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MICROALGAE-BASED BIOPLASTICS AND THEIR UTILIZATION AS FERTILIZER 

ABSTRACT 

This study explores the potential applications of gelatin gels enriched with Chlorella and 

Spirulina additives as bioplastics and biofertilizers. Comprehensive spectroscopic and 

structural analyses were conducted to evaluate the properties of these gels. Biodegradation 

tests in soil demonstrated that gelatin gels degrade within 7 days, while Spirulina-Gelatin 

and Chlorella-Gelatin gels take 9 and 10 days, respectively. In tests assessing their efficacy 

as fertilizers, all gels significantly promoted the growth of strawberry fruit seedlings and 

wild indigo flower seedlings within 10 days, with Chlorella-Gelatin showing significantly 

better results compared to other treatments. Additionally, in vivo experiments using radish 

plants were conducted, though the results were less promising, highlighting a potential area 

for further exploration and refinement. The findings confirmed that these bioplastics are 

environmentally friendly, degrading quickly without harm, while enhancing plant growth. 

Keywords – Bioplastic, Biofertilizer, Spirulina, Chlorella 
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MĠKROALG TEMELLĠ BĠYOPLASTĠKLER VE GÜBRE OLARAK KULLANIMLARI 

ÖZET 

Bu çalışma, Chlorella ve Spirulina katkılarıyla zenginleştirilmiş jelatin jellerin biyoplastik 

ve biyogübre olarak potansiyel kullanımını araştırmaktadır. Bu jellerin özelliklerini 

değerlendirmek amacıyla kapsamlı spektroskopik ve yapısal analizler gerçekleştirilmiştir. 

Toprakta yapılan biyobozunma testleri, jelatin jellerin 7 gün içinde parçalandığını, 

Spirulina-Jelatin ve Chlorella-Jelatin jellerin ise sırasıyla 9 ve 10 gün sürdüğünü 

göstermiştir. Gübre olarak etkinliklerini değerlendiren testlerde, tüm jellerin çilek fidesi ve 

yabani indigo çiçeği fidesi büyümesini 10 gün içinde önemli ölçüde teşvik ettiği 

görülmüştür; özellikle Chlorella-Jelatin diğer uygulamalara kıyasla anlamlı derecede daha 

iyi sonuçlar vermiştir. Ayrıca, turp bitkileri kullanılarak yapılan in vivo deneyler de 

gerçekleştirilmiş, ancak sonuçlar daha az umut verici bulunmuş ve bu durum daha fazla 

araştırma ve iyileştirme alanı olarak belirlenmiştir. Bulgular, bu biyoplastiklerin çevre 

dostu olduğunu, hızlı şekilde zararsızca parçalandığını ve bitki büyümesini teşvik ettiğini 

doğrulamıştır. 

Anahtar Kelimeler – Biyoplastik, Biyogübre, Spirulina, Chlorella 
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1. INTRODUCTION 
 

Petroleum-based plastics are considered a revolutionary invention because they have 

profoundly elevated modern living standards by providing unparalleled convenience and 

versatility [2]. Their widespread adoption is due to various essential characteristics, 

including cost-effectiveness, the capacity for chemical manipulation to achieve diverse 

shapes, enhanced durability, outstanding tensile properties, and an exceptional ability to act 

as effective barriers against oxygen, carbon dioxide, and water vapor.[3] 

However, this material causes significant harm throughout its manufacturing, use, and post-

consumption phases, negatively impacting human health and the environment[4].                         

Plastic industries are considered one of the most industries causing environmental issues, 

mainly climate change, loss of biodiversity, and chemical pollution [5]. Additionally, the 

very features that contribute to the success of petroleum-based plastics—namely, their 

chemical complexity and substantial molecular weight—also present challenges regarding 

environmental degradation at the end-of-life stage. These attributes hinder microbial 

breakdown in the natural environment, leading to the persistent accumulation of these 

plastics over the long term [6]. 

Apart from the evident environmental impact, the extensive use of petroleum-based plastics 

has significant drawbacks. These extend to health issues like cancer, obesity, diabetes, 

endocrine system disorders, thyroid dysfunction, reproductive impairment, and 

autoimmune diseases [7]. We discuss such severe and potential health problems caused by 

plastics, especially when discussing those used in food packaging [8]. Unfortunately, with a 

predicted 50% rise in global food demand by 2050, which implies a rise in food packaging 

use and thus waste, it will further amplify environmental and health issues, requiring a 

closer look at food packaging practices.[9]  

Scientists have explored recycling as a viable solution to address the environmental crisis. 

While recycling has gained prominence in environmental initiatives, it is crucial to 

recognize its inherent limitations. Existing recycling systems encounter significant 
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challenges, leading to a mere 9% recovery rate for the annual production of synthetic 

plastics, equal to 400 million tons. These limitations stem from inefficient techniques and 

constraints in material design[10]. Furthermore, traditional recycling primarily addresses 

the after-life stage, neglecting issues associated with the production phase and the health 

impact of plastic consumption during use. 

Recognizing the limitations of recycling as a solution, the unavoidable use of petroleum-

based plastics in both industries and households and acknowledging the issues they pose, 

there is a collective effort to explore eco-friendly alternatives. As part of this sustainable 

approach, researchers are investigating natural options like bioplastics derived from 

renewable sources such as plants or microbial species.  

However, in current use, many of these bioplastics are not designed to degrade under 

backyard composting conditions. They must be adequately stacked, transported to 

commercial compost facilities, and processed. This makes it difficult for them to compete 

with plastics, which are already relatively low-cost. For this reason, it is essential to 

produce bioplastics that are easily degraded in nature, will not harm the environment when 

decomposed, and can even be used as fertilizer for plants. [11]. 

One such eco-friendly approach explores algae as a source of biodegradable materials for 

bioplastic production. Algae, distinct from other resources used in plastic production, have 

emerged as a promising candidate due to their minimal environmental footprint, no 

competition with food resources, and abundant presence in aquatic environments. Research 

has increasingly investigated the potential of microalgae and macroalgae (seaweeds) for 

biofilm and bioplastic production. [12] Furthermore, algae have shown promising results as 

biofertilizers and biostimulants, competing effectively with chemical-based 

alternatives.[13] 

Thus, this research aims to discuss microalgae-based bioplastics' productibility and 

degradability and explore the possibility of their utilization as fertilizers in their afterlife 

phase.
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1.1 Bioplastic 

Bioplastics are made of two main components: biopolymers, which form the backbone of 

the material and can be synthesized from renewable feedstock like plant-based raw 

materials (Algae, vegetables waste, Banana peel, etc.), natural polymers (Carbohydrates, 

proteins, …)  and small other molecules ( fatty acids, disaccharides...) [14] or through 

microorganism-driven fermentation processes.[15]; and additives, which enhance its 

properties  like reduce film brittleness and enhancing its flexibility  [16]. 

The process to obtain bioplastic from agricultural polymers involves three main steps: 

breaking natural bonds to loosen the polymer chains, shaping the flexible chains into the 

desired form, and then stabilizing this new structure by allowing the chains to form new 

bonds, such as hydrogen, hydrophobic, and disulfide bonds. These interactions create a 

stable, three-dimensional network that holds the material's shape.[17] 

Depending on the production method and chemical composition of a polymer, Bioplastics 

may be either non-biodegradable like Bio-based Polyethylene, Polypropylene, and 

Polyethylene Terephthalate (PET) or biodegradable including Polylactic Acid (PLA), 

Polyhydroxyalkanoates (PHA), and Polybutylene Succinate (PBS) [18] [19]. 

