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Abstract

:

Biofuel generation from algae can be increased by using nanotechnology. The present study emphasizes the use of silver nanoparticles on algae for algal fuel generation along with the impact of nanoparticles on biomass, metabolites and lipid profile. Silver ion amassing was enhanced in each algal species, but maximum phytoremediation was found in Ulothrix sp. Carbohydrates increased 3.2 times in Oedogonium sp., 3.3 times in Ulothrix sp., 3 times in Cladophora sp. and 2.7 times in Spirogyra sp. Additionally, the application of nanoparticles enhanced by 2 times the production of proteins in Oedogonium sp., 1.9 times in Ulothrix sp., 1.9 times in Cladophora sp. and 2.1 times in Spirogyra sp. Finally, the total lipid yield increased 60% DCW in Oedogonium sp., 56% DCW in Ulothrix sp., 58% DCW in Cladophora sp. and 63% DCW in Spirogyra sp. using 0.08 mg/L silver nanoparticle application. The lipids and fatty acid fractions from algae containing high concentrations of C16:0, C18:0 and C18:1 enhanced with silver nanoparticle addition were comparable with EN 14214 and ASTM 6751 biodiesel standards. This study indicates that the uptake of AgNPs can enhance the production of fatty acids and be commercialized as sustainable biodiesel. The algae Ulothrix sp. is evidenced as the best competent feedstock for biofuel production.
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1. Introduction


Increasing population, industrialization and fossil fuels depletion have triggered an energy crunch and, thereby, global warming. On the other hand, demands for fuel have also risen due to climatic changes and unstable fossil fuel production worldwide. The production of energy from edible crops to fulfill energy requirements has negatively affected the agro-ecological system [1]. On the other hand, the biofuels generated from algae are less hazardous to the environment because of their lessened dependency on land and freshwater resources. Due to their high growth rate, algae possess high productivity in short harvesting cycles, usually 1–10 days, as compared to other feedstocks (two times a year) [2]. Moreover, they have the capacity to sequester carbon 10 to 50 times higher than other land plants. Algal fuels have not touched commercial production yet due to limitations in biomass harvesting. Approaches to improve the biomass of algae and efficient production of fuel suggest the application of nanoparticles. Nanoparticles can stimulate the primary metabolite production and enrich lipid sources to enhance biofuel production. To enhance the fatty acid conversion efficacy to biodiesel fuel, the use of nanoparticles is recommended for proper lipid extraction or cell division [3]. The application of nanoparticles in the cultivation medium increases growth, carbon dioxide absorption from the air and light conversion efficiency. Therefore, the addition of nano-additives is a contemporary effective method to improve biomass yield, carbohydrates and lipids with regard to bioethanol, biomethane and biodiesel. However, the addition of nanoparticles to algal cultures is not an easy method, and numerous aspects must be considered concerning the concentration and characteristics of the nanoparticles [4].



Silver nanoparticles (AgNPs) have broad applications in food (especially in food packaging), cosmetics (in moisturizer, makeup and hair care products) [5], clothing and in the environmental sector (water and air purification) [6]. Global nanomaterial application has already contaminated the ecosystem, mainly silver nanomaterial. Nano-silver has badly affected water organisms; the production of these particles was 320 to 420 tons/year in 2016 (still increasing) and expected to reach 800 tons by 2025, which is of serious concern [7]. To maintain and improve a sustainable and ”green” environment, renewable and environmentally friendly energy feedstocks are required to reclaim current environmental issues. In an aquatic ecosystem, phytoplankton (algae) can undergo physiological modification and accumulate AgNPs [8].



Algae are a significant producer of energy and food cradle, contributing 40% of global biomass productivity and assisting in water purification. NPs cause membrane and mitochondrial damage, lysis, mutations and growth retardation. However, algae have a setup of responses (biochemical and molecular) against contaminants allowing them to adapt and protect themselves, such as the antioxidative defense system to exclude ROS and secretion of biomolecules to form a protective layer [9]. Oedogonium sp., Ulothrix sp., Cladophora sp. and Spirogyra sp. hold great capability to remediate waste resources and emerging pollutants. Nevertheless, these practical approaches to facilitate microalgal applications in a commercially feasible manner need to be improved, as performed in this experiment [2].



