorporating 

fruit processing industry by-products and water, and other resource conservation methods 

would not only make the manufacturing of microbial bio-plastics like PHA more eco-

friendly, but will also help our sector transition to a bioeconomy with circular product 

streams. The final and most critical element of this review is an in-depth examination of the 

several hazards inherent in PHA manufacturing.  
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1. Introduction 

Over the years agriculture and horticulture waste production have increase manifold as 

demands for agriculture products has increased dramatically (Zia et al., 2021). The growing 

global population has resulted in a multifold increase in agricultural production and a 

concomitant accentuation in agricultural waste. Available recent report of Food and 

Agriculture organization stated that 1.3 billion tons of food were wasted during 2020 

(Blakene, 2019; Awasthi et al., 2021a). The preference of daily diet in many countries is 

shifting from food security to nutrition security and this is an important reason that the 

demand for fruit and vegetable is increasing very fast among humans. Recent reports showed 

that dietary habits and consumer preferences have led to increasing the production of fruit 

and vegetables, production figures from 2018 showed that the production of fruit and 

vegetable exceed by one billion tons.  Agriculture waste is defined as unintended waste 

arising out of agriculture activities that includes crop residues, sawdust, forest waste, orchard 

waste, leaf litter and weeds. Fruit and vegetable waste are a continuous threat to pre-market 

to post-market sites. The waste generated from various activities involved in agriculture is a 

growing concern as it present economic, social and environmental challenges (Reshmy et al., 

2021a; Awasthi et al., 2021c).  

Watermelon (Citrullus lanatus) is an important horticulture crop that belongs to the 

family of Cucurbitaceae, widely grown around the world for its sweet edible fruits and juice 

(Yadav et al., 2021a, b; Ding et al., 2021). Watermelon is a major yielding crop for the short 

term and can be grown around the year in protected cultivation. It contributes a large share to 

the economy in fruit vegetable crops. Botanically watermelon is an annual creeping herb that 

originated from Southern Africa has attained the level of most economically fruit vegetable 

crop. Based on the statics of Food and Agriculture Organization the global watermelon 

production and production area reached approximately 104 million tons and 3084217 ha in 
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2019, respectively (Fabani et al., 2021; FAO 2021). In the current situation, watermelon can 

be grown in almost 122 countries and around 1200 various cultivars are available on all 

cultivated continents. In terms of production, China produces the highest quantities, followed 

by turkey, India, Brazil and Algeria. Moreover, China ranks first in production and area of 

production (Figure 1). A recent report showed that watermelon is a significant contributor to 

the agro-based economy of Malaysia (Kassim et al., 2021). Watermelon production on the 

commercial is done around the year, and from production to consumption, many kinds of 

waste is generated. Commercial farms generated a huge amount of waste including leaves, 

branches, tendrils, unfertilized flowers, tender and diseased fruits during the production and 

post-harvest waste includes plant biomass. Generally, these wastes are used for animal feed, 

landfilling, on-site disposal by combustion and direct mulching, which can bring invertible 

risk from the environment and social point of view. In addition, it has also been reported that 

such fruit and vegetable wastes promote the microbial risk of disease in animals because fruit 

waste disposal sites are a habitat for many pathogenic bacteria, fungi, and yeast (Kartik et al., 

2021; Awasthi et al., 2020b).  

In current era, safe and sustainable disposal of fruit and vegetable waste have sparked 

interest in biotechnological strategies aimed at transforming waste material into biomaterial 

and bioenergy. These strategies can be used to reduce the dependency on fossil fuels for 

energy demands (Wainaina et al., 2019; Awasthi et al., 2021b). Transformation of agriculture 

and horticulture-based waste to energy approach is receiving attention toward the fact that 

these materials are a rich source of lignocellulosic biomass and available at a lower cost. 

Moreover, these materials are available throughout the year so, it can be assumed that the 

supply of such raw material will be continuous (Bon et al., 2021; Reshmy et al., 2021a). The 

best way to valorize biomass derived from pre-and post-harvest is the conversion of these 

materials to biopolymers, such as biogas and bio-hydrogen using microbial processes. As a 
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matter of fact, variety of bacterial strains are identified that can synthesize biopolymers and 

convert fruit and vegetable waste materials into valuable extracellular and intracellular bio-

products, which are useful for biochemical production (Amadu et al., 2020; Aaliya et al., 

2021; Awasthi et al., 2021c).  

Therefore, starting from the available previous considerations, our review offers a 

state of the current biotechnological strategic approach available for the utilization of 

watermelon waste residue. This review will provide a unique approach that can help think 

tanks to frame strategies aiming for clean technology by utilizing cutting edge 

biotechnological advances to convert fruit and vegetable waste to biopolymer.  

2. Nature of watermelon wastes residues 

Watermelon fruit consists of water, seed, pulp, peel and rinds. Studies show that 

around 60-70% of watermelon fruit is edible whereas the remaining 30-40% includes seed, 

rind and other parts which are not edible and are considered as watermelon fruit waste. 

Majority of the watermelon produce is consumed as a fresh fruit and remaining is utilized for 

processing products such as, vinegar, wine and packed juice (Chen et al., 2017; Liu et al., 

2021a). The waste generated from watermelon has very little economic value and is only 

used for animal feed and landfills in many countries. Consequently, huge amount of 

watermelon waste is discarded, mostly in summer the waste amount is comparatively higher 

than other seasons. A report showed that solid waste volume is higher as much 39,000-52,000 

tons/year in Argentina alone (Fabani et al., 2021). However, the seeds are edibles and may 

constitute part of nutraceutical when consumed as a food supplement. It is an important 

source of protein, dietary fibers, minerals, antioxidants, and other micronutrients (Wainaina 

et al., 2019; Cal et al., 2021). It has been already identified that watermelon rind waste 

contains carbohydrates and fibers in the large amount. If we consider the waste generated 

from watermelon from farms and greenhouses, the leaves, stems, branches and tendrils are 
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also important waste generated along with fruits. To date, revolutionary progress has been 

attained in agro-waste processing and many approaches introduced to waste to energy 

perspective (Liu et al., 2021b; Reshmy et al., 2021b). The watermelon waste can be 

converted into valuable products including bioremediation, bio-sorbent, biochar, and dietary 

food. Watermelon waste mainly rind is discarded in large amounts is consists of 

lignocellulosic polysaccharides including cellulose, pectin, hemicellulose and lignin, low 

molecular and carotenoids material such as citrulline and other phytochemical compounds.  

2.1. Pre-and post-harvest watermelon waste  

The watermelon cultivation is a long process and required various cultivation 

practices. Overall, the waste can be categorized in two types i.e., pre- and post-harvest waste 

(Figure 2). Pre-harvest waste are recovered in growing duration of watermelon in field as 

well as greenhouse cultivation. Pre harvest waste is basically leaves, dropped flowers, stem, 

tendrils and pruned branches. The biomass generated during cultivation is generally 

underutilized products. Close observation of cultivation practices shows that their wastes are 

zero value products because not collected for commercial bio-product conversion and 

disposed in farm or used as animal feed. Post-harvest waste includes watermelon rotten fruits, 

rind/peel and unutilized seeds. A study revealed that approximately 36 million tons of 

watermelon rind was generated during 2013 (Petkowicz et al., 2017; Liu et al., 2021b). In the 

last decades, many literatures showed that these wastes have huge potential for industrial 

utilization. This waste can be used to recover many biochemical compounds. 

2.2. Composition of watermelon waste residue 

Watermelon waste is categorized into three major parts, which are rind, seed and flesh. 

The rind and seed contributed to the majority of waste. According to the production data of 

2017-18, close to 42 million tons of watermelon seed and rind waste were generated from 

various processing industries alone (Zia et al., 2021). A thick white flesh between the inner 
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peel and outer green cover is known as watermelon rind. It contributes to almost one-third of 

the total fruit weight and is generally discarded due to its unappealing flavour.  Watermelon 

peel waste consists of many major carbonaceous components, including cellulose and 

hemicellulose, indicating that it can be utilized as a raw material for lignocellulosic biomass 

to fuel production. In general, watermelon rind waste is not used and it is considered as a 

zero-value waste. However, some reports showed that rind waste products are being used for 

various purposes like stewing, stir-frying and often picked in many growing areas (Liu et al., 

2021b). Furthermore, dry powder produced from watermelon rind showed innovative 

alternative to nontraditional flours (Hoque and Iqbal, 2015; Wainaina et al., 2020a). Some 

previous reports showed that watermelon rind contains 32.2% carbohydrate, 26.3% crude 

fibers, 5.0% ash, 12.4 % crude protein and 12.6 % lipid (Awasthi, et al., 2021a). The 

proximate composition of seed and peel are presented in Table 1 based on the previous 

reports.  Watermelon peel waste has been used to produce lipid production due to high C/N 

ratio 21.59%, which makes it ideal target for lipid production (Hashem et al., 2020; Sindhu et 

al., 2021). It was estimated that is can also be used for production of many other value 

products.  Till date, not much information is available on biofuel production from 

watermelon waste. In previous study of Cha et al. (2020) reported that 4.16 gl-1 (approx.) 

bioethanol was recovered after co-saccharification and fermentation of watermelon rind 

waste by Trichoderma viride. A recent study by Ratnakaram et al. (2020) confirmed that 

bioethanol can be produced from fermentation by using two different species of S. cerevisiae, 

and higher production yield can be achievedby toddy origin yeast strains.  

3. Pretreatment methods and Recovery of biopolymers from watermelon wastes 

residues 

Most of the part of the watermelon is edible, while the rind has no commercial value, 

and it is considered a waste. Watermelon waste residue consists of cellulose and 
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hemicellulose, the rich source of carbon feedstocks for microorganisms. Utilizing these 

components can play a significant role in synthesizing functional and biodegradable 

biopolymers (Kassim et al., 2021). Watermelon wastes can be obtained from various juice 

production agro-based industries. For processing, the watermelon wastes should be washed in 

distilled water and cut into small pieces. The obtained pieces should be dried and ground into 

a fine powder. The dried substrate cannot be used directly for biopolymer production. 

Therefore, it needs a pretreatment step. The pretreatment of watermelon waste residues is 

done by soaking it in 0.7 % (v/v) sulphuric acid and autoclave for 60 min (Kassim et al., 2021; 

Awasthi, et al., 2021a; Luo et al., 2021). After pretreatment, the mixture is centrifuged, and 

the solid residue is washed with hot water and dried in an oven for 24 hours at 60° C. 

Cellulose and hemicellulose content of the material is degraded by the respective enzymes 

cellulases and hemicelluloses (Wainaina et al., 2020a; Sindhu et al., 2021). The overall 

biopolymer production process from the watermelon waste residue is presented in Figure 3. 

In the process, the watermelon waste or rind is first pretreated using appropriate treatment 

procedures. After pretreatment, a low-cost culture medium is designed and used with a high 

biopolymer accumulating microbe to produce biopolymer. After production, the cells from 

the culture media are harvested, dried, and the polymer is extracted in reflux conditions. Post 

extraction, the biopolymer is precipitated and dried. The final product obtained is a 

biopolymer. Later, the biopolymer can be modified as per the requirement of the specific 

application.  