In this research, we are focusing on the last category—biodegradable Bioplastics—to 

achieve our goal: a safe polymer throughout all its stages, ensuring minimal impact on both 

the environment and human health, or even enhancing soil characteristics and promoting 

plant growth. Tangkoonboribun et al. proved that bioplastic when mixed with biofertilizer 

can reduce soil acidity and electrical conductivity  [20]. 

The use of Bioplastics as fertilizers has also been discovered by multiple studies [21], and it 

has been proved that it can be degraded in soil in a shorter period than conventional 

fertilizer which shows not just a better environmental impact but also a better economic 

impact.[22] 

 

https://www.ingentaconnect.com/search;jsessionid=21ar8q961nqko.x-ic-live-02?option2=author&value2=Tangkoonboribun,+Rochana


 
 

4 
 

Most of the biodegradable Bioplastics are derived from terrestrial crops like potatoes [23], 

corn [24] and rice [23] which creates competition with food supplies and requires 

significant resources (land, water, and nutrients). This makes such bioplastic production 

unsustainable in the long term and not suitable for mass production. In response, there is 

growing interest in alternative feedstock, with algae emerging as a particularly promising 

source for bioplastic production [25].  

 

1.2 Algae 

Algae are mostly photoautotrophic eukaryotes of ancient origin but less than 10% have 

been formally described They are dominant in the oceans [26]. 

In recent years, algae have become integral to various human activities, particularly in 

fields such as the healthcare sector (biotechnology, pharmacology, and cosmeceutical 

formulations), thanks to their diverse activities, including antioxidant and contraceptive 

properties [27] In the food sector, algae are utilized as food,  food ingredients ,supplements 

and prebiotics [27].  Algae are also applied in environmental solutions for Bioremediation 

and Wastewater Treatment [28], production of biofuels [29], fertilizers [13] and have also 

been implicated in bioplastic production. In fact, their biopolymers have emerged as a 

promising resource for the bioplastic industry due to their economical, renewable, and 

abundant availability [30]. 

When discussing algae, we differentiate between macroalgae and microalgae. Microalgae 

represent an exceptionally diverse but highly specialized group of micro-organisms[31] 

typically grow faster than freshwater or marine macroalgae. They can also be cultivated in 

wastewater and even used for wastewater treatment [32]. These economic and 

environmental advantages have made them the primary focus of research for starch 

production in recent years. Furthermore, microalgae offer the advantage of not competing 

with food resources, either in land use or in direct food supply [33]. 
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Chlorella sp. and Spirulina sp., microalgae species account for over 90% of global 

microalgal biomass production. Due to their abundance and beneficial properties, they are 

widely used across various sectors [34]. They also showed great growth rate in wastewater 

environment [32] and stands out for being one of the richest protein sources of microbial 

origin [35] knowing for better film-forming potentials [36]. In addition to proteins 

Chlorella sp. and Spirulina sp. Proceed also different other biopolymers. Their high starch 

content and ability to produce diverse biopolymers make them suitable for bioplastic 

synthesis [30].  

However, extracting those polymers present economic and scalability challenges, for this 

reason, scientists worked on developing bioplastic out of a whole cell of microalgae. 

Hareesh et al successfully synthesizeda bioplastic out of whole spirulina cells in powder 

form  having mechanical properties similar to polystyrene including a tensile strength of 34 

MPa, a flexural modulus of 3 GPa, and an elongation at break of 1.6% and at the same time 

recyclable and biodegradable  [37]. 

The figure 1.1 shows that spirulina-based bioplastics has a slightly better biodegradability 

rate than banana peels. 

 

       Figure 1.1  a) Photographs of the biodegradation of spirulina bioplastics in soil. b) Mass loss graph 

comparing the biodegradation of spirulina bioplastics in soil with banana peel as a positive control and 

PLA as a negative control [37]. 

 

In the other hand,  microalgae role in mineralization and the mobilization of organic and 

inorganic, major and micronutrients, alongside the production of bioactive compounds 

(such as polysaccharides, growth hormones, and antimicrobial compounds), enhances plant 

growth, making them excellent Biofertilizer options [38]. In particular,  Chlorella sp. 

  
 a b 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chlorella
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and Spirulina sp.  are considered suitable candidates for soil conditioning and providing high 

nutrients (N and P) for plant growth [32]. Dineshkumar and colleagues successfully used 

Chlorella vulgaris and Spirulina platensis as biofertilizers through soil drench treatment, 

achieving a 20.9% increase in rice yield and positively impacting vegetative growth 

parameters such as plant height, leaf area, and fresh and dry weight [39]. Other studies have 

reported similar improvements in vegetative growth for different other plants like 

mentioned in the following Table 1.1.  

 

Table 1.1 Impact of Microalgae Fertilizers on Crop Growth and Yield 

Crop type  Microalgae specie Key finding  Reference 

Spinach Chlorella vulgaris 

The addition of algae 

fertilizer greatly 

increases specific leaf 

area compared to no 

fertilizer. 

 

Spinach grown with 

algae fertilizer have 

higher biomass 

production (Dry 

weight) 

Rupawalla et al., 

2021[40] 

Tomato Chlorella vulgaris Enhance plant growth, 

mineral content, and 

shelf life of treatment 

method 

Suchithra et al., 

2022[41] 

Maize Chlorella vulgaris 

Spirulina platensis 

Up to 51.1 % increase 

in plant growth, and 

yield 

Dineshkumar et al., 

2019[42] 

Onion 

Chlorella vulgaris 

Spirulina platensis 

Improving 

photosynthesis rate, 

bulb length, diameter, 

and weight 

Dineshkumar et al., 

2020 [43] 

 

 

 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/spirulina
https://www.sciencedirect.com/science/article/pii/S0048969723005429#bb0505
https://www.sciencedirect.com/science/article/pii/S0048969723005429#bb0505
https://www.sciencedirect.com/science/article/pii/S0048969723005429#bb0595
https://www.sciencedirect.com/science/article/pii/S0048969723005429#bb0595
https://www.sciencedirect.com/science/article/pii/S0048969723005429#bb0195
https://www.sciencedirect.com/science/article/pii/S0048969723005429#bb0195
https://www.sciencedirect.com/science/article/pii/S0048969723005429#bb0200
https://www.sciencedirect.com/science/article/pii/S0048969723005429#bb0200
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1.3 Biofertilizer 

1.3.1 Definition 

A biofertilizer is a product that contains living microorganisms and helps improve plant 

growth as well as soil functions and fertility. The microorganisms colonize the plant’s 

rhizosphere and increase the supply or availability of primary nutrients and/or growth 

stimulants for the target crop[44]. When these microorganisms are applied to seeds, roots, 

or soil, they help replenish the lost microflora and, consequently, enhance soil quality. 

A number of soil microorganisms that primarily colonize the rhizosphere are known to 

exert multiple plant growth-promoting activities, mainly by acting as nitrogen fixers (such 

as rhizobium) or phosphate solubilizers [27]. 

 

1.3.2 Advantages 

With the shift towards healthier and more environmentally friendly agriculture, and 

considering the harmful effects of chemical fertilizers, modern agriculture is increasingly 

turning to the    use of biofertilizers. 

The use of biofertilizers aligns with the concept of sustainable agriculture, as they are 

considered a renewable source of nutrients and do not deplete fossil resources, unlike 

chemical alternatives. Moreover, their use has no harmful effects on soil fertility and can 

even increase plant resistance to biotic and abiotic stress. Not to mention, they reduce 

environmental pollution caused by the use of chemical fertilizers. 