The impact of silver nanoparticles on green algae has been well-documented in many recent studies. For example, AgNPs perturbed the cell wall of algae and stimulated the discharge of intracellular metabolites suitable to produce biofuel. Silver nanoparticle–algae interactions trigger the reactive oxygen species (ROS) that modify metabolic pathways for the fabrication of hydrocarbons. The following hypotheses were assessed in this investigation: (1) absorbance of AgNPs by algae is helpful in bioremediation of polluted soil, (2) the exposure of AgNPs will increase photosynthesis pigment and algal biomass and (3) AgNPs will enhance the production of carbohydrates, proteins and lipids for biofuel production. This study was planned to improved biodiesel quantity with quality via nanotechnology from algae. The present study anticipates that the nanoparticle application can trigger the storage of algal metabolites with bioremediation via algal resources.




2. Material and Methodology


2.1. Sampling and Identification of Algae


Different species of algae were collected from different areas of Punjab, Pakistan. Four algal strains were selected on the bases of morphology and further recognized by matching 18SrDNA and ITS regions. After DNA extraction [10], the 18SrDNA gene was amplified and sequenced using Macrogen, then sequences were used to draw phylogenetic trees using MEGAX software.




2.2. Response Surface Methodology (RSM) Design


RSM (DESIGN-EXPERT 11) was used to elevate the conditions of silver nanoparticles for the optimal production of carbohydrates, proteins and lipids for algal biomass production. The experimental design consisted of AgNPs (Sigma® St. Louis, MI, USA) ranging from 0 to 0.08 mg/L and days 1 to 7 as design variables and growth, carbohydrates, proteins, chlorophyll and lipids as response variables. Table 1 and Table 2 depict the optimized variables for all the tested algal strains, with 13 trials in total. Firstly, 5 g FW of each alga was inoculated in 500 mL jars with Blue Green (BG) media (Table S1 in Supplementary Data) at pH 7, 25 °C, under a 16 h:8 h light–dark cycle. On days 1, 3, 5, 7 and 8, biomass was harvested.




2.3. Quantification of Silver Uptake Using Atomic Absorption Spectrophotometry


To determine the concentration of silver present in the four algae, Z-5000 polarized Zeeman atomic absorption spectrophotometry was used according to the protocol mentioned in [11].




2.4. Algal Growth


Algae biomass was calculated after the implication of nanoparticles. Biomass productivity was calculated by using this formula:


   Biomass   productivity     (   g   FW   )  =    Amount   of   biomass     ( g )  /  Number   of   days     



(1)








2.5. Biochemical Profiling


Carbohydrates, total protein, chlorophyll and lipids were quantified. Dry algae (10 mg) were used for quantification of carbohydrates by following the protocol mention in [12], while 1 mg dry algae were used to quantify total protein followed by that in [2]. Chlorophyll estimation using methanol was performed on 0.5 g of algae [13]. One gram of dried algal sample was used to extract lipids via microwave-assisted extraction. Lipid contents were calculated in percentage by using the following formula [14].


   Lipid   content     (   %   DCW   )  =  (   weight   of   lipids  /  weight   of   samples   )  × 100    



(2)








2.6. Transesterification and FAME Analysis via GC-MS


Extracted lipids were transesterified using 1.5 (wt.%) KoH as a catalyst with 1:6 lipids: methanol ratio at 60 °C for 120 min; the top layer was isolated from the glycerol then centrifuged for 10 min at 13,000× g. The biodiesel was washed with deionized water [14]. After transesterification, the recovered FAMEs were injected into a GC-MS (Agilent Technologies 7890B, Santa Clara, CA, USA) with the GCMS condition mentioned in [15].




2.7. Fuel Properties Determined from the Fatty Acid Profile Generated from GCMS


Fuel properties, including higher heating value, cetane number, iodine value, saponification valve, oxidation stability, cold filter plugging point, density, and kinematic viscosity, were calculated using the formulas mentioned in [16].