3.1. Extraction of biopolymer from microbes 

After completion of culture growth, the microbial cells are harvested and freeze-dried. 

The freeze-dried cells are subjected to an extraction procedure. There are several methods 

available for the isolation of biopolymers from cells. These include solvent extraction, 
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microwave extraction, ultrasound extraction and subcritical water excretion. Each of the 

methods is discussed below.  

3.1.1 Solvent extraction 

This method can be used for the extraction of biopolymers from bacterial and algal 

biomass. This process is easy and needs a few downstream processing steps. In algae, the 

biomass can be combined to form polymer precipitates (Roja et al., 2019). Chemical and 

physical parameters optimization enhances the polymer accumulation. The polymer alginate 

was extracted using mineral acids (pH 1.5) from the algae Padina pavonica (Faidi et al., 

2019). The extraction process relies on operations such as filtration, sifting, and 

centrifugation. A study screened six microalgae stains, and it was observed that three of the 

strains Synechocystis sp., Nostoc sp. and Porphyridium purpureum had higher biopolymer 

synthesis (Morales-Jiménez et al., 2020).  

3.1.2 Microwave mediated extraction  

This method is a unique and green approach for the recovery of biopolymers 

microalgae. Microwave assisted extraction has various advantages, such as it is quick, 

compact, with short experimental times and require no energy. A hybrid carrageenan 

biopolymer was extracted from red algae Mastocarpus stellatus using a microwave (Ponthier 

et al., 2020; Awasthi et al., 2021b). The process resulted in a high yield of biopolymer. The 

maximum yield of biopolymer was obtained at 150 ℃ for 6 min. Increased stability in terms 

of strength was observed with increased temperature. This method suggests a very short time 

range for biopolymer extraction. Therefore, it can be used at a large scale for biopolymer 

extraction.  

 3.1.3 Ultrasound mediated extraction 

Ultrasound mediation biopolymer extraction is based on the phenomenon of 

cavitation. The phenomenon of cavitation causes a collision in the microbial cells of 
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microalgae. Collision and agitation in the microalgae cells lead to cells disruption and thereby 

release of the content. In the process, the transfer rate is increased, which results in the 

removal of biopolymers (Jain et al., 2022). Ultrasound-assisted extraction has several 

advantages such as reduction in time of extraction, operation at room temperature, reduces 

loss of materials, is ecofriendly and no requirement of membrane separation. As compared to 

the traditional methods, the ultrasound-assisted method gives a higher extraction yield. 

Ultrasound assisted extraction method was used for isolation of the biopolymer alginate from 

Sargassum muticum (Flórez-Fernández et al., 2019; Sindhu et al., 2021). It was observed that 

the ultrasound method of extraction was four times efficient as compared to the conventional 

methods because it reduced the extraction time by four times. The extraction efficiency was 

affected by parameters such as temperature, sonication time and ultrasound frequency 

(Wainaina et al., 2020b; Awasthi, et al., 2021b). It was observed that with a higher sonication 

process, the biopolymer yield was increased. Increase in sonication frequency and sonication 

times lead to increased biopolymer yield.   

3.1.4 Subcritical water extraction  

It is an emerging technique for the isolation of bioactive compounds from different 

biomass. The method utilizes water that is heated to more significant than the boiling 

temperature and pressurized below critical pressure (Gereniu et al., 2018; Qin et al., 2021a). 

There are several techniques available for biopolymer extraction, but subcritical water 

extraction has some unique advantages. It uses water as a solvent, which surpasses the use of 

disruptive chemicals for extraction. Other advantages include short retention times, high yield, 

high quality, and low energy consumption (Alboofetileh et al., 2019; Guo et al., 2021). A 

study involved extraction of biopolymer fucoidan from Saccharina japonica with subcritical 

water extraction (Saravana et al., 2018; Jayakumar et al., 2021). The study demonstrated that 

subcritical water extraction was a much efficient procedure as compared to the conventional 
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extraction procedures. In another study, fucoidan was isolated from Nizamuddinia zanardinii 

using subcritical water extraction (Alboofetileh et al., 2019; Liu et al., 2021). The results 

demonstrated that subcritical water extraction was much better technique as compared to the 

traditional methods.  

4. Biotechnological strategies for biopolymer production  

Watermelon waste residues contain various carbon and nitrogen sources. This carbon 

and nitrogen (C/N) ratio play an important role in the microbial production of biopolymers 

utilizing microelements. The residues obtained from the watermelon waste can be used to 

design a low-cost microbial culture medium. Later, this culture medium can be optimized to 

maximize the production yield of the biopolymer. The cost of using a synthetic medium for 

biopolymer production is very high. Therefore, low-cost culture media from waste will be a 

panacea in the biotechnology of polymer production. PHAs are most popular. It is estimated 

that the PHA market will achieve US $ 93.5 million in 2021 from US $ 73.6 million in 2016 

(Singh et al., 2019). Moreover, an additional expectation of reaching US $ 18.66 million from 

2020-2024 (Gahlawat et al., 2020; Guo et al., 2021). For this reason, most of the research is 

focused on the strategies to maximize their production utilizing economic substrates in recent 

years. These substrates are mainly wastes originated from agricultural industries. Discussed 

below are the major strategies and parameters which need to be considered while maximizing 

the biopolymer production in microbes. Figure 4 presents the biotechnological strategies 

involved in biopolymer production.  

4.1. Biopolymer production routes 

In bacteria, PHA synthesis takes place via various metabolic rates. For example, 

heterotrophic bacteria utilize extracellular substrates. The photoautotrophs utilize CO2 as a 

substrate to synthesize metabolites. These microbes produce the products in anaerobic 

conditions, which can be a cost-effective approach to eliminate oxygen requirements in the 
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culture conditions (Fradinho et al., 2019; Qin et al., 2021a). Biopolymer is produced in 

nitrogen starvation conditions. In stress, the amino acid synthesis is reduced. Thereby a 

concomitant increase in the acetyl-CoA flux and PHA synthase. In the PHA heterotrophic 

production route, microbes such as Spirulina sp., Halophilic archaea and Synechocystis sp. 

used organic matter from waste. In the chemotrophic PHA production route, microbes utilize 

chemicals such as acetate for PHA precursors. Therefore, this route is expensive as compared 

to others. In contrast, phototrophic bacteria and microalgae sequester the carbon from CO2, 

which makes the procedure cost-effective for PHA production (Carpine et al., 2020; Qin et al., 

2021b). In some instances, such as in Cupriavidus necator, it was observed that poly 

hydroxybutyrate (PHB) could be produced both heterotrophically and heterotrophically (Xu 

et al., 2021; Xu et al., 2020). Utilization of organic substances took place in Cupriavidus 

necator heterotrophically. It was observed that during the nutrient limitation conditions, PHB 

production was performed utilizing organic carbon.  

A study on PHB production using Rhodopseudomonas palustris TIE-1 demonstrated 

that PHB yield was higher in aerobic chemoheterotrophic conditions (Ranaivoarisoa et al., 

2019). Photoheterotrophic growth of Chlorella Vulgaris had better growth as compared to the 

shake flask conditions. In contrast, Spirulina sp. LEB 18, Nostoc muscorum and Calothrixs 

cytonemicola had less efficient growth performance in photo-bioreactors (Carpine et al., 

2020). Although, various studies were conducted using pure single strains of microbes for 

PHA production (Oliveira-Filho et al., 2021). But mixed microbial culture is also advocated 

due to advantages such as low-cost operation and complex substrate utilization (Fradinho et 

al., 2019; Perez-Zabaleta et al., 2021). Apart from the use of indigenous microbes for PHA 

production, approaches such as metabolic engineering for alteration of biosynthetic pathways 

have been practiced (Cal et al., 2021; Liu et al., 2021; Zheng et al., 2020). The strategy 

involves overexpression of PHA synthesis genes, thereby enabling the microbe to metabolize 
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utilization of a wide range of substrate range. In this way, microbes are adapted to utilize a 

variety of wastes originated from varying sources.    

4.2. Selection of biopolymer producing microbes 

PHA accumulating microbes have been adapted to survive in extreme environments, 

including wastewater, soil, hydrothermal vents, and salt springs (Kumar et al., 2020; Tan et 

al., 2021; Yadav et al., 2021b; Zheng et al., 2020). These characteristics for their survival in 

extreme environments make them extremophile. Halophiles can survive in a very high salt 

concentration. The advantage of using halophiles is that no sterilization culture medium is 

required (Liu et al., 2021a; Obulisamy and Mehariya, 2021).  Both prokaryotic, as well as 

eukaryotic microbes, are known to thrive well in organic matter-rich environments (Amadu et 

al., 2020). It has been observed that PHB producing microbes cell integrity is also protected 

by the biopolymer (Sedlacek et al., 2019; Awasthi, et al., 2020; Qin et al., 2021b, c). This 

happens because the presence of hydrophobic molecules in the bacterial cell membranes 

provides with added flexibility and ionic balance to the membrane. It will be an advantageous 

approach to screen the microbes from extreme habitats such as high salt concentration, high 

temperature or osmotic pressure. This is because extreme environments exert additional stress 

on cell physiology. Thereby inducing enhanced biopolymer accumulation and storage. There 

are various quick and easy methods available for screening PHA accumulating microbes 

(Tripathi et al., 2021; Shahid et al., 2021). Moreover, microbes can also be classified based 

on the conditions, such as whether they require essential nutrients like nitrogen or phosphorus. 

A few bacteria such as Pseudomonas oleovorans, Protomonas extorquens and Cupriavidus 

necator requires essential nutrients and their deficiency leads to PHA accumulation. Some 

other bacteria, such as Alcaligenes latus and recombinant Escherichia coli are unaffected by 

presence or absence of essential nutrients (Amadu et al., 2020).    
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4.3. Genetic manipulation 

The microbial strains can be engineered to modify the substrate range for PHAs 

production. The strains are also modified in cell morphology for easier downstream 

processing. PHB synthesis in bacteria takes place via the key enzymes such as PHB synthase, 

NADP-specific acetoacetyl-CoA reductase, β-ketothiolase which codes for PHB genes. PHB 

copolymers was produced by modifying the fatty acid amounts in the engineered 

Pseudomonas putida KTQQ20 stain (Amadu et al., 2020; Awasthi et al., 2020a).  The  E. coli. 

cells can be modified in such a way that it will switch to multiple fission as compared to 

binary fission. In this way, bacteria is able to accumulate higher proportions of PHB in the 

cells (Wu et al., 2016; Duan et al., 2020; Guo et al., 2021). An increment in dry cell weight 

was also observed. Gene manipulation can also be made to transfer PHB genes from a native 

host such as Ralstonia eutropha to a non-native host such as Chlamydomonas reinhardtii.

Also, the complete PHB pathway of Ralstonia eutropha was successfully integrated into a 

diatom to achieve a higher PHB (Amadu et al., 2020). A review discussed the engineering 

PHA biosynthesis for cost reduction and diversity (Zheng et al., 2020). In a study,  

Pseudomonas putida metabolic engineering was performed to produce several short-chain 

lengths PHAs types from levulinic acid (Cha et al., 2020; Qin et al., 2021c). Another study 

demonstrated Pseudomonas mendocina NK-01 metabolic engineering for improved MCL-

PHAs (Zhao et al., 2020). A study was focused on the analysis of whole-genome sequencing 

of Cupriavidus sp. ISTL7 for PHA production (Duan et al., 2020; Gupta et al., 2021).    