Economically, biofertilizers are relatively inexpensive compared to chemical fertilizers, 

whose production costs continue to rise, and they can replace them by 25 to 30% [45] 

Biofertilizers can also be advantageous both ecologically and economically if the 

inoculation carrier used is based on waste treatment [46] and microalgae have shown 

significant potential in utilizing various waste streams for growth [33]. 
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1.3.3 Types of Biofertilizers and Mode of Action 

The microorganisms used as biofertilizers are either bacteria, such as Bacillus, 

Pseudomonas, Lactobacillus, photosynthetic bacteria, nitrogen-fixing bacteria, etc., or 

algae, or fungi like Trichoderma, yeast, etc or algae [47]. 

Microalgae have shown remarkable efficiency in nutrient cycling, absorbing and converting 

key nutrients like nitrogen, phosphorus, and potassium into forms that plants can easily 

access. Moreover, they produce bioactive compounds, including phytohormones, which 

directly influence plant physiological processes and stimulate growth. Microalgae also form 

beneficial relationships with other soil microorganisms, enhancing the growth of helpful 

bacteria and fungi, thereby fostering a healthy soil ecosystem. Additionally, as 

photosynthetic organisms, microalgae utilize sunlight to transform carbon dioxide (CO2) 

into organic matter, sequestering carbon and helping to mitigate greenhouse gas emissions, 

making them valuable contributors to sustainable agriculture.[48] 

 

1.4 Aim of This Research Work  

 

Building on the advantages of microalgae as both a Biofertilizer and a key player in the 

biodegradable bioplastic production, this work focuses on developing a microalgae-based 

bioplastic that is both biodegradable and functions as a Biofertilizer. As it decomposes, it 

enriches the soil with essential nutrients, supporting plant growth. In addition, it does not 

compete with human food and can be cultivated in wastewater. This, combined with the 

mentioned benefits and characteristics, makes this approach align with the circular 

economy model by reducing waste and maximizing resource use, contributing to a more 

sustainable and regenerative agricultural system. 

In this research work, Chlorella sp. and Spirulina sp. are utilized and tested for the 

production of a biodegradable bioplastic that can also function as a Biofertilizer.
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2. MATERIALS AND METHOD 
 

2.1  Bioplastic Production 

2.1.1 Material  

Organic spirulina was purchased from …. Chlorella was purchased from Orsera. 

Gelatin, to enhance the bioplastic mechanical properties [49], was purchased from 

Sigma–Aldrich, USA, as shown in the Figure 2.1.  

Rice starch solution  was produced as reported in Ref [50]. 

 

Figure 2. 1. Chlorella powder (a) Spirulina powder characteristics (b) Gelatin (c) 

 

2.1.2 Gelation method 

100 g rice was boiled in 150 mL of distilled water to provide the rice starch. 

25 ml of rice water was separated and mixed with 1 g Chlorella.  

1 g gelatin was added to the solution and continued to mix vigorously. In all these processes, 

the temperature was kept constant at 80 ° C for 45 minutes.  

All procedures were repeated for Spirulina instead of Chlorella. 
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To see the influence of microalgae, gelatin solution was prepared using the same amount of 

rice water. It was observed that the solution began to condense. The final solutions were 

poured into leaf-shaped molds, where gel formation was observed like indicated in Figure 2.2.  

The procedure was repeated using Spirulina instead of Chlorella. 

To evaluate the influence of microalgae, a gelatin solution was also prepared using the same 

amount of rice water and all other components without adding microalgae. 

This gelation method is following the solvent casting technique method.[51] 

 

 

 

Figure 2.2. Solution poured into leaf-shaped molds for film structure 

 

2.2 Gel Physicochemical Characterization  

 

After the solutions began to condense (about 45 minutes), some samples were transferred into 

spectrometer cuvettes for FTIR and UV-VIS spectrometer analysis like it’s shown in Figure 2. 

 

Figure 2.3. Solution poured into spectrometer cuvettes for optical measurement 
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2.2.1 FTIR spectra 

The FTIR spectra were recorded in the 4000-400 cm⁻¹ range as reported elsewhere [52] to 

identify the key functional groups and bonds, providing insights into the molecular structure of 

the bioplastic components. 

2.2.2 Spectrometer UV-VIS 

The gelation of the Bioplastic was measured using a Ertick Instruments 752N Plus UV-VIS 

Spectrophotometer. The absorption spectra were recorded in the 200-800 nm range to evaluate 

the optical properties and assess the transparency and absorption characteristics of the 

bioplastic materials.  

2.3 Testing the Biodegradability and the Biofertilizer Aspect  

 

2.3.1 Biodegradability test 

 

Gel samples in the form of drug tablets, were prepared by pouring the prepared solution ( as 

mentioned above)  into the drug container molds (semi-spherical and tablet shaped). Gelation 

was observed in a short time at room temperature. Then, all samples in the molds were kept in 

the refrigerator for 15 minutes.  

Samples in gel form removed from the molds are shown in Figure 2.4.  

The sizes and masses of the samples taken from the semi-spherical mold were determined and 

buried in the soil. Every day they were dug up, cleaned, weighed and their sizes measured. 

Thus, it was determined how many days it took for them to completely decompose. 
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Figure2.4 Gel samples in the form of drug tablets (a) gelatin gel (b) Spirulina + gelatin gel (c) Chlorella + 

gelatin gel 

 

2.3.2 Biofertilizer test  

 

2.3.2.1 Seeds germination comparison test using gelatin gel, Chlorella gel and Spirulina 

gel 

The strawberry and wild indigo plants have been chosen for the experiment.  

The strawberry plant has been chosen due to its nutritional benefits and its vulnerability to 

environmental changes such as soil conditions, pollutants, or fertilizers [53]. Thus, it is an 

efficient choice to test the biocompatibility of our bioplastic. 

Indigo plants are chosen not only to represent edible plants but also to explore the effects of 

the produced bioplastic on medicinal plants, which may later be utilized for pharmaceutical 

encapsulation. 

Gel samples in the form of drug tablets were placed in the soil in the prepared multiple 

seedling growing assembly. All cells in the assembly were labeled with the corresponding 

name. Three soil cells were provided for each different sample to contribute to the statistical 

results and error of the measurements. One small and one big plant of each specie were 

planted into each cell as shown in Figure 2.5. 

After 10 days, the stem length was measured and compared. 
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Figure 2.5 Germination of Strawberry and Wild Indigo Seeds Treated with different prepared Bioplastic 

Capsules 

 

 

2.3.2.2 Tracking of plant growth parameters using different concentrations of Spirulina 

based gel 

For this experiment radish plant was chosen. 

Radish, an economically important root vegetable [54] and one of the horticultural crops, 

which are among the most widely cultivated plants globally, was used for in vivo cultivation 

due to their fast growth cycle, allowing us to quickly observe the effects of the treatment on 

root development. [55] 

The exact used variety of radish is shown in figure 2.6.The seeds were sown in a cell tray 

filled with potting soil for a period of 10 days.  Figure 2.6 shows the results after 10 days when 

the plants were transferred into pots and   1 ml of liquefied bioplastic (As the literature showed 

positive results using liquid biofertilizers based on the microalgae discussed in this study 

[56]), containing different concentrations of Spirulina (0%, 10%, 20%, 30%), was applied to 

150g of peat substrate in each pot. Each concentration had 3 replications, along with a control 

group without bioplastic, which had 6 replications. 
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The experiment was conducted in a balcony to imitate the natural conditions. The same type of 

peat was used for all species and treatments, and watering was uniform for all pots, using tap 

water. 