4.4. Optimization of microbial growth parameters 

Biopolymer accumulation and production depends on various parameters such as 

strain type, nutrient composition, feeding mechanism, pH of the medium, photoperiod and 

cycle length. The carbon feedstock or substrate plays a major role in biopolymer production. 

But type and mode of substrate application have a critical role in driving the microbial 
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community performance. In a study, cyanobacteria (Leptolyngbya, Synechococcus, and 

Oscillatoria) and microalgae (Chlorella) were grown in ASN III medium (Roja et al., 2019; 

Qu et al., 2021). The study demonstrated that cyanobacteria grow faster in the medium as 

compared to microalgae. PHB accumulation in microbes is dependent on the limitation of 

nitrogen and phosphorus. The highest PHB accumulation has been experienced with an 

overall combined effect of nitrogen and phosphorus deficiency. The cyanobacteria have a 

higher growth rate as compared to green algae Scenedesmus sp. in sequential batch reactor 

(Arias et al., 2019; Duan et al., 2021). In the absence of phosphorus or nitrogen, the bacteria 

do not produce proteins. But produce and accumulate PHA in the form of enclosed granules 

with excess of carbon.      

5.  Biopolymers and their composites 

Biopolymers can be classified as biopolymer monomers derived from microbes, 

biopolymer blends, biopolymer composites, biopolymer hybrid systems, and PHAs and their 

blends. Each of the categories has been discussed below. Table 2 presents various types of 

biopolymers and their composites. 

5.1. Biopolymers derived from microorganisms 

These are biopolymers which originated from microorganisms and microalgae. They 

are alginate, bacterial cellulose, β -glucans, xanthan and PHAs. They have been described 

below, along with their sources. 

5.1.1. Alginate 

Alginates are the biopolymers produced by algae. Alginates finds their applications in 

the areas such as biomedicine and food (Devadas et al., 2021; Kartik et al., 2021). The 

physiological properties of alginates vary depending on their source of origin.  In general, 

they are linear chain consisting of α-L-guluronic acid and ß-D-mannuronic acid joined with 

each other with 1-4 linkages. Alginates are biocompatible and environment safe (Ahmad et 
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al., 2021; Wang et al., 2019). Generally, alginates can be isolated from marine seaweed and 

brown algae. It has been observed that it can also be produced in a few bacterial species 

genera such as Azotobacter and Pseudomonas. There are various areas where alginates find 

their applications. These include thickening, gelling and stabilizing agents (Martău et al., 

2019). They are also used to produce hydrogel beads, high value products, and biomedical 

devices (Ahmad et al., 2021; Chandra et al., 2019; Murujew et al., 2021).  

5.1.2. Bacterial cellulose 

In general, bacterial cellulose is produced by gram negative bacteria genera such as 

Acetobacter, Azotobacter, Archomobacter, Alcaligenes, Agrobacterium, Rhizobium, 

Pseudomonas, and Salmonella. But it is also produced by a few gram positive bacteria such 

as Sarcina (Horue et al., 2021). The plants can also produce cellulose. But bacterial cellulose 

has some unique properties such as high polymerization degree attributed by glucan, greater 

percentage of crystallinity and high-water retaining capacity. The above properties provide it 

with a higher thermal stability and mechanical properties. Bacteria from the genus 

Komagataeibacter are known to produce high quality cellulose with excellent efficiency. The 

crucial element in their cellulose productivity is the synthetic medium known as Hestrin-

Schramm medium. The cost of cellulose production is not affected in a laboratory scale. But 

when it comes to a commercial level, the production becomes highly expensive. This limits 

the commercialization of cellulose production. Therefore, alternative carbon feedstock’s such 

as agro-wastes including watermelon wastes are considered as promising candidates for the 

cellulose production (Gayathri and Srinikethan, 2019; Hussain et al., 2019; Kumar et al., 

2019; Wang et al., 2019). Therefore, development of a suitable production medium along 

with suitable microbial selection is a mandatory requirement.  
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5.1.3. β -glucans 

β -glucans consists of glucose monomers which are connected by β glycosidic bonds 

at 1-3, 1-4 or 1-6 linkages. Types of bonding determine the property of the polymer and 

hence its applications. β -glucans exhibit various useful properties such as excellent water-

absorbing capacity, antioxidant capacity, anticancer properties, immune stimulation and lipid-

lowering effects (Yuan et al., 2020). This polymer is produced by microorganisms such as 

bacteria, fungi, and yeast (Kaur et al., 2020). It can be considered as an important candidate 

for medical applications such as wound healing, cancer therapy and drug delivery systems 

(Molina et al., 2019; Vetvicka et al., 2019; Yuting et al., 2020). 

5.1.4. Xanthan 

It is a hetero-polysaccharide consist of glucose monomers linked with β-(1-4) 

glycosidic bonds. It has additional branching with mannose and glucuronic acid. Moreover, 

glycosylation gives it an anionic property (Patel et al., 2020). Xanthan have various useful 

properties, such as it is soluble in cold and hot water, has great ionic strength, and it is stable 

at low pH (Elella et al., 2020; Ravindran et al., 2021). Xanthan is produced as exo-

polysaccharide by the bacterium Xanthomonas campestris. The bacterium can produce the 

biopolymer by using glucose as carbon source. But the glucose is very expensive as a 

production medium. Therefore, alternative carbon feedstock such as watermelon waste can 

serve the purpose.  

5.1.5. Polyhydroxyalkanoates (PHAs) 

Polyhydroxyalkanoates are the most popular biopolymer, and they compete the 

synthetic polymer in terms of properties and reliability. This polymer can be synthesized in 

laboratory conditions utilizing superior bacterial species such as Pseudomonas, Bacillus, 

Streptomyces, Alcaligenes, and Azotobacter. It can also be produced by the genetic 

manipulation of E. coli (Magagula et al., 2021). Bacteria produce PHAs in response to 
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nitrogen and phosphorus stress. PHAs  accumulate in their stationary phase of growth 

(Sarsaiya et  al., 2018; Müller-Santos et al., 2021). PHAs can be produced from various 

feedstocks such as wheat bran, cheese whey, glycerol waste, fruit wastewaters and waste 

cooking oils (De Donno Novelli et al., 2021; Kalia et al., 2021; Magagula et al., 2021; Sirohi 

et al., 2021). PHAs finds applications in various industries ranging from food packaging to 

drug delivery (Tan et al., 2021).    

5.2. Biopolymer blends and composites 

Biopolymer characteristics can be enhanced by combining them with some useful and 

efficient materials. Combinations make them more efficient and reliable for various 

applications. They are known as hybrid systems or composites. Biopolymer composite, a 

heterogeneous mixture of various materials where the individual components contribute to 

provide the material with superior properties such as durability,  biocompatibility, 

degradability, adaptability and mechanical strength (Sarsaiya et  al., 2019; Aaliya et al., 2021). 

Biopolymer composites can be prepared by interactions such as electrostatic interactions, 

covalent bonding, and hydrogen bonding etc. It has been observed that the biopolymer 

composites have voids in between the molecules. The presence of these voids is a beneficial 

characteristics because the voids helps in faster recovery of damaged tissue in scaffold in 

tissue engineering (Horue et al., 2021; Singhania et al., 2021).  

Alginate composites can be prepared by the addition of materials such as collagen, 

divalent cations such as Ca2+ and gelatin. The addition of collagen makes it suitable for 

application such as prosthesis coating (Horue et al., 2021). While the addition of divalent 

cation makes it perfect for encapsulation (Ramdhan et al., 2020; Wang et al., 2021). Addition 

of gelatin makes it a suitable material for use as hydrogel for tissue engineering (Horue et al., 

2021). Bacterial cellulose can be combined with other materials such as alginate and chitosan 

to perform applications such as drug delivery (Cabañas-Romero et al., 2020). Carrageenan 
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can be combined with lignin and other materials for application in drug delivery and food 

packaging (Numata et al., 2021; Rukmanikrishnan et al., 2020). Casein can be combined with 

alginate and chitosan to form nano-fibers and scaffold for applications in tissue engineering 

and drug delivery (Du et al., 2020; Mishra et al., 2021). Sodium carboxy-methyl xanthan gum 

can be combined with N-trimethyl chitosan to form hydrogel for drug delivery applications 

(Hanna and Saad, 2019). Collagen biopolymer can be combined with alginate to use in the 

drug delivery systems in the gel applications (Mei et al., 2019; Xu et al., 2021).

The biopolymer poly-3-hydroxybutyrate can be combined with humic acid and 

siRNAs in the form of nanoparticles for applications in detoxification system and gene 

delivery system, respectively (Hamza et al., 2019; Lee et al., 2020). Biopolymer composites 

can also be prepared by combining polymer with inorganic compounds. For example, 

bacterial cellulose can be combined with montmorillonite and iron oxides to form 

biopolymer-inorganic hybrids for applications in wound dressing and food processing, 

respectively (Horue et al., 2020; Jia et al., 2021). ß-glucan can be combined with silver and 

hydroxyapatite to form a porous scaffold for use in tissue engineering (Khan et al., 2020; 

Duan et al., 2021). Poly-3-hydroxybutyrate can be combined with calcium carbonate, alginate, 

and hydroxyapatite to form a fibrous scaffold for applications in tissue engineering and drug 

delivery (Chernozem et al., 2019; Volkov et al., 2020). 

5.2.1 Biopolymer hybrid systems 

There are various types of hybrid systems available depending on the type of 

biopolymer used. Alginate being a versatile biopolymer can form hybrids in different 

structures and shapes such as coatings, hydrogels, micro-particles and films. The alginate-

collagen hybrid system can be prepared to cover the prosthesis. It was observed that the 

produced hybrid system has the properties like that of the extracellular matrix, which have a 

high affinity to the osteoblast cells (Horue et al., 2021). The hybrid system can be used in the 
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cancer treatment (Mei et al., 2019).  3D bio-printing have been used to produce a matrix of 

alginate and gelatin to study tumor progression status in breast and fibroblast cells. A recent 

study prepared a sol-gel composite with silica and alginate for applications in tissue 

engineering (Vueva et al., 2018; Xu et al., 2020).  

Bacterial cellulose has excellent biocompatibility and versatility. This is the reason; it 

can combine with different materials to form composites. There are two approaches that are 

used to modify the bacterial cellulose. In the first approach, the membranes which have been 

already modified are placed in a modifier solution compound. The modifier solution may 

contain compounds such as nanoparticles, metal oxides and other polymers. The reaction 

results in the formation of a novel hybrid material. In the second approach, the modifier 

solution is added directly to the culture medium where they interact with the growing 

polymeric chain modifying the self-assembly (Gorgieva and Trček, 2019). Inorganic 

materials such as silver, titanium oxide, silica or montmorillonite clay may also be used to 

modify the bacterial cellulose membranes to produce the hybrid inorganic composites. This 

type of modification results in the formation of a composite with superior chemical and 

mechanical properties with antimicrobial properties (Gorgieva and Trček, 2019). Silver 

cations from the montmorillonite can be used for modification of bacterial cellulose 

(Gorgieva, 2020). Bacterial cellulose and chitosan were utilized to produced composite 

papers which show antimicrobial activity, antioxidant properties and durability for use in the 

applications such as food packaging and biomedical applications (Cabañas-Romero et al., 

2020; Liu et al., 2021a).  

Oxidation of bacterial cellulose has a greater effect on the chitosan electrostatic 

coupling. This helps in a faster and efficient self-assembly. The produced composite show 

excellent pro-coagulant activity, stability on internal bleeding and enhanced tissue healing in 

rat models (Yuan et al., 2019). Bacterial cellulose does not possess a good drug holding 
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properties for small therapeutic proteins or molecules. That is why it cannot be directly used 

for drug delivery applications. Instead, it can be modified with some carrier such as 

methoxylated pectin which have higher drug retention properties. Such composite have a 

very higher retention potential for molecules such as human serum albumin when compared 

to the bacterial cellulose alone (Cacicedo et al., 2018; Guo et al., 2021). The cellulose nano-

fibers when combined with alginates chains produce a composite with a great response to 

voltage and pH (Fernandes et al., 2020).  

Κ-carrageenan when combined with materials such as lignin, exhibit some important 

characteristics such as enhanced mechanical resistance, antioxidant activity and 

biocompatibility in various mammalian cell lines. The hybrid material finds applications in 

biomedical devices and packaging applications (Rukmanikrishnan et al., 2020). Κ-

carrageenan when combined with ε-polylysine results in an improved magnetic material with 

strong antimicrobial properties against the microbes responsible for food spoilage (Jia et al., 

2021). The drug loading capacity of Κ-carrageenan can be increased by forming a CaCO3

microsphere. The formation of microsphere leads to high doxorubicin loading potential. Κ-

carrageenan when added to bacterial cellulose membrane, it forms a biphasic system which 

have a high tensile strength and slow drug-releasing properties (Numata et al., 2021).  

Casein can be used in the forms such as nano-emulsions, nano-micelles, hydrogels, 

and films. It has self-healing properties. Therefore, it has been explored as a drug delivery 

system. But one major drawback with the use of casein is that it ruptures with the release of it 

encapsulated material due to actions of the proteases present in the nature (Rehan et al., 2019; 

Liu et al., 2021a). Various strategies have been adapted to overcome this problem. Cross 

linking can be applied to achieve the target. But crosslinking is an expensive approach, and 

its purification adds more to the cost. Preparation of hybrid system is one of the most suitable 

approaches where casein and chitosan are used to form an amphiphilic nanoparticle. The 
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produced nanoparticles have excellent properties such as stability, longer drug retention 

capacity and potential to encapsulate both hydrophilic as well as hydrophobic substances (Du 

et al., 2020). A combination of Chit amine group and casein phosphate group was used to 

form a hybrid fiber. The produced material exhibited good properties such as hemostatic and 

enhanced mechanical properties (Mishra et al., 2021).  

Chitosan finds its application in tissue engineering because of its inherent mechanical 

properties antimicrobial and anti-inflammatory properties (Cavallaro et al., 2021). In hybrids 

made of clay and chitosan, chitosan assembles around the clay nano-plates and creates a 

channel for active compounds for bone tissue regeneration promoting cell proliferation, cell 

adhesion and cell differentiation (Horue et al., 2021). Chitosan along with hydroxyapatite can 

be used for re-mineralization of tooth enamel. Hybrids made of chitosan and bacterial 

cellulose were used to produce a material with reversible shape memory property (Zhu et al., 

2019). The diameter of the produced fiber can be regulated by controlling the ionic force and 

the polymer ratio.   

Pectin amphiphilic nature makes it a versatile material for reaction with various other 

molecules and materials. Pectin methoxylation also impacts its self-assembly properties 

(Wang et al., 2020). Pectin can form different structures such as micelles, dispersions and 

polymer networks and shapes such as sphere, mushroom shape, doughnut shape and ellipse. 

Pectin can be combined with chitosan to improve the tensile strength and thermal resistance. 

The production of such hydrogels does not require a cross-linker. Rather, they are stabilized 

by electrostatic coupling and intermolecular association (Martins et al., 2018; Liu et al., 

2021a). Xanthan can be combined with various other materials such as metal oxides, 

nanoparticles, liposomes, polymers and proteins to form composites (Elella et al., 2020; Patel 

et al., 2020). Composite prepared from xanthan and chitosan can be used to carry 

ciprofloxacin (Hanna and Saad, 2019). The composite did not show any sign of cytotoxicity 
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to the normal human lung cell line. In a study, xanthan was combined with ZnO micro-

particles. The produced hybrid system had antibacterial activity, was biodegradable, non-

toxic and safe (Joshy et al., 2020). PHAs hybrid systems preparation approach requires the 

combination of a compound with diverse physicochemical properties. This results in the 

development of a hybrid system with multifunctional properties. This multifunctional 

approach finds applications in the generation of tissue engineering scaffolds. For example, a 

scaffold prepared from Poly-3-hydroxybutyrate, poly(ε-caprolactone) and 58S sol-gel 

bioactive glass. The prepared scaffold supported the osteoclast cell proliferation, bone 

healing, cell adhesion (Chernozem et al., 2021). A scaffold prepared from poly-3-

hydroxybutyrate, hyaluronic acid, alginate hydrogel and mesenchymal stem cells 

demonstrated a very high bone regeneration capacity (Volkov et al., 2020).   

5.2.2. PHAs blends and composites 

PHAs are highly biocompatible, biodegradable and can be produced from various 

renewable resources (Chen et al., 2020; De Donno Novelli et al., 2021; Tan et al., 2021). 

They are produced in nutrient limited conditions such as in deficiency of nitrogen, 

phosphorus, or magnesium with an excess of carbon. The culture medium is optimized in 

such a way that the C/N ratio is maintained. PHAs finds application in various areas 

including packaging, agriculture, tissue engineering, drug delivery and medical bio-plants 

(Giubilini et al., 2020; Vahabi et al., 2019; Reshmy et al., 2021a, c). There are different types 

of PHAs available. These include poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV), 

poly(3-hydroxybutyrate) (P3HB), poly-4-hydroxybutyrate (P4HB) and poly(3-

hydroxybutyrate-co-3-hydroxyhexanoate) (6HHx). In recent years, PHAs nano-composites 

have been used in additive manufacturing or 3D printing. It is a reliable technique to 

manufacture customized products with complex shapes to be used in multipurpose devices. 
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Various PHAs composites used in additive manufacturing with their potential applications 

are listed in Table 3.

6. Research needs and future directions 

The production of high-value products from fruit residue wastes has captured the 

interest of researchers from private as well as public sector in recent years, as a paradigm 

shift in production is necessary to account for social and environmental consequences. 

Technological advancements have significantly aided in the advancement of these concepts 

by optimizing molecular physicochemical characterization and purification procedures. In 

this respect, biopolymers may either be extracted directly from agricultural wastes or 

synthesized by microorganisms utilizing waste products as the primary growth medium. The 

yield of biopolymers is dependent on which of these leftover products is employed, and more 

research is needed to produce a better appropriate medium for effective large-scale 

manufacturing with the added benefit of recycling watermelon waste (Horue et al., 2021). 

The major research needs are as follows: 

 Additional research is required on the migration of elements from various organic-based 

products under the most prevalent process settings (Andler et al., 2021).  

 Extensive research has been conducted to optimize the energy and time required for PHA 

extraction and purification in light of associated environmental issues (Awasthi et al., 

2021). 

 The dried substrate from watermelon waste cannot be utilized directly for biopolymer 

synthesis. As a result, more study on the pretreatment phase is required (Kassim et al., 

2021).  

In future directions, two major elements of biopolymer synthesis from waste materials 

have been discussed: purity and hybrid systems. This partial conclusion demonstrates how 

critical it is to integrate fundamental and applied science in order to optimize the production 
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of well-established new nano-hybrid biomaterials (Horue et al., 2021). While LCA studies 

suggest that PHA manufacturing consumes less energy than synthetic polymers, more 

environmental indicators may be required to assess the technical progress of PHA processes 

utilizing fruit wastes. By tying these sectors together and making fruit wastes available as a 

feedstock, resource utilization may be maximized and hazardous pretreatments associated 

with other PHA sources can be avoided. In this manner, both production costs and 

environmental effects may be decreased, resulting in a cleaner manufacturing process while 

also closing the loop on a waste stream, therefore transitioning to a circular bio-economy 

(Andler et al., 2021). Concentrated research of important marketed features might increase 

the efficacy of biopolymers manufacturing in a cost-effective process: 

 The imperative is to develop green and sustainable technology capable of resolving 

this escalating and pervasive challenge.  

 Rapid energy consumption growth and environmental degradation have compelled to 

retreat and transition from a linear economy (reliant on fossil fuels) to a circular bio-

economy.  

 By merging scientific study, engineering, and management, it is necessary to use 

watermelon waste leftovers in order to generate bio-products (Lee et al., 2020).  

 Pectin produced from watermelon peel has the potential to be developed into novel 

biofilm materials, and that ultrasound may be used to enhance the performance of 

pectin films and therefore expand their food packaging applications (Guo et al., 

2021). 

7. Conclusion  

In conclusion, watermelon waste residues have been identified as an organic waste 

resource that does not require costly pretreatment and may be utilized directly or in 

combination with microorganisms during the fermentation process. This research provides an 
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overview of watermelon waste leftovers and their potential as an alternative biopolymer, 

bioenergy source, and bio-product for more environmentally friendly bio-economic 

manufacturing processes. The development of hybrid biopolymer systems and composites 

with specified and customized functions will result in the creation of new materials for tailor 

made applications. 

Declaration of competing interest  

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper.  

Acknowledgement  

The authors are grateful for the financial support from the Shaanxi Introduced Talent 

Research Funding (A279021901), and the Introduction of Talent Research Start-up fund 

(Z101022001), College of Natural Resources and Environment, Northwest A&F University, 

Yangling, Shaanxi Province 712100, China. We are also thankful to all our labo ratory 

colleagues and research staff members for their constructive advice and help. 



27 

References 

1. Aaliya, B., Sunooj, K.V., Lackner, M., 2021. Biopolymer composites: a review. Int. J. 

Bio. Plastics. 3(1), 40-84. 

2. Ahmad, A., Mubarak, N., Jannat, F.T., Ashfaq, T., Santulli, C., Rizwan, M., Najda, A., 

Bin-Jumah, M., Abdel-Daim M.M., Hussain, S., 2021. A critical review on the synthesis 

of natural sodium alginate-based composite materials: an innovative biological polymer 

for biomedical delivery applications. Processes. 9(1), 137. 

3. Alboofetileh, M., Rezaei, M., Tabarsa, M., You, S., Mariatti, F., Cravotto, G., 2019. 

Subcritical water extraction as an efficient technique to isolate biologically-active 

fucoidans from Nizamuddinia zanardinii. Int. J. Biol. Macromol. 128, 244-253. 

4. Amadu, A.A., Qiu, S., Ge, S., Addico, G.N.D., Ameka, G.K., Yu, Z., Xia, W., Abbew, 

A.-W., Shao, D., Champagne, P., 2020. A review of biopolymer Poly-β-hydroxybutyrate 

synthesis in microbes cultivated on wastewater. Sci. Total Environ.756, 143729. 