 

 

Figure 2.6. Cell tray of the radish plants on the day of transfer (a) Treating the plants with the liquefied 

bioplastic method (b) 

              

Several parameters were measured periodically throughout the cultivation process. These 

parameters include the number of leaves, stem length, and the percentage of greenery, using 

the Canapeo [57] application and that for 1 month. 

 

2.4 Statistical Analysis 

The comparison of means for the different studied parameters was performed using analysis of 

variance (ANOVA) in Python Multiple comparisons of means were conducted using Tukey's 

test with P < 0.05. 
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3. RESULTS AND DISCUSSION 

3.1 Results 

3.1.1. Material characterisation 

3.1.1.1 FT-IR results 

The broad OH peak around 3200 cm-1, shown in figure3.2 and figure3.3, is due to the 

water in the gel sample [58], also if we compare it to the spectra of spirulina powder we 

don’t have such a peak [59], Figure 3.1.    

The strong peak around 1700 cm-1 for both gels is assigned to C=O stretching 

corresponding to the presence of esters and amino acids and the peak around 1200 

corresponds to C-O stretching in the sample proving also the existence of ester groups,[60].  

Hence, our material is rich in proteins and polysaccharides. 

The several peaks in the fingerprint region represent the carbon-oxygen bonds of organic 

components in the samples and are comparable to the peaks in Figure 3.1. Microalgae 

samples must have these bond structures as mentioned in Ref [61], [60]. Thus, the existence 

of chlorella-gelatin and spirulina-gelatin biopolymers was confirmed. 

 

 

Figure 3.1. FTIR Spectrum: Identification of Functional Groups and Bonding Characteristics of 

Spirulina powder[59] 
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Figure 3.2. FTIR Spectrum: Identification of Functional Groups and Bonding Characteristics of chlorella 

based bioplastic 
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Figure 3.3. FTIR Spectrum: Identification of Functional Groups and Bonding Characteristics of 

Spirulina based bioplastic 
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3.1.1.2 UV-VIS spectrometer Results  

 

UV-vis spectrometer confirms that both gels have very high absorbance. The end of the 

peak is also seen in the spectrometric analysis of both gels around 300 nm. The band gap 

energy, which is considered as the point where it intersects the axis, indicates the presence 

of conductive ions in the gels. We can also conclude that the Spirulina-Gelatin gel exhibits 

higher light absorbance compared to the Chlorella gel at the same wavelength (Figure 3.4). 

 

Figure 3.4. UV-VIS spectrometer Results 
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3.1.2. Biodegradability test results 

 

The biodegradation test was conducted to assess the degradation rates of the obtained gel 

formulations in a soil environment. The results showed that the Gelatin gel fully degraded 

within 7 days, the Spirulina-Gelatin gel within 9 days, and the Chlorella-Gelatin gel within 

10 days. The relatively similar degradation times indicate that the addition of microalgae 

products (Spirulina and Chlorella) does not significantly impact the biodegradation process. 

However, all formulations demonstrated rapid degradation, highlighting their potential as 

fast-biodegrading materials in soil environments.  

 

3.1.3. Biofertilization test results 

 

Effect of Spirulina based gel on Radish plants  

Approximately 20 days after transferring the seedlings to the pots and adding the liquefied 

spirulina-based bioplastic, all the plants treated with the spirulina gel died. Given that we 

use a variety of materials in the bioplastic preparation process, it is possible that 

interactions between these materials may have prevented us from obtaining positive results. 

Therefore, the material used was simplified and the product was tested again on strawberry 

and wild indigo plants. 

Effect of different gel formulations on the strawberry and wild indigo plants seedling 

For both plant species, treated plants demonstrated significantly greater stem length 

compared to the control group. Seedlings of strawberry and wild indigo grew the fastest 

within just 10 days, with the chlorella-gelatin gel treatment showing a notably positive 

impact relative to other treatments (p = 0.0 < 0.05) (Appendix 1). This was followed by the 

rapid growth observed in seedlings treated with spirulina-gelatin gels. As reported in the 

literature, growth under the influence of pure gelatin was also noted [62].  

The tracking of stem length results is presented in the tables below (Table 3.1, Table 3.2), 

and comparative results are illustrated in Figures 3.5 and 3.6. 
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Table 3.1 Effect of Gelatin gel, Chlorella-Gelatin gel and Spirulina-Gelatin gel on strawberry seedling (cm) 

 
Control Gelatin Chlorella-Gelatin Spirulina-Gelatin 

Strawberry seedling1 44.4 71.1 117.8 93.3 

Strawberry seedling2 21.0 55.6 107.4 72.8 

Strawberry seedling3 55.6 82.2 115.6 97.8 

Strawberry seedling4 18.5 61.7 107.4 76.5 

Strawberry seedling5 35.6 71.1 111.1 82.2 

Strawberry seedling6 21.0 72.8 96.3 75.3 

 

 

Figure 3.5 Development of Stem Length According to Treatments for Strawberry Plants. 
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Table 3.2 Effect of Gelatin gel, Chlorella-Gelatin gel and Spirulina-Gelatin gel on indigo strawberry seedling 

(cm) 

 
Control Gelatin Chlorella-Gelatin Spirulina-Gelatin 

Wild indigo seedling1 60.7 82.5 146.8 99.8 

Wild indigo seedling2 41.2 65.9 135.1 78.6 

Wild indigo seedling3 81.5 94.4 144.3 104.4 

Wild indigo seedling4 38.3 72.5 135.1 82.4 

Wild indigo seedling5 58.1 82.5 139.3 88.3 

Wild indigo seedling6 41.2 84.4 122.5 81.2 

 

 

Figure 3.6 Development of Stem Length According to Treatments for Wild indigo plants. 
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Effect of the different concentrations of Spirulina gel on the Growth of radish plants  

The parameters monitored during the in vivo trial were analysed using one-way analysis of 

variance (ANOVA). The model used was a mixed linear model (MLM), where the different 

inoculum concentrations were treated as a fixed factor and the various repetitions as a 

random factor. The normality of the variance was checked using the Shapiro-Wilk test. 

A generalized mixed model based on a Poisson distribution was applied to the count data 

(number of leaves, number of flowers, etc.). When a p-value was found to be significant 

(P<0.05), mean comparisons among the different groups were performed using the Tukey 

test to identify the divergent group or factors. 

3.2 Discussion 

The exploitation of microalgae to produce safe Bioplastics proves to be a promising 

solution for obtaining biodegradable Bioplastics with desired functional properties suitable 

for various applications [63]. Microalgae have also demonstrated great potential to be used 

as Biofertilizers to enhance plant growth [13]. 

In addition, Microalgae, feedstock for bioplastic production, presents a great solution to 

reduce the use of fossil-based plastic while not competing with food sources [33]. 

In this study, For the bioplastic formulation gelatine was used to enhance mechanical 

properties [49] and that’s due to its unique physical and functional properties making it an 

ideal gelling, thickening, stabilizing, and emulsifying agent ensuring Gel strength and 

viscosity for creating a durable bioplastic [64]. Chlorella sp. and Spirulina sp. were 

selected due to their significant contribution to over 90% of global microalgal biomass 

production [26] which means they are abundantly available for multiple use and 

exploitation. Both species have been tested for bioplastic production as well as for 

biofertilization with several documentation supporting their potential as excellent 

candidates for these uses [65].  

The formulation included glycerol to enhance to Improve extensibility and flexibility [66]. 

Rice water, in the other hand, was incorporated to improve the gel fertilization activity [67]. 
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This approach also promotes waste valorization with the aim of using wastewater from rice 

industries and rice irrigation, supporting a circular economy model during the scale-up 

phase. 

The biodegradation and biofertilization properties of Chlorella and Spirulina-based 

bioplastics were tested through in vivo cultivation. The bioplastics were buried in soil 

alongside three plant species selected to represent different aspects of potential human use: 

a fruit, a vegetable and medicinal plant. Also the choice of strawberry, as a vulnerable plant 

to environmental conditions and pollutants [53], has the aim to prove the safety of the 

bioplastic. The experiment on the radish plants was negative suggesting the use of a better 

material formulation for the bioplastic.  

For the strawberry plants and wild indigo plants, and after simplifying the formulation, the 

experiment showed an overall positive result for all treatments: gelatine, gelatine-spirulina 

and gelatine-chlorella. 

Chlorella showed significantly better results than Spirulina in terms of the tested bioplastic 

characteristics: biodegradability and biofertilization aspects, a finding further supported by 

the literature [69], and that can be explained by their biochemical composition suggesting 

to focus further studies first to understand the difference then to better exploit chlorella sp 

in producing biodegradable bioplastics with the aim of being used as biofertilizers during 

their end of life stage. The literature further emphasizes that while Chlorella sp. exhibits 

better bioplastic characteristics, Spirulina sp. shows superior blending properties. This 

leads us to consider the possibility of testing bioplastic characteristics using a combination 

of both microalgae. 

For the biofertilization and biodegradability tests, the liquefied form was used to replicate 

the biofertilizer formulation that previously showed positive results [70], while the gel form 

was used to simulate real-world conditions, considering that bioplastics used in packaging 

are likely to end up in the environment. 

The FT-IR results, they demonstrate carbon-oxygen bonds that indicate the presence of 

microalgae discussed in this study. These results also emphasize that the product is rich in 
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carbon, which justifies its capability to enhance plant growth. It is well known that the 

depletion of soil organic carbon is a significant issue in croplands, leading to reduced soil 

quality and fertility. Microalgae, being photoautotrophs, can provide organic carbon, and 

some strains can even produce exopolysaccharides (EPS) which explains how microalgae 

can be used as biofertilizers [65]. In the present study the produced molecules weren’t 

investigated but EPS production for both species have been discovered [71],[72]. From the 

FT-IR spectra the existence of ester group has been proved due to the existence of a peak 

around 1700  cm-1, and that may reflect the existence of EPS. [60], the peak around 1200 

cm-1 enhances the presence of ester, further supporting the presence of polysaccharides. 

The Absorbance of Chlorella based gel in those wavenumbers is higher than Spirulina 

based gel one which explains the better results obtained while using chlorella-based gel. 

This biopolymer is also among the biopolymers typically used in bioplastic synthesis [73] 

explaining the formation of films and gels in various shapes, including drug and The 

hemispherical forms of these bioplastics further demonstrated their potential to enhance 

plant growth. These samples exhibited properties that are particularly well-suited for 

pharmaceutical and cosmetic applications, as well as for food packaging and containers. 

Given the high demand for sustainable materials in the packaging industry [74], this 

versatility in forming various gel shapes significantly expands their potential range of 

applications. 

This study demonstrates the potential of microalgae-based bioplastics, formulated with 

Chlorella and Spirulina, in producing biodegradable materials with biofertilization 

properties that enhance plant growth. The findings highlight Chlorella sp. as an optimal 

candidate due to its superior biodegradability and biofertilization performance, suggesting a 

promising path for producing bioplastics that support plant health during their end-of-life 

phase. Additionally, the incorporation of common food byproducts like rice water and 

eggshell supports sustainable waste valorization and aligns with circular economy goals. 
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4. CONCLUSION  

 

Due to growing concerns about the harmful effects of chemical fertilizers and 

petrochemical plastics, there is increasing interest in exploring sustainable alternatives. In 

this study, Chlorella sp. and Spirulina sp. demonstrated excellent potential for broader 

applications in enhancing agricultural productivity and environmental sustainability, 

including the successful development of microalgae-based bioplastics. This research 

highlights microalgae as a dual-purpose resource, supporting both bioplastic biodegradation 

for environmental benefit and biofertilization to boost agricultural productivity. Chlorella 

sp. significantly enhanced plant growth and successfully produced bioplastics in both film 

and tablet forms, positioning it as a promising option for various applications, such as 

packaging. 

Future studies should aim to refine these bioplastic formulations, focusing on optimizing 

mechanical strength and environmental durability. Specifically, investigating combined 

Chlorella and Spirulina formulations may improve bioplastic flexibility and stability while 

retaining biofertilization benefits. Additionally, while this study assessed the impact on 

plant growth, further research is needed to evaluate the effects of these bioplastics on 

animals and human health to ensure their safe and widespread application. 

 
 

 

 

 



 

26 
 

5. BIBLIOGRAPHY 

 

[1] K. Pugazhendy, « Fourier Transform Infrared FT-IR Spectoroscopic Analysis of Spirulina », 

Int. J. Pharm. Biol. Arch., vol. 3, n
o
 4, Art. n

o
 4, 2012, Consulté le: 25 novembre 2024. [En 

ligne]. Disponible sur: http://www.ijpba.info/index.php/ijpba/article/view/786 

[2] K. Nehra, P. Jamdagni, et P. Lathwal, « Bioplastics: A Sustainable Approach Toward 

Healthier Environment », in Plant Biotechnology: Recent Advancements and Developments, 

S. K. Gahlawat, R. K. Salar, P. Siwach, J. S. Duhan, S. Kumar, et P. Kaur, Éd., Singapore: 

Springer, 2017, p. 297‑314. doi: 10.1007/978-981-10-4732-9_15. 

[3] M. Asgher, S. A. Qamar, M. Bilal, et H. M. N. Iqbal, « Bio-based active food packaging 

materials: Sustainable alternative to conventional petrochemical-based packaging materials », 

Food Res. Int., vol. 137, p. 109625, nov. 2020, doi: 10.1016/j.foodres.2020.109625. 

[4] F. Gironi et V. Piemonte, « Bioplastics and Petroleum-based Plastics: Strengths and 

Weaknesses », Energy Sources Part Recovery Util. Environ. Eff., vol. 33, n
o
 21, p. 1949‑1959, 

août 2011, doi: 10.1080/15567030903436830. 

[5] B. A. Demeneix, « How fossil fuel-derived pesticides and plastics harm health, biodiversity, 

and the climate », Lancet Diabetes Endocrinol., vol. 8, n
o
 6, p. 462‑464, juin 2020, doi: 

10.1016/S2213-8587(20)30116-9. 

[6] M. R. Jangra, I. Nehra K. S., S. J. A. Pippal, et V. K. Sikka, « Recent updates on the economic 

use of poly hydroxy butyrate (PHB): A green alternative to plastics », Biosci. Biotechnol. Res. 

Commun., vol. 11, n
o
 1, p. 97‑109, janv. 2018, doi: 10.21786/bbrc/11.1/14. 

[7] A. Forrest et al., « Eliminating Plastic Pollution: How a Voluntary Contribution From 

Industry Will Drive the Circular Plastics Economy », Front. Mar. Sci., vol. 6, 2019, Consulté 

le: 12 novembre 2023. [En ligne]. Disponible sur: 

https://www.frontiersin.org/articles/10.3389/fmars.2019.00627 

[8] M. S. Alamri et al., « Food packaging’s materials: A food safety perspective », Saudi J. Biol. 

Sci., vol. 28, n
o
 8, p. 4490‑4499, août 2021, doi: 10.1016/j.sjbs.2021.04.047. 