5. Andler, R., Valdés, C., Urtuvia, V., Andreeßen, C., Díaz-Barrera, A., 2021. Fruit 

residues as a sustainable feedstock for the production of bacterial polyhydroxyalkanoates. 

J. Clean. Prod. 307, 127236. 

6. Arias, D.M., Rueda, E., García-Galán, M.J., Uggetti, E., García, J., 2019. Selection of 

cyanobacteria over green algae in a photo-sequencing batch bioreactor fed with 

wastewater. Sci. Total Environ. 653, 485-495. 

7. Awasthi, M.K., Ferreira, J.A., Sirohi, R., Sarsaiya, S., Khoshnevisan, B., Baladi, S., 

Sindhu, R., Binod, P., Pandey, A., Juneja, A., Kumar, D., Zhang, Z., Taherzadeh, M.J., 

2021a. A critical review on the development stage of biorefinery systems towards the 

management of apple processing-derived waste. Renew. Sust. Energ. Rev. 143, 110972. 



28 

8. Awasthi, M.K., Ravindran, B., Sarsaiya, S., Chen, H., Wainaina, S., Singh, E., Liu, T., 

Kumar, S., Pandey, A., Singh, L., Zhang, Z., 2020b. Metagenomics for taxonomy 

profiling: tools and approaches. Bioengineered, 11(1), 356-374. 

9. Awasthi, M.K., Sarsaiya, S., Patel, A., Juneja, A., Singh, R.P., Yan, B., Awasthi, S.K., 

Jain, A., Liu, T., Duan, Y., Pandey, A., Zhang, Z., Taherzadeh, M., 2020c. Refining 

biomass residues for sustainable energy and bio-products: An assessment of technology, 

its importance, and strategic applications in circular bio-economy. Renew. Sustain. 

Energy. Rev. 127, 109876. 

10. Awasthi, M.K., Sarsaiya, S., Wainaina, S., Rajendran K., Awasthi, S.K., Liu, T., Duan, 

Jian, A., Sindhu, R., Binod, P., Pandey, A., Zhang, Z., Taherzadeh, M., 2021a. Techno-

economics and life-cycle assessment of biological and thermochemical treatment of bio-

waste. Renew. Sustain. Energy. Rev. 144, 110837. 

11. Awasthi, M.K., Wainaina, S., Mahboubi, A., Zhang, Z., Taherzadeh, M.J., 2021b. 

Methanogen and nitrifying genes dynamics in immersed membrane bioreactors during 

anaerobic co-digestion of different organic loading rates food waste. Bioresour. Technol. 

342, 125920. 

12. Bakshi, M.P.S., Wadhwa, M., 2013. Nutritional evaluation of cannery and fruit wastes as 

livestock feed. Indian J Anim Sci. 83(11), 1198-1202. 

13. Blakeney, M. 2019. Food loss and food waste: causes and solutions. Edward Elgar 

Publishing. http://www.fao.org/3/at145e/at145e.pdf. 

14. Bon, S.B., Chiesa, I., Morselli, D., Degli-Esposti, M., Fabbri, P., De Maria, C., Viligiardi, 

T.F., Morabito, A., Giorgi, G., Valentini, L., 2021. Printable smart 3D architectures of 

regenerated silk on poly 3-hydroxybutyrate-co-3-hydroxyvalerate. Mater. Des. 201, 

109492. 



29 

15. Cabañas-Romero, L.V., Valls, C., Valenzuela, S.V., Roncero, M.B., Pastor, F.J., Diaz, P., 

Martínez, J., 2020. Bacterial cellulose–chitosan paper with antimicrobial and antioxidant 

activities. Biomacromolecules. 21(4), 1568-1577. 

16. Cacicedo, M.L., Islan, G.A., Drachemberg, M.F., Alvarez, V.A., Bartel, L.C., Bolzán 

A.D., Castro, G.R., 2018. Hybrid bacterial cellulose–pectin films for delivery of 

bioactive molecules. New J. Chem. 42(9), 7457-7467. 

17. Cal, A.J., Kibblewhite, R.E., Sikkema, W.D., Torres, L.F., Hart-Cooper, W.M., Orts, 

W.J., Lee, C.C., 2021. Production of polyhydroxyalkanoate copolymers containing 4-

hydroxybutyrate in engineered Bacillus megaterium. Int. J. Biol. Macromol. 168, 86-92. 

18. Carpine, R., Olivieri, G., Hellingwerf, K.J., Pollio, A., Marzocchella, A., 2020. Industrial 

production of poly-β-hydroxybutyrate from CO2: can cyanobacteria meet this challenge? 

Processes. 8(3), 323. 

19. Cavallaro, G., Micciulla, S., Chiappisi, L., Lazzara, G., 2021. Chitosan-based smart 

hybrid materials: A physicochemical perspective. J Mater Chem B. 9(3), 594-611. 

20. Cha, D., Ha, H.S., Lee, S.K., 2020. Metabolic engineering of Pseudomonas putida for 

the production of various types of short-chain-length polyhydroxyalkanoates from 

levulinic acid. Bioresour. Technol. 309, 123332. 

21. Chandra, R., Iqbal, H.M., Vishal, G., Lee, H.S., Nagra, S., 2019. Algal biorefinery: a 

sustainable approach to valorize algal-based biomass towards multiple product recovery. 

Bioresour. Technol. 278, 346-359. 

22. Chen, X., Lin, Q., He, R., Zhao, X., Li, G., 2017. Hydrochar production from 

watermelon peel by hydrothermal carbonization. Bioresour. Technol. 241, 236-243. 

23. Chen, X., Rodríguez, Y., López, J.C., Muñoz, R., Ni, B.-J., Sin, G., 2020. Modeling of 

Polyhydroxyalkanoate Synthesis from Biogas by Methylocystis hirsuta. ACS Sustain. 

Chem. Eng. 8(9), 3906-3912. 



30 

24. Chernozem, R., Surmeneva, M., Shkarina, S., Loza, K., Epple, M., Ulbricht, M., Cecilia, 

A., Krause, B., Baumbach, T., Abalymov, A., 2019.Piezoelectric 3-D fibrous poly 3-

hydroxybutyrate-based scaffolds ultrasound-mineralized with calcium carbonate for 

bone tissue engineering: inorganic phase formation, osteoblast cell adhesion, and 

proliferation. ACS Appl. Mater. Interfaces. 11(21), 19522-19533. 

25. Chernozem, R.V., Surmeneva, M. A., Abalymov, A. A., Parakhonskiy, B.V., Rigole, P., 

Coenye, T., Surmenev, R.A., Skirtach, A.G., 2021.Piezoelectric hybrid scaffolds 

mineralized with calcium carbonate for tissue engineering: analysis of local enzyme and 

small-molecule drug delivery, cell response and antibacterial performance. Mater. Sci. 

Eng. C. 122, 111909. 

26. De DonnoNovelli, L., Moreno Sayavedra S., Rene, E.R., 2021.Polyhydroxyalkanoate 

PHA production via resource recovery from industrial waste streams: A review of 

techniques and perspectives. Bioresour. Technol. 331, 124985. 

27. Devadas, V.V., Khoo, K.S., Chia, W.Y., Chew, K.W., Munawaroh, H.S.H., Lam, M.-K., 

Lim, J.-W., Ho,Y.-C., Lee, K.T., Show, P.L., 2021. Algae biopolymer towards 

sustainable circular economy. Bioresour. Technol. 325, 124702. 

28. Ding, S., Zhou, D., Wei, H., Wu, S., Xie, B., 2021. Alleviating soil degradation caused 

by watermelon continuous cropping obstacle: application of urban waste compost. 

Chemosphere. 262, 128387. 

29. Du, Z., Liu, J., Zhang, H., Chen, Y., Wu, X., Zhang, Y., Li, X., Zhang, T., Xiao, H., Liu, 

B., 2020. l-Arginine/l-lysine functionalized chitosan–casein core-shell and pH-

responsive nanoparticles: fabrication, characterization and bioavailability enhancement 

of hydrophobic and hydrophilic bioactive compounds. Food Funct. 11(5), 4638-4647. 



31 

30. Duan, Y., Mehariya, S., Kumar, A., Singh, E., Yang, J., Kumar, S., Li, H., Awasthi, 

M.K., 2021. Apple orchard waste recycling and valorization of valuable product-A 

review. Bioengineered, 12:1, 476-495. 

31. Duan, Y., Pandey, A., Zhang, Z., Awasthi, M.K., Bhatia, S.K., Taherzadeh, M., 2020. 

Organic solid waste biorefinery: Sustainable strategy for emerging circular bioeconomy 

in China. Ind. Crops Prod. 153, 112568. 

32. Egbuonu, A.C.C., 2015. Comparative investigation of the proximate and functional 

properties of watermelon (Citrullus lanatus) rind and seed. Res. J. Environ. Toxicol. 9(3), 

160-167. 

33. Elella, M.H.A., Goda, E.S., Gab-Allah, M.A., Hong, S.E., Pandit, B., Lee, S., Gamal, H., 

Rehman, A., Yoon, K.R., 2020. Xanthan gum-derived materials for applications in 

environment and eco-friendly materials: A review. J. Environ. Chem. Eng. 9(1), 104702. 

34. Fabani, M.P., Capossio, J.P., Román, M.C., Zhu, W., Rodriguez, R., Mazza, G., 2021. 

Producing non-traditional flour from watermelon rind pomace: artificial neural network 

ANN modeling of the drying process. J. Environ. Manage. 281, 111915. 

35. Faidi, A., Lassoued, M.A., Becheikh, M.E.H., Touati, M., Stumbé, J.F., Farhat, F., 2019. 

Application of sodium alginate extracted from a Tunisian brown algae Padina pavonica

for essential oil encapsulation: microspheres preparation, characterization and in vitro 

release study. Int. J. Biol. Macromol. 136, 386-394. 

36. FAO, 2021. Faostat Database. Retrieved August 15, 2021, from www.fao.org/faostat. 

37. Fernandes, I.D.A.A., Maciel, G.M., de Oliveira, A.L.M.S., Miorim, A.J.F., Fontana, J.D., 

Ribeiro, V.R., Haminiuk, C.W.I., 2020. Hybrid bacterial cellulose-collagen membranes 

production in culture media enriched with antioxidant compounds from plant extracts. 

Polym. Eng. Sci. 60(11), 2814-2826. 



32 

38. Flórez-Fernández, N., Domínguez, H., Torres, M., 2019. A green approach for alginate 

extraction from Sargassum muticum brown seaweed using ultrasound-assisted technique. 

Int. J. Biol. Macromol. 124, 451-459. 

39. Fradinho, J., Oehmen, A., Reis, M., 2019. Improving polyhydroxyalkanoates production 

in phototrophic mixed cultures by optimizing accumulator reactor operating conditions. 

Int. J. Biol. Macromol. 126, 1085-1092. 

40. Frone, A.N., Batalu, D., Chiulan, I., Oprea, M., Gabor, A.R., Nicolae, C.A., Raditoiu, V., 

Trusca, R., Panaitescu, D.M., 2020. Morpho-Structural, thermal and mechanical 

properties of PLA/PHB/cellulose biodegradable nanocomposites obtained by 

compression molding, extrusion, and 3D printing. Nanomaterials. 10(1), 51. 