[9] V. Guillard, S. Gaucel, C. Fornaciari, H. Angellier-Coussy, P. Buche, et N. Gontard, « The 

Next Generation of Sustainable Food Packaging to Preserve Our Environment in a Circular 

Economy Context », Front. Nutr., vol. 5, 2018, Consulté le: 12 novembre 2023. [En ligne]. 

Disponible sur: https://www.frontiersin.org/articles/10.3389/fnut.2018.00121 

[10] L. de S. C. Carnaval, A. K. Jaiswal, et S. Jaiswal, « Agro-Food Waste Valorization for 

Sustainable Bio-Based Packaging », J. Compos. Sci., vol. 8, n
o
 2, Art. n

o
 2, févr. 2024, doi: 

10.3390/jcs8020041. 

[11] T. D. Moshood, G. Nawanir, F. Mahmud, F. Mohamad, M. H. Ahmad, et A. AbdulGhani, 

« Sustainability of biodegradable plastics: New problem or solution to solve the global plastic 

pollution? », Curr. Res. Green Sustain. Chem., vol. 5, p. 100273, janv. 2022, doi: 

10.1016/j.crgsc.2022.100273. 

[12] L. Zimmermann, A. Dombrowski, C. Völker, et M. Wagner, « Are bioplastics and plant-based 

materials safer than conventional plastics? In vitro toxicity and chemical composition », 

Environ. Int., vol. 145, p. 106066, déc. 2020, doi: 10.1016/j.envint.2020.106066. 

[13] J. C. A. Braun et L. M. Colla, « Use of Microalgae for the Development of Biofertilizers and 

Biostimulants », BioEnergy Res., vol. 16, n
o
 1, p. 289‑310, mars 2023, doi: 10.1007/s12155-

022-10456-8. 



 

27 
 

[14] « Bioplastic Production from Microalgae: A Review ». Consulté le: 1 octobre 2024. [En 

ligne]. Disponible sur: https://www.mdpi.com/1660-4601/17/11/3842 

[15] E. Bezirhan et H. D. Bilgen, « A Review: Investigation of Bioplastics », J. Civ. Eng. Archit., 

vol. 9, p. 188‑192, févr. 2015, doi: 10.17265/1934-7359/2015.02.007. 

[16] O. Salem, « Algae-based bioplastic used in food packaging and biomedical applications », Int. 

J. Biol. Res., vol. 8, p. 23‑28, oct. 2023. 

[17] A. Jerez, P. Partal, I. Martínez, C. Gallegos, et A. Guerrero, « Rheology and processing of 

gluten based bioplastics », Biochem. Eng. J., vol. 26, n
o
 2, p. 131‑138, nov. 2005, doi: 

10.1016/j.bej.2005.04.010. 

[18] G. Atiwesh, A. Mikhael, C. C. Parrish, J. Banoub, et T.-A. T. Le, « Environmental impact of 

bioplastic use: A review », Heliyon, vol. 7, n
o
 9, sept. 2021, doi: 

10.1016/j.heliyon.2021.e07918. 

[19] N. Nanda et N. Bharadvaja, « Algal bioplastics: current market trends and technical aspects », 

Clean Technol. Environ. Policy, vol. 24, n
o
 9, p. 2659‑2679, nov. 2022, doi: 10.1007/s10098-

022-02353-7. 

[20] R. Tangkoonboribun, S. Sassanarakkit, R. Tantisiriwit, P. Rungkvae, et P. Bumrungsuk, « The 

Effect of Bioplastic Mixed in Organic Fertilizer on Corn Growth and Soil Properties », J. 

Biobased Mater. Bioenergy, vol. 7, n
o
 4, p. 516‑518, août 2013, doi: 10.1166/jbmb.2013.1330. 

[21] H. A. Saffian, K. Abdan, M. A. Hassan, N. A. Ibrahim, et M. Jawaid, « Characterisation and 

Biodegradation of Poly(Lactic Acid) Blended with Oil Palm Biomass and Fertiliser for 

Bioplastic Fertiliser Composites », BioResources, vol. 11, n
o
 1, p. 2055‑2070, janv. 2016, doi: 

10.15376/biores.11.1.2055-2070. 

[22] A. S. Harmaen, A. Khalina, H. M. Ali, et I. N. Azowa, « Thermal, Morphological, and 

Biodegradability Properties of Bioplastic Fertilizer Composites Made of Oil Palm Biomass, 

Fertilizer, and Poly(hydroxybutyrate-co-valerate) », Int. J. Polym. Sci., vol. 2016, n
o
 1, p. 

3230109, 2016, doi: 10.1155/2016/3230109. 

[23] F. Bilo et al., « A sustainable bioplastic obtained from rice straw », J. Clean. Prod., vol. 200, 

p. 357‑368, nov. 2018, doi: 10.1016/j.jclepro.2018.07.252. 

[24] A. B. D. Nandiyanto, M. Fiandini, R. Ragadhita, A. Sukmafitri, H. Salam, et F. Triawan, 

« MECHANICAL AND BIODEGRADATION PROPERTIES OF CORNSTARCH-BASED 

BIOPLASTIC MATERIAL », 2020, doi: 10.18720/MPM.4432020_9. 

[25] A. Rahman et C. D. Miller, « Chapter 6 - Microalgae as a Source of Bioplastics », in Algal 

Green Chemistry, R. P. Rastogi, D. Madamwar, et A. Pandey, Éd., Amsterdam: Elsevier, 

2017, p. 121‑138. doi: 10.1016/B978-0-444-63784-0.00006-0. 

[26] J. Brodie et al., « The Algal Revolution », Trends Plant Sci., vol. 22, n
o
 8, p. 726‑738, août 

2017, doi: 10.1016/j.tplants.2017.05.005. 

[27] A. Gomez-Zavaglia, M. A. Prieto Lage, C. Jimenez-Lopez, J. C. Mejuto, et J. Simal-Gandara, 

« The Potential of Seaweeds as a Source of Functional Ingredients of Prebiotic and 

Antioxidant Value », Antioxidants, vol. 8, n
o
 9, Art. n

o
 9, sept. 2019, doi: 

10.3390/antiox8090406. 

[28] Z. Lin, J. Li, Y. Luan, et W. Dai, « Application of algae for heavy metal adsorption: A 20-year 

meta-analysis », Ecotoxicol. Environ. Saf., vol. 190, p. 110089, mars 2020, doi: 

10.1016/j.ecoenv.2019.110089. 

[29] « Algae biofuel: Current status and future applications - ScienceDirect ». Consulté le: 7 

octobre 2024. [En ligne]. Disponible sur: 

https://www.sciencedirect.com/science/article/pii/S1364032118301552?via%3Dihub 

[30] R. Madadi, H. Maljaee, L. S. Serafim, et S. P. M. Ventura, « Microalgae as Contributors to 

Produce Biopolymers », Mar. Drugs, vol. 19, n
o
 8, Art. n

o
 8, août 2021, doi: 

10.3390/md19080466. 



 

28 
 

[31] Q. Hu et al., « Microalgal triacylglycerols as feedstocks for biofuel production: perspectives 

and advances », Plant J., vol. 54, n
o
 4, p. 621‑639, 2008, doi: 10.1111/j.1365-

313X.2008.03492.x. 

[32] T. N.-D. Cao et al., « Roles of microalgae-based biofertilizer in sustainability of green 

agriculture and food-water-energy security nexus », Sci. Total Environ., vol. 870, p. 161927, 

avr. 2023, doi: 10.1016/j.scitotenv.2023.161927. 