41. Gahlawat, G., Kumari, P., Bhagat, N.R., 2020. Technological advances in the production 

of polyhydroxyalkanoate biopolymers. Current Sustainable/Renewable Energy Reports. 

7(1), 73–83. 

42. Gayathri, G., Srinikethan, G. 2019. Bacterial cellulose production by K. saccharivorans

BC1 strain using crude distillery effluent as cheap and cost-effective nutrient medium. 

Int. J. Biol. Macromol. 138, 950-957. 

43. Gereniu, C.R.N., Saravana, P.S., Chun, B.-S., 2018. Recovery of carrageenan from 

Solomon Islands red seaweed using ionic liquid-assisted subcritical water extraction. Sep. 

Purif. Technol. 196, 309-317. 

44. Giubilini, A., Siqueira, G., Clemens, F.J., Sciancalepore, C., Messori, M., Nyström, G., 

Bondioli, F., 2020. 3D-PrintingNanocellulose-Poly3-hydroxybutyrate-co-

3hydroxyhexanoatebiodegradable composites by fused deposition modeling. ACS 

Sustain. Chem. Eng. 827, 10292-10302. 

45. Gorgieva, S. 2020. Bacterial cellulose as a versatile platform for research and 

development of biomedical materials. Processes. 8(5), 624. 



33 

46. Gorgieva, S., Trček, J., 2019. Bacterial cellulose: production, modification and 

perspectives in biomedical applications. Nanomaterials. 9(10), 1352. 

47. Guo, S., Awasthi, M.K., Wang, Y., Xu, P., 2021. Current understanding in conversion 

and application of tea waste biomass: A review. Bioresour. Technol. 338, 125530. 

48. Guo, Z., Ge, X., Yang, L., Gou, Q., Han, L., Yu, Q.-L., 2021. Utilization of watermelon 

peel as a pectin source and the effect of ultrasound treatment on pectin film properties. 

LWT. 147, 111569. 

49. Gupta, J., Rathour, R., Maheshwari, N., Shekhar Thakur, I., 2021. Integrated analysis of 

Whole-genome sequencing and life cycle assessment for polyhydroxyalkanoates 

production by Cupriavidus sp. ISTL7.Bioresour. Technol. 337, 125418. 

50. Hamza, Z., El-Hashash, M., Aly, S., Hathout, A., Soto, E., Sabry, B., Ostroff, G., 2019. 

Preparation and characterization of yeast cell wall beta-glucan encapsulated humic acid 

nanoparticles as an enhanced aflatoxin B1 binder. Carbohydr. Polym. 203, 185-192. 

51. Hanna, D.H., Saad, G.R., 2019. Encapsulation of ciprofloxacin within modified xanthan 

gum-chitosan based hydrogel for drug delivery. Bioorg. Chem. 84, 115-124. 

52. Hashem, A.H., Suleiman, W.B., Abu-elreesh, G., Shehabeldine, A.M., Khalil, A.M.A., 

2020. Sustainable lipid production from oleaginous fungus Syncephalastrum racemosum

using synthetic and watermelon peel waste media. Bioresource Technology Reports. 12, 

100569. 

53. Hoque, M.M., Iqbal, A., 2015. Drying of watermelon rind and development of cakes 

from rind powder. Int. j. novel res. life sci. 2(1), 14-21. 

54. Horue, M., Berti, I.R., Cacicedo, M.L., Castro, G.R., 2021. Microbial production and 

recovery of hybrid biopolymers from wastes for industrial applications- a review. 

Bioresour. Technol. 340, 125671. 



34 

55. Horue, M., Cacicedo, M.L., Fernandez, M.A., Rodenak-Kladniew, B., Sánchez, R.M.T., 

Castro, G.R., 2020. Antimicrobial activities of bacterial cellulose–silver 

montmorillonitenano composites for wound healing. Mater. Sci. Eng. C. 116, 111152. 

56. Hussain, Z., Sajjad, W., Khan, T., Wahid, F., 2019. Production of bacterial cellulose 

from industrial wastes: a review.Cellulose. 26(5), 2895-2911. 

57. Jain, A., Sarsiya, S., Awasthi, M.K., Singh, R., Rajput, R., Mishra, U.C., Chen, J., Shi, J., 

2022. Bioenergy and bio-products from bio-waste and its associated modern circular 

economy: Current research trends, challenges, and future outlooks. Fuel 307, 121859. 

58. Jayakumar, M., Karmegam, N., Gundupalli, M.P., Gebeyehu, K.B., Asfaw, B.T., Chang, 

S.W., Ravindran, B., Awasthi, M.K., 2021. Heterogeneous base catalysts: Synthesis and 

application for biodiesel production – A review. Bioresour. Technol. 331, 125054. 

59. Jia, H., Zeng, X., Cai, R., Wang, Z., Yuan, Y., Yue, T., 2021.One-pot synthesis of 

magnetic self-assembled carrageenan-ε-polylysine composites: a reusable and effective 

antibacterial agent against Alicyclobacillus acidoterrestris. Food Chem. 360, 130062. 

60. Joshy, K., Jose, J., Li, T., Thomas, M., Shankregowda, A.M., Sreekumaran, S., 

Kalarikkal, N., Thomas, S., 2020. Application of novel zinc oxide reinforced xanthan 

gum hybrid system for edible coatings. Int. J. Biol. Macromol. 151, 806-813. 

61. Kalia, V.C., Singh Patel, S.K., Shanmugam, R., Lee, J.-K., 2021. Polyhydroxyalkanoates: 

trends and advances toward biotechnological applications. Bioresour. Technol. 326, 

124737. 

62. Kartik, A., Akhil, D., Lakshmi, D.,Gopinath, K.P., Arun, J., Sivaramakrishnan, R., 

Pugazhendhi, A., 2021.A critical review on production of biopolymers from algae 

biomassand their applications. Bioresour. Technol. 329, 124868. 

63. Kassim, M.A., Hussin, A.H., Meng, T. K., Kamaludin, R., Zaki, M.S.I.M., Zakaria, 

W.Z.E.W., 2021. Valorisation of watermelon Citrullus lanatus rind waste into 



35 

bioethanol: an optimization and kinetic studies. Int J Environ Sci Technol (Tehran). 

https://doi.org/10.1007/s13762-021-03310-5

64. Kaur, R., Sharma, M., Ji, D., Xu, M., Agyei, D., 2020. Structural features, modification, 

and functionalities of beta-glucan. Fibers. 8(1), 1. 

65. Khan, M.U.A., Al-Thebaiti, M.A., Hashmi, M.U., Aftab, S., AbdRazak, S.I., Abu 

Hassan, S., Abdul Kadir, M.R., Amin, R., 2020. Synthesis of silver-coated bioactive 

nano-composite scaffolds based on grafted beta-glucan/hydroxyapatite via freeze-drying 

method: anti-microbial and biocompatibility evaluation for bone tissue engineering. 

Materials. 13(4), 971. 

66. Kontárová, S., Přikryl, R., Melčová, V., Menčík, P., Horálek, M., Figalla, S., Plavec, R., 

Feranc, J., Sadílek, J., Pospíšilová, A., 2020. Printability, mechanical and thermal 

properties of poly 3-hydroxybutyrate-poly lactic acid-plasticizer blends for three-

dimensional 3D printing. Materials. 13(21), 4736. 

67. Kumar, V., Kumar, S., Singh, D., 2020. Microbial polyhydroxyalkanoates from extreme 

niches: bio-prospection status, opportunities and challenges. Int. J. Biol. Macromol. 147, 

1255-1267. 

68. Kumar, V., Sharma, D.K., Bansal, V., Mehta, D., Sangwan, R.S., Yadav, S.K., 2019. 

Efficient and economic process for the production of bacterial cellulose from isolated 

strain of Acetobacter pasteurianus of RSV-4 bacterium. Bioresour. Technol. 275, 430-

433. 

69. Lee, J.-K., Patel, S.K.S., Sung, B.H., Kalia, V.C., 2020. Biomolecules from municipal 

and food industry wastes: An overview. Bioresour. Technol. 298, 122346. 

70. Liu, C., Ren, L., Yan, B., Luo, L., Zhang, J., Awasthi, M.K., 2021a. Electron transfer 

and mechanism of energy production among syntrophic bacteria during acidogenic 

fermentation: A review. Bioresour. Technol. 323, 124637. 



36 

71. Liu, C., Wang, X., Yang, H., Liu, C., Zhang, Z., Chen, G., 2021. Biodegradable 

polyhydroxyalkanoates production from wheat straw by recombinant Halomonas 

elongata A1. Int. J. Biol. Macromol. 187, 675-682. 

72. Liu, H., Kumar V., Jia, L., Sarsaiya, S., Kumar D., Juneja, A., Zhang, Z., Sindhu, R., 

Binod, P., Bhatia, S.K., Awasthi, M.K., 2021a. Biopolymer poly-hydroxyalkanoates 

(PHA) production from apple industrial waste residues: A review. Chemosphere 284, 

131427. 

73. Liu, H., Qin, S., Sirohi, R., Ahulwalia, V., Zhou, Y., Sindhu, R., Binod, R., Singhania, 

R.R., Patel, A.K., Juneja, A., Kumar, D., Zhang, Z., Kumar, J., Taherzadeh, M., Awasthi, 

M.K., 2021b. Sustainable blueberry waste recycling towards biorefinery strategy and 

circular bioeconomy: A review. Bioresour. Technol. 332, 125181. 

74. Luo, T., Ge, Y., Yang, Y., Fu, Y., Awasthi, M.K., Pan, J., Zhai, L., Mei, Z., Liu, H., 

2021. The impact of immersed liquid circulation on anaerobic digestion of rice straw 

bale and methane generation improvement. Bioresour. Technol. 337, 125368. 

75. Magagula, S., Mohapi, M., Sefadi, J., Mochane, M., 2021. The Production and 

applications of microbial-derived polyhydroxybutyrates. Microbial Polymers. 3-43. 

76. Martău, G.A., Mihai, M., Vodnar, D.C., 2019. The use of chitosan, alginate, and pectin 

in the biomedical and food sector—biocompatibility, bio-adhesiveness, and 

biodegradability. Polymers. 11(11), 1837. 

77. Martins, C.P., Ferreira, M.V. S., Esmerino, E.A., Moraes, J., Pimentel, T.C., Rocha, 

R.S.,Cruz, A.G., 2018. Chemical, sensory, and functional properties of whey-based 

popsicles manufactured with watermelon juice concentrated at different temperatures. 

Food Chem. 255, 58-66. 



37 

78. Mei, E., Li, S., Song, J., Xing, R., Li, Z., Yan, X., 2019. Self-assembling 

Collagen/alginate hybrid hydrogels for combinatorial photothermal and immune-tumor 

therapy. Colloids Surf. A Physicochem. Eng. Asp. 577, 570-575. 

79. Mishra, B., Hossain, S., Mohanty, S., Gupta, M.K., Verma, D., 2021. Fast-acting 

hemostatic agent based on self-assembled hybrid nanofibers from chitosan and casein. 