[33] I. Y. López-Pacheco et al., « Revalorization of Microalgae Biomass for Synergistic 

Interaction and Sustainable Applications: Bioplastic Generation », Mar. Drugs, vol. 20, n
o
 10, 

Art. n
o
 10, oct. 2022, doi: 10.3390/md20100601. 

[34] A. P. Abreu, R. Martins, et J. Nunes, « Emerging Applications of Chlorella sp. and Spirulina 

(Arthrospira) sp. », Bioengineering, vol. 10, n
o
 8, Art. n

o
 8, août 2023, doi: 

10.3390/bioengineering10080955. 

[35] « Potential application of microalga Spirulina platensis as a protein source - Lupatini - 2017 - 

Journal of the Science of Food and Agriculture - Wiley Online Library ». Consulté le: 8 

novembre 2024. [En ligne]. Disponible sur: 

https://scijournals.onlinelibrary.wiley.com/doi/10.1002/jsfa.7987 

[36] M. Hayes et al., « 15 - Microalgal proteins for feed, food and health », in Microalgae-Based 

Biofuels and Bioproducts, C. Gonzalez-Fernandez et R. Muñoz, Éd., in Woodhead Publishing 

Series in Energy. , Woodhead Publishing, 2017, p. 347‑368. doi: 10.1016/B978-0-08-101023-

5.00015-7. 

[37] H. Iyer et al., « Fabricating Strong and Stiff Bioplastics from Whole Spirulina Cells », Adv. 

Funct. Mater., vol. 33, n
o
 40, p. 2302067, 2023, doi: 10.1002/adfm.202302067. 

[38] N. Renuka, A. Guldhe, R. Prasanna, P. Singh, et F. Bux, « Microalgae as multi-functional 

options in modern agriculture: current trends, prospects and challenges », Biotechnol. Adv., 

vol. 36, n
o
 4, p. 1255‑1273, juill. 2018, doi: 10.1016/j.biotechadv.2018.04.004. 

[39] R. Dineshkumar, R. Kumaravel, J. Gopalsamy, M. N. A. Sikder, et P. Sampathkumar, 

« Microalgae as Bio-fertilizers for Rice Growth and Seed Yield Productivity », Waste 

Biomass Valorization, vol. 9, n
o
 5, p. 793‑800, mai 2018, doi: 10.1007/s12649-017-9873-5. 

[40] Z. Rupawalla et al., « Algae biofertilisers promote sustainable food production and a circular 

nutrient economy – An integrated empirical-modelling study », Sci. Total Environ., vol. 796, 

p. 148913, nov. 2021, doi: 10.1016/j.scitotenv.2021.148913. 

[41] M. R. Suchithra et al., « Effectiveness of green microalgae as biostimulants and biofertilizer 

through foliar spray and soil drench method for tomato cultivation », South Afr. J. Bot., vol. 

146, p. 740‑750, mai 2022, doi: 10.1016/j.sajb.2021.12.022. 

[42] « The Impact of Using Microalgae as Biofertilizer in Maize (Zea mays L.) | Waste and 

Biomass Valorization ». Consulté le: 11 novembre 2024. [En ligne]. Disponible sur: 

https://link.springer.com/article/10.1007/S12649-017-0123-7 

[43] R. Dineshkumar, J. Subramanian, A. Arumugam, A. Ahamed Rasheeq, et P. Sampathkumar, 

« Exploring the Microalgae Biofertilizer Effect on Onion Cultivation by Field Experiment », 

Waste Biomass Valorization, vol. 11, n
o
 1, p. 77‑87, janv. 2020, doi: 10.1007/s12649-018-

0466-8. 

[44] J. A. Domínguez-Núñez, M. Berrocal-Lobo, et A. S. Albanesi, « Ectomycorrhizal Fungi: Role 

as Biofertilizers in Forestry », in Biofertilizers for Sustainable Agriculture and Environment, 

B. Giri, R. Prasad, Q.-S. Wu, et A. Varma, Éd., Cham: Springer International Publishing, 

2019, p. 67‑82. doi: 10.1007/978-3-030-18933-4_4. 

[45] D. J. S. Kawalekar, « ROLE OF BIOFERTILIZERS AND BIOPESTICIDES FOR 

SUSTAINABLE AGRICULTURE », 2013. 

[46] G. Dufresne, « Valorisation de matières résiduelles pour la production de biofertilisants à base 

de rhizobium: optimisation du procédé de fermentation avec Sinorhizobium meliloti. », 



 

29 
 

masters, Université du Québec, Institut national de la recherche scientifique, Québec, 2004. 

Consulté le: 11 octobre 2024. [En ligne]. Disponible sur: https://espace.inrs.ca/id/eprint/381/ 

[47] R. H. Burris et G. P. Roberts, « Biological Nitrogen Fixation », Annu. Rev. Nutr., vol. 13, n
o
 

Volume 13, 1993, p. 317‑335, juill. 1993, doi: 10.1146/annurev.nu.13.070193.001533. 

[48] J. Gonçalves, J. Freitas, I. Fernandes, et P. Silva, « Microalgae as Biofertilizers: A Sustainable 

Way to Improve Soil Fertility and Plant Growth », Sustainability, vol. 15, n
o
 16, Art. n

o
 16, 

janv. 2023, doi: 10.3390/su151612413. 

[49] X. Y. Yap, L. T. Gew, M. Khalid, et Y.-Y. Yow, « Algae-Based Bioplastic for Packaging: A 

Decade of Development and Challenges (2010–2020) », J. Polym. Environ., vol. 31, n
o
 3, p. 

833‑851, mars 2023, doi: 10.1007/s10924-022-02620-0. 

[50] M. K. Marichelvam, M. Jawaid, et M. Asim, « Corn and Rice Starch-Based Bio-Plastics as 

Alternative Packaging Materials », Fibers, vol. 7, n
o
 4, Art. n

o
 4, avr. 2019, doi: 

10.3390/fib7040032. 

[51] A. I. Adetunji et M. Erasmus, « Green Synthesis of Bioplastics from Microalgae: A State-of-

the-Art Review », Polymers, vol. 16, n
o
 10, Art. n

o
 10, janv. 2024, doi: 

10.3390/polym16101322. 

[52] S. Bayarı et F. Severcan, « FTIR study of biodegradable biopolymers: P(3HB), P(3HB-co-

4HB) and P(3HB-co-3HV) », J. Mol. Struct., vol. 744‑747, p. 529‑534, juin 2005, doi: 

10.1016/j.molstruc.2004.12.029. 

[53] « Strawberry Plant Defense Mechanism: A Molecular Review | Plant and Cell Physiology | 

Oxford Academic ». Consulté le: 15 octobre 2024. [En ligne]. Disponible sur: 

https://academic.oup.com/pcp/article/52/11/1873/1832591#google_vignette 

[54] T. Nishio, « Economic and Academic Importance of Radish », in The Radish Genome, T. 

Nishio et H. Kitashiba, Éd., Cham: Springer International Publishing, 2017, p. 1‑10. doi: 

10.1007/978-3-319-59253-4_1. 

[55] A. Nowak et al., « Effect of long-term radish (Raphanus sativus var. sativus) monoculture 

practice on physiological variability of microorganisms in cultivated soil », J. Environ. 

Manage., vol. 367, p. 122007, sept. 2024, doi: 10.1016/j.jenvman.2024.122007. 