Int. J. Biol. Macromol. 185, 525-534. 

80. Molina, G., Gupta, V.K., Singh, B.N., Gathergood, N., 2019. Bioprocessing for 

biomolecules production. John Wiley & Sons. 

81. Morais, D.R., Rotta, E.M., Sargi, S.C., Bonafe, E.G., Suzuki, R.M., Souza, N.E., 

Visentainer, J.V., 2017. Proximate composition, mineral contents and fatty acid 

composition of the different parts and dried peels of tropical fruits cultivated in Brazil. J 

Braz Chem Soc. 28(2), 308-318. 

82. Morales-Jiménez, M., Gouveia, L., Yáñez-Fernández, J., Castro-Muñoz, R., Barragán-

Huerta, B.E., 2020. Production, preparation and characterization of microalgae-based 

biopolymer as a potential bioactive film. Coatings. 10(2), 120. 

83. Müller-Santos, M., Koskimäki, J.J., Alves, L.P.S., Souza, E.M., Jendrossek, D., Pirttilä, 

A.M., 2021. The protective role of PHB and its degradation products against stress 

situations in bacteria. FEMS Microbiol. Rev. 45(3), fuaa058. 

84. Murujew, O., Whitton, R., Kube, M., Fan, L., Roddick, F., Jefferso, B., Pidou, M., 2021. 

Recovery and reuse of alginate in an immobilized algae reactor. Environ. Technol. 

42(10), 1521-1530. 

85. Numata, Y., Yoshihara, S., Kono, H., 2021. In situ formation and post-formation 

treatment of bacterial cellulose/κ-carrageenan composite pellicles. Carbohydrate 

Polymer Technologies and Applications. 2, 100059. 



38 

86. Obulisamy, P.K., Mehariya, S., 2021. Polyhydroxyalkanoates from extremophiles: A 

review. Bioresour. Technol. 325, 124653. 

87. Oliveira-Filho, E.R., Gomez, J.G.C., Taciro, M.K., Silva, L.F., 2021. Burkholderia 

sacchari synonym Paraburkholderia sacchari: an industrial and versatile bacterial 

chassis for sustainable biosynthesis of polyhydroxyalkanoates and other bioproducts. 

Bioresour. Technol. 337, 125472. 

88. Patel, J., Maji, B., Moorthy, N.H.N., Maiti, S., 2020. Xanthan gum derivatives: review of 

synthesis, properties and diverse applications. RSC Adv. 10(45), 27103-27136. 

89. Perez-Zabaleta, M., Atasoy, M., Khatami, K., Eriksson, E., Cetecioglu, Z., 2021. Bio-

based conversion of volatile fatty acids from waste streams to polyhydroxyalkanoates 

using mixed microbial cultures. Bioresour. Technol. 323, 124604. 

90. Petkowicz, C.L.O., Vriesmann, L. C., Williams, P.A., 2017. Pectins from food waste: 

extraction, characterization and properties of watermelon rind pectin. Food Hydrocoll. 

65, 57-67. 

91. Ponthier, E., Domínguez H., Torres, M., 2020. The microwave-assisted extraction sway 

on the features of antioxidant compounds and gelling biopolymers from Mastocarpus 

stellatus. Algal Res. 51, 102081. 

92. Qin, S., Giri, B.S., Patel, A.K., Sar, T., Liu, H., Chen, H., Juneja, A., Kumar, D., Zhang, 

Z., Awasthi, M.K., Taherzadeh, M., 2021a. Resource recovery and biorefinery potential 

of apple orchard waste in the circular bioeconomy. Bioresour. Technol. 321, 124496. 

93. Qin, S., Wainaina, S., Liu, H., Soufiani, A.M., Pandey, A., Zhang, Z., Awasthi, M.K., 

Taherzadeh, M.J., 2021c. Microbial dynamics during anaerobic digestion of sewage 

sludge combined with food waste at high organic loading rates in immersed membrane 

bioreactors. Fuel, 303, 121276. 



39 

94. Qin, S., Wainaina, W., Awasthi, S.K., Mahboubi, A., Liu, T., Liu, H., Zhou, H., Zhang, 

Z., Taherzadeh, M., 2021b. Fungal dynamics during anaerobic digestion of sewage 

sludge combined with food waste at high organic loading rates in immersed membrane 

bioreactors. Bioresour. Technol. 335, 125296. 

95. Qu, J., Sun, Y., Awasthi, M.K., Liu, Y., Xu, X., Meng, X., Zhang, H., 2021. Effect of 

different aerobic hydrolysis time on the anaerobic digestion characteristics and energy 

consumption analysis. Bioresour. Technol. 320, 124332. 

96. Ramdhan, T., Ching, S.H., Prakash, S., Bhandari, B., 2020. Physical and mechanical 

properties of alginate-based composite gels. Trends Food Sci. Technol. 106, 150-159. 

97. Ranaivoarisoa, T.O., Singh, R., Rengasamy, K., Guzman, M.S., Bose, A., 2019. 

Towards sustainable bioplastic production using the photoautotrophic bacterium 

Rhodopseudomonas palustris TIE-1. J. Ind. Microbiol. Biotechnol. 46(9-10), 1401-1417. 

98. Ratnakaram, V.N., Rao, C.P., Sree, S., 2020. Simultaneous saccharification and 

fermentation of watermelon waste for ethanol production. Emerging Technologies for 

Agriculture and Environment.185-197. 

99. Ravindran, B., Karmegam, N., Yuvaraj, A., Thangaraj, R., Chang, S.W., Zhang, Z., 

Awasthi, M.K., 2021. Cleaner production of agriculturally valuable benignant materials 

from industry generated bio-wastes: A review. Bioresour. Technol. 320, 124281. 

100. Rehan, F., Ahemad, N., Gupta, M., 2019. Casein nanomicelle as an emerging 

biomaterial-A comprehensive review. Colloids Surf. B. 179, 280-292. 

101. Reshmy, R., Paulose, T.A.P., Philip, E., Thomas, D., Madhavan, A., Sirohi, R., Binod, 

P., Awasthi, M.K., Pandey, A., Sindhu, R., 2021c. Updates on high value products from 

cellulosic biorefinery. Fuel, 308, 122056. 

102. Reshmy, R., Philip, E., Madhavan, A., Sindhu, R., Pugazhendhi, A., Binod, P., Sirohi, 

R., Awasthi, M.K., Tarafdar, A., Pandey, A., 2021a. Advanced biomaterials for 



40 

sustainable applications in the food industry: Updates and challenges. Environmental 

Pollution 283, 117071. 

103. Reshmy, R., Phillip, E., Madhavan, A., Arun, K.B., Binod, P.,Pugazhendhi, A., 

Awasthi, M.K., Sirohi, R., Tarafdar, A.,Ganansounou, E., Pandey, A., Sindhu, R., 2021b. 

Promising eco-friendly biomaterials for future biomedicine: Cleaner production and 

applications of Nanocellulose.   Environ. Technol. Innov. 24, 101855. 

104. Roja, K., Sudhakar, D.R., Anto, S., Mathimani, T., 2019. Extraction and 

characterization of polyhydroxyalkanoates from marine green alga and cyanobacteria. 

Biocatal. Agric. Biotechnol. 22, 101358. 

105. Rukmanikrishnan, B., Rajasekharan, S.K., Lee, J., Ramalingam, S., Lee, J., 2020. K-

Carrageenan/lignin composite films: biofilm inhibition, antioxidant activity, 

cytocompatibility, UV and water barrier properties. Mater. Today Commun. 24, 101346. 

106. Rydz, J., Włodarczyk, J., Gonzalez Ausejo, J., Musioł, M., Sikorska, W., Sobota, M., 

Hercog, A., Duale, K., Janeczek, H., 2020. Three-dimensional printed PLA and 

PLA/PHA dumbbell-shaped specimens: material defects and their impact on degradation 

behavior. Materials. 13(8), 2005. 

107. Saravana, P.S., Tilahun, A., Gerenew, C., Tri, V.D., Kim, N.H., Kim, G.D., Woo, 

H.C., Chun, B.S., 2018. Subcritical water extraction of fucoidan from Saccharina 

japonica: optimization, characterization and biological studies. J. Appl. Phycol. 30(1), 

579-590. 

108. Sarsaiya, S., Awasthi, S.K., Awasthi, M.K., Awasthi, A.K., Mishra, S., Chen, J., 2018. 

The dynamic of cellulase activity of fungi inhabiting organic municipal solid waste. 

Bioresour. Technol. 215, 411-415. 

109. Sarsaiya, S., Jain, A., Awasthi, S.K., Duan, Y., Awasthi, M.K., Shi, J., 2019. 

Microbial dynamics for lignocellulosic waste bioconversion and its importance with 



41 

modern circular economy, challenges and future perspectives. Bioresour. Technol. 219, 

121905. 

110. Sedlacek, P., Slaninova, E., Koller, M., Nebesarova, J., Marova, I., Krzyzanek, V., 

Obruca, S., 2019. PHA granules help bacterial cells to preserve cell integrity when 

exposed to sudden osmotic imbalances. N Biotechnol. 49, 129-136. 

111. Shahid, S., Razzaq, S., Farooq, R., Nazli, Z.I.H., 2021. Polyhydroxyalkanoates: Next-

generation natural biomolecules and a solution for the world's future economy. Int. J. 

Biol. Macromol. 166, 297-321. 

112. Sindhu, R., Madhavan, A., Arun, K.B., Pugazhendhi, A., Reshmy, R., Awasthi, M.K., 

Sirohi, R., Tarafdar, A., Pandey, A., Binod, P., 2021. Metabolic circuits and gene 

regulators in polyhydroxyalkanoate producing organisms: Intervention strategies for 

enhanced production. Bioresour. Technol. 327, 124791. 

113. Singh, A.K., Srivastava, J.K., Chandel, A.K., Sharma, L., Mallick, N., Singh, S.P., 

2019. Biomedical applications of microbially engineered polyhydroxyalkanoates: an 

insight into recent advances, bottlenecks, and solutions. Appl. Microbiol. Biotechnol. 

103(5), 2007-2032. 

114. Singhania, R.R., Ruiz, H.A., Awasthi, M.K., Dong, C.D., Chen, C.W., Patel, A.K., 

2021. Challenges in cellulase bioprocess for biofuel applications. Renew. Sustain. 

Energy. Rev. 151, 111622. 

115. Sirohi, R., Gaur, V.K., Pandey, A.K., Sim, S.J., Kumar. S., 2021. Harnessing fruit 

waste for poly-3-hydroxybutyrate production: A review. Bioresour. Technol. 326, 

124734. 

116. Tan, D., Wang, Y., Tong, Y., Chen, G.Q., 2021. Grand challenges for industrializing 

polyhydroxyalkanoates PHAs. Trends Biotechnol. 39(9), 953-963. 



42 

117. Tian, J., Zhang, R., Wu, Y., Xue, P., 2021. Additive manufacturing of wood 

flour/polyhydroxyalkanoates PHA fully bio-based composites based on micro-screw 

extrusion system. Mater. Des. 199, 109418. 

118. Tripathi, A.D., Paul, V., Agarwal, A., Sharma, R., Hashempour-Baltork, F., Rashidi, 

L., Khosravi Darani, K., 2021. Production of polyhydroxyalkanoates using dairy 

processing waste – A review. Bioresour. Technol. 326, 124735. 

119. Vahabi, H., Michely, L., Moradkhani, G., Akbari, V., Cochez, M., Vagner, C., Renard, 

E., Saeb, M.R., Langlois, V., 2019. Thermal stability and flammability behavior of 

poly3-hydroxybutyrate PHB based composites. Materials. 12(14), 2239. 

120. Vaidya, A.A., Collet, C., Gaugler, M., Lloyd-Jones, G., 2019.Integrating softwood 

biorefinery lignin into polyhydroxybutyrate composites and application in 3D printing. 

Mater. Today Commun. 19, 286-296. 

121. Valentini, F., Dorigato, A., Rigotti, D., Pegoretti, A., 2019. 

Polyhydroxyalkanoates/fibrillated nanocellulose composites for additive manufacturing. 

J Polym Environ.  27(6), 1333-1341. 

122. Vetvicka, V., Vannucci, L., Sima, P., Richter, J., 2019. Beta-glucan: supplement or 

drug? From laboratory to clinical trials. Molecules. 24(7), 1251. 

123. Volkov, A.V., Muraev, A.A., Zharkova, I.I., Voinova, V.V., Akoulina, E.A., Zhuikov, 

V.A., Khaydapova, D. D., Chesnokova, D.V., Menshikh, K.A., Dudun, A.A., 2020. Poly 

3-hydroxybutyrate/hydroxyapatite/alginate scaffolds seeded with mesenchymal stem 

cells enhance the regeneration of critical-sized bone defect. Mater. Sci. Eng. C. 114, 

110991. 

124. Vueva, Y., Connell, L.S., Chayanun, S., Wang, D., McPhail, D.S., Romer, F., Hanna, 

J.V., Jones, J.R., 2018. Silica/alginate hybrid biomaterials and assessment of their 

covalent coupling.  Appl. Mater. Today. 11, 1-12. 



43 

125. Wainaina, R., Awasthi, M.K., Sarsaiya, S., Chen, H., Singh, E., Kumar, A., Ravindran, 

B., Awasthi, S.K., Liu, T., Duan, Y., Kumar, S., Zhang, Z., Taherzadeh, M.J., 2020a. 

Resource recovery and circular economy from organic solid waste using aerobic and 

anaerobic digestion technologies. Bioresour. Technol.  301, 122778. 

126. Wainaina, S., Awasthi, M.K., Horv´ath, I.S., Taherzadeh, M.J., 2020b. Anaerobic 

digestion of food waste to volatile fatty acids and hydrogen at high organic loading rates 

in immersed membrane bioreactors. Renew. Energy 152, 1140–1148. 

127. Wainaina, S., Lukitawesa, Awasthi, M.K., Taherzadeh, M.J., 2019. Bioengineering of 

anaerobic digestion for volatile fatty acids, hydrogen or methane production: a critical 

review. Bioengineered 10, 437–458. 

128. Wang, B., Wan, Y., Zheng, Y., Lee, X., Liu, T., Yu, Z., Huang, J., Ok, Y.S., Chen, J., 

Gao, B., 2019. Alginate-based composites for environmental applications: a critical 

review. Crit Rev Environ Sci Technol. 49(4), 318-356. 

129. Wang, H., Fei, S., Wang, Y., Zan, L., Zhu, J., 2020. Comparative study on the self-

assembly of pectin and alginate molecules regulated by calcium ions investigated by 

atomic force microscopy. Carbohydr. Polym. 231, 115673. 

130. Wang, Y., Jing, Y., Lu, C., Kongjan, P., wang, J., Awasthi, M.K., Tahir, N., Zhang, 

Q., 2021. A syntrophic co-fermentation model for bio-hydrogen production. J. Clean. 

Prod. 317, 128288. 

131. Wu, H., Fan, Z., Jiang, X., Chen, J., Chen, G.Q., 2016. Enhanced production of 

polyhydroxybutyrate by multiple dividing E. coli. Microb. Cell Factories. 15(1), 1-13. 

132. Xu, A., Lai, W., Chen, P., Awasthi, M.K., Chen, X., Wang, Y., Zu, P., 2021. A 

comprehensive review on polysaccharide conjugates derived from tea leaves: 

Composition, structure, function and application. Trends. Food. Sci. Technol. 114, 83-99. 



44 

133. Xu, M., Tremblay, P.L., Ding, R., Xiao, J., Wang, J., Kang, Y., Zhang, T., 2021. 

Photo-augmented PHB production from CO2 or fructose by Cupriavidusnecator and 

shape-optimized Cd Snanorods. Sci. Total Environ. 753, 142050. 

134. Xu, X., Ma, B., Lu, W., Feng, D., Wei, Y., Ge, C., Peng, Y., 2020. Effective nitrogen 

removal in a granule-based partial-denitrification/anammox reactor treating low C/N 

sewage. Bioresour. Technol. 297, 122467. 

135. Xu, Y., Awasthi, M.K., Li, P., Meng, X., Wang, Z., 2020. Comparative analysis of 

prediction models for methane potential based on spent edible fungus substrate. 

Bioresour. Technol. 317, 124052. 

136. Yadav, B., Talan, A., Tyagi, R.D., Drogui, P., 2021a. Concomitant production of 

value-added products with polyhydroxyalkanoate PHA synthesis: A review. Bioresour. 

Technol. 337, 125419. 

137. Yadav, V., Wang, Z., Yang, X., Wei, C., Changqing, X., Zhang, X., 2021b. 

Comparative analysis, characterization and evolutionary study of dirigent gene family in 

cucurbitaceae and expression of novel dirigent peptide against powdery mildew stress. 

Genes. 12(3), 326. 

138. Yuan, H., Chen, L., Hong, F.F., 2019. A biodegradable antibacterial nanocomposite 

based on oxidized bacterial nanocellulose for rapid hemostasis and wound healing. ACS 

Appl. Mater. Interfaces. 12(3), 3382-3392. 

139. Yuan, H., Lan, P., He, Y., Li, C., Ma, X., 2020. Effect of the modifications on the 

physicochemical and biological properties of β-glucan-A critical review. Molecules. 

25(1), 57. 

140. Yuting, S., Chen, L., Yang, F., Cheung, P.C., 2020. Beta-d-glucan-based drug 

delivery system and its potential application in targeting tumor-associated macrophages. 

Carbohydr. Polym. 253, 117258. 



45 

141. Zhao, F., He, F., Liu, X., Shi, J., Liang, J., Wang, S., Yang, C., Liu, R., 2020. 

Metabolic engineering of Pseudomonas mendocina NK-01 for enhanced production of 

medium-chain-length polyhydroxyalkanoates with enriched content of the dominant 

monomer. Int. J. Biol. Macromol. 154, 1596-1605. 

142. Zheng, Y., Chen, J.C., Ma, Y.M., Chen, G.Q., 2020. Engineering biosynthesis of 

polyhydroxyalkanoates PHA for diversity and cost reduction. Metab. Eng. 58, 82-93. 

143. Zhu, K., Wang, Y., Lu, A., Fu, Q., Hu J., Zhang, L., 2019. Cellulose/chitosan 

composite multifilament fibers with two-switch shape memory performance. ACS 

Sustain. Chem. Eng. 7(7), 6981-6990. 

144. Zia, S., Khan, M.R., Shabbir, M.A., Aadil, R.M. 2021. An update on functional, 

nutraceutical and industrial applications of watermelon by-products: A comprehensive 

review. Trends Food Sci Technol. 114, 275-291. 



Fig. 1. Leading countries in area and production of watermelon (http://www.fao.org/faostat/en/#data/QCL, accessed on August 15, 

2021 



Fig. 2. Watermelon waste generated during watermelon cultivation and after processing  



Fig. 3. Schematic presentation for production of biopolymer from utilizing watermelon waste residues  



Fig. 4. Biotechnological strategies involved in the production of biopolymers.  



Table 1: Proximate composition of seed and peel waste of watermelon. 

Watermelon (Citrullus lanatus) 

Component (g/100g d.w.)  Seed Peel References  

Moisture % 7.7-25 92-94 

Ash 2.3-3.8 3.2-18 Bakshi and Wadhwa, 2013; 

Protein 18-25 7.4-18 Egbuonu, 2015; 

Lipids 24-58 1.1-2.6 Morais et al., 2017; 

Crude Fibre 2.5-49 3.1-93 Petkowicz et al., 2017; 

Total Dietary Fibre 24-46 

Carbohydrates 13-29 28-85 

Pectin 19-26 

Cellulose 26 

Hemicellulose 0.1 

Lignin  



Table 2: Biopolymers types and their applications.  

Biopolymer Applications References 

Alginate Biomedicine and food. (Devadas et al., 2021, Kartik et al., 2021) 

Bacterial cellulose Tissue engineering and wound dressing. (Horue et al., 2021) 

β -glucans Cancer therapy and drug delivery. (Yuan et al., 2020) 

Xanthan Food and industry raw material. (Patel et al., 2020) 

Polyhydroxyalkanoates Biomedical applications and 3D printing. (Kalia et al., 2021) 

Biopolymer blends and composites Tissue engineering and drug delivery. (Horue et al., 2021) 

Biopolymer hybrid systems Tissue engineering and drug delivery. (Horue et al., 2021) 

PHAs blends and composites Biomedical applications and drug delivery. (De Donno Novelli et al., 2021) 



Table 3: Various PHAs composites used in additive manufacturing or 3D printing.  

PHA composite Properties Applications References 

Poly-3-hydroxybutyrate/lignin High storage modulus and shear 

viscosity.  

Wood industry (Vaidya et al., 2019) 

poly(3-hydroxybutyrate-co-3-

hydroxyhexanoate) /Fibrillated 

nanocellulose 

High elastic modulus and 

yielding stress 

Medical applications (Valentini et al., 2019) 

Polylactic acid/polyhydroxy 

butyrate/nanocellulose 

High storage modulus Bio-based products (Frone et al., 2020) 

poly(3-hydroxybutyrate-co-3-

hydroxyhexanoate) 

Good storage modulus Medical devices (Giubilini et al., 2020) 

Polyhydroxy butyrate/polylactic 

acid 

Tensile strength (40-44MPa) Biomedical applications (Kontárová et al., 2020) 

Polylactic 

acid/polyhydroxyalkanoates 

Improved properties Biomedical applications (Rydz et al., 2020) 

Wood 

flour/polyhydroxyalkanoates 

Increased tensile strength and 

flexibility 

Packaging industry (Tian et al., 2021) 



poly (3-hydroxybutyrate-co-3-

hydroxyvalerate)/regenerated silk 

Maximum loading  Piezoelectric device (Bon et al., 2021) 

Poly (3-hydroxybutyrate-co-3-

hydroxyexanoate) 

Tensile strength and yielding 

stress 

Scaffold preparation (Bon et al., 2021) 





Highlights  

• Watermelon waste residues are a valuable and highly promising substrate for PHA;  

• Microorganisms can synthesize biopolymers from watermelon waste residues;  

• A high sugar content in the waste material is critical for competitive production yields; and  

• The use of organic waste materials promotes a circular bioeconomy. 
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