[56] R. Dineshkumar et al., « Microalgal liquid biofertilizer and biostimulant effect on green gram 

(Vigna radiata L) an experimental cultivation », Biomass Convers. Biorefinery, vol. 12, n
o
 8, 

p. 3007‑3027, août 2022, doi: 10.1007/s13399-020-00857-0. 

[57] « Canopeo ». Consulté le: 19 octobre 2024. [En ligne]. Disponible sur: 

https://canopeoapp.com/#/login 

[58] T. Noguchi, « FTIR detection of water reactions in the oxygen-evolving centre of 

photosystem II », Philos. Trans. R. Soc. B Biol. Sci., vol. 363, n
o
 1494, p. 1189‑1195, mars 

2008, doi: 10.1098/rstb.2007.2214. 

[59] K. Pugazhendy, « Fourier Transform Infrared FT-IR Spectoroscopic Analysis of Spirulina », 

Int. J. Pharm. Biol. Arch., vol. 3, n
o
 4, Art. n

o
 4, 2012, Consulté le: 25 novembre 2024. [En 

ligne]. Disponible sur: http://www.ijpba.info/index.php/ijpba/article/view/786 

[60] Z. Mousavian, M. Safavi, F. Azizmohseni, M. Hadizadeh, et S. Mirdamadi, 

« Characterization, antioxidant and anticoagulant properties of exopolysaccharide from 

marine microalgae », AMB Express, vol. 12, n
o
 1, p. 27, mars 2022, doi: 10.1186/s13568-022-

01365-2. 

[61] H. J. Liu et al., « Analysis and identification of irradiated Spirulina powder by a three-step 

infrared macro-fingerprint spectroscopy », Radiat. Phys. Chem., vol. 85, p. 210‑217, avr. 

2013, doi: 10.1016/j.radphyschem.2012.12.001. 

[62] H. T. Wilson, M. Amirkhani, et A. G. Taylor, « Evaluation of Gelatin as a Biostimulant Seed 

Treatment to Improve Plant Performance », Front. Plant Sci., vol. 9, juill. 2018, doi: 

10.3389/fpls.2018.01006. 



 

30 
 

[63] W. Y. Chia, D. Y. Ying Tang, K. S. Khoo, A. N. Kay Lup, et K. W. Chew, « Nature’s fight 

against plastic pollution: Algae for plastic biodegradation and bioplastics production », 

Environ. Sci. Ecotechnology, vol. 4, p. 100065, oct. 2020, doi: 10.1016/j.ese.2020.100065. 

[64] D. R. Bagal-Kestwal, M. h. Pan, et B.-H. Chiang, « Properties and Applications of Gelatin, 

Pectin, and Carrageenan Gels », in Bio Monomers for Green Polymeric Composite Materials, 

John Wiley & Sons, Ltd, 2019, p. 117‑140. doi: 10.1002/9781119301714.ch6. 

[65] J. Gonçalves, J. Freitas, I. Fernandes, et P. Silva, « Microalgae as Biofertilizers: A Sustainable 

Way to Improve Soil Fertility and Plant Growth », Sustainability, vol. 15, n
o
 16, Art. n

o
 16, 

janv. 2023, doi: 10.3390/su151612413. 

[66] M. A. Zeller, R. Hunt, A. Jones, et S. Sharma, « Bioplastics and their thermoplastic blends 

from Spirulina and Chlorella microalgae », J. Appl. Polym. Sci., vol. 130, n
o
 5, p. 3263‑3275, 

2013, doi: 10.1002/app.39559. 

[67] « Chemical and Microbial Characterization of Washed Rice Water Waste to Assess Its 

Potential as Plant Fertilizer and for Increasing Soil Health ». Consulté le: 8 novembre 2024. 

[En ligne]. Disponible sur: https://www.mdpi.com/2073-4395/11/12/2391 

[68] R. D. Anugrah, Rafvenia, Meitiyani, et L. Safahi, « The Effect of Eggshell Organic Fertilizer 

on Vegetative Growth of Cayenne Pepper (Capsicum frutescens L) », IOP Conf. Ser. Earth 

Environ. Sci., vol. 755, n
o
 1, p. 012001, avr. 2021, doi: 10.1088/1755-1315/755/1/012001. 

[69] M. A. Zeller, R. Hunt, A. Jones, et S. Sharma, « Bioplastics and their thermoplastic blends 

from Spirulina and Chlorella microalgae », J. Appl. Polym. Sci., vol. 130, n
o
 5, p. 3263‑3275, 

2013, doi: 10.1002/app.39559. 

[70] R. Dineshkumar et al., « Microalgal liquid biofertilizer and biostimulant effect on green gram 

(Vigna radiata L) an experimental cultivation », Biomass Convers. Biorefinery, vol. 12, n
o
 8, 

p. 3007‑3027, août 2022, doi: 10.1007/s13399-020-00857-0. 

[71] Y. Liu et al., « Preparation and Characterization of Intracellular and Exopolysaccharides 

during Cycle Cultivation of Spirulina platensis », Foods, vol. 12, n
o
 5, Art. n

o
 5, janv. 2023, 

doi: 10.3390/foods12051067. 

[72] J. Zhang, L. Liu, et F. Chen, « Production and characterization of exopolysaccharides from 

Chlorella zofingiensis and Chlorella vulgaris with anti-colorectal cancer activity », Int. J. 

Biol. Macromol., vol. 134, p. 976‑983, août 2019, doi: 10.1016/j.ijbiomac.2019.05.117. 

[73] A. S. Rajpoot, T. Choudhary, H. Chelladurai, T. Nath Verma, et V. Shende, « A 

comprehensive review on bioplastic production from microalgae », Mater. Today Proc., vol. 

56, p. 171‑178, janv. 2022, doi: 10.1016/j.matpr.2022.01.060. 

[74] E. Shlush et M. Davidovich-Pinhas, « Bioplastics for food packaging », Trends Food Sci. 

Technol., vol. 125, p. 66‑80, juill. 2022, doi: 10.1016/j.tifs.2022.04.026. 
 

 

 

 

 

 

 

 



 

31 
 

Appendixes 

Appendix A: 

 

Table A1. Tukey's Test Results for Comparison of Stem Length Differences Between Treatment Groups for 

Indigo Plants 

Group 1 Group 2 Mean Difference p-adj Lower Upper Reject 

Chlorella-Gelatin Control -83.6833 0.0 -102.8812 -64.4854 True 

Chlorella-Gelatin Gelatin -56.8167 0.0 -76.0146 -37.6188 True 

Chlorella-Gelatin Spirulina-Gelatin -48.0667 0.0 -67.2646 -28.8688 True 

Control Gelatin 26.8667 0.0044 7.6688 46.0646 True 

Control Spirulina-Gelatin 35.6167 0.0002 16.4188 54.8146 True 

Gelatin Spirulina-Gelatin 8.75 0.5882 -10.4479 27.9479 False 

 

Table A2. Tukey's Test Results for Comparison of Stem Length Differences Between Treatment Groups for 

Strawberry Plants 

 

 

 

 

 

 

 

 

Group 1 Group 2 Mean Difference p-adj Lower Upper Reject 

Chlorella-Gelatin Control -76.5833 0.0 -94.2786 -58.888 True 

Chlorella-Gelatin Gelatin -40.1833 0.0 -57.8786 -22.488 True 

Chlorella-Gelatin Spirulina-Gelatin -26.2833 0.0025 -43.9786 -8.588 True 

Control Gelatin 36.4 0.0001 18.7047 54.0953 True 

Control Spirulina-Gelatin 50.3 0.0 32.6047 67.9953 True 

Gelatin Spirulina-Gelatin 13.9 0.1578 -3.7953 31.5953 False 
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