2.8. Statistical Analyses


Analysis of variance (ANOVA) and a least significant difference was performed to analyze the data of central composite design (DESIGN-EXPERT 11).





3. Results and Discussion


3.1. Molecular Identification of Algae


Algae used during present study were molecularly characterized via PCR. The phylogenetic tree indicated that KU865576 had 94% similarity with Oedogonium sp. (Figure S1 in Supplementary Data). The second sample LHRZOO6 with an accession number of KU865575 s showed the closest similarity of (92%) with Ulothrix zonata (JX491152.1). JGDN5, assigned with accession no. KU865580, showed closest similarity (84%) with Cladophora sp. (KF318887.1). PUL1 (KU865578) showed 93% homology with Spirogyra sp. (KM677012.1).




3.2. Bioremediation of Silver Nanoparticles by Algal Species


The capacity of the four algal strains to remediate silver ions with respect to days is shown in Table 1. Ulothrix sp. attained the maximum uptake of silver ions sp. at 0.00149 mg/g (9.3% removal), with 0.00144 mg/g (9%) by Cladophora sp., 0.00142 mg/g (8.8%) by Spirogyra sp. and 0.00137 mg/g (8.5%) by Oedogonium sp. The algal cell wall is an essential part in the bioremediation of AgNPs as it provides sites for interaction and acts as a barrier for translocation. Algal blooms depend on the cell wall thickness (5–20 nm) to resist silver deposition, which defines its barrier properties [17]. Although algal cell walls are semi-permeable and permit limited passage of small particles, the AgNP uptake depends on the algal cell size and shape with charge. The application of AgNPs permits the formation of new pores in the algal membrane, making them more permeable and less selective in facilitating transportation [18]. AgNPs can pass across the algal cell membrane via transportation and ion/voltage-gated channels, subsequently reaching the cytosol, binding to cellular organelles and reducing ROS formation, improving photosynthetic and respiratory processes [19]. Application of a low concentration of AgNPs (0.08 mg/L) seems feasible for each studied algae to absorb AgNPs; however, Ulothrix sp. absorbed a high quantity of AgNPs compared to other strains. Hence, all of these four strains could be used to amass silver from silver-contaminated water.
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Table 1. Central composite design results from silver ion uptake by algae.






Table 1. Central composite design results from silver ion uptake by algae.





	

	

	
Factor 1

	
Factor 2

	
Response 1

	
Response 2

	
Response 3

	
Response 4




	
Std

	
Run

	
A: Silver Nanoparticle

	
B: Days

	
Oedogonium sp.

	
Ulothrix sp.

	
Cladophora sp.

	
Spirogyra sp.




	

	

	
mg/L

	

	
mg/g

	
mg/g

	
mg/g

	
mg/g






	
5

	
1

	
0.05

	
5

	
0.00105

	
0.00114

	
0.00111

	
0.00109




	
13

	
2

	
0.02

	
3

	
0.00053

	
0.00062

	
0.00059

	
0.00057




	
2

	
3

	
0.02

	
5

	
0.00072

	
0.00081

	
0.00078

	
0.00076




	
9

	
4

	
0.02

	
7

	
0.00094

	
0.00102

	
0.00099

	
0.00097




	
11

	
5

	
0.05

	
5

	
0.00103

	
0.00114

	
0.00111

	
0.00109




	
6

	
6

	
0.08

	
7

	
0.00137

	
0.00149

	
0.00144

	
0.00142




	
3

	
7

	
0.02

	
5

	
0.00072

	
0.00081

	
0.00078

	
0.00076




	
12

	
8

	
0.05

	
5

	
0.00105

	
0.00114

	
0.00111

	
0.00109




	
7

	
9

	
0.08

	
3

	
0.00093

	
0.00105

	
0.00101

	
0.00099




	
10

	
10

	
0.05

	
8

	
0.00122

	
0.00135

	
0.00131

	
0.00129




	
8

	
11

	
0.05

	
3

	
0.00074

	
0.00085

	
0.00081

	
0.00078




	
1

	
12

	
0.05

	
5

	
0.00105

	
0.00114

	
0.00111

	
0.00109




	
4

	
13

	
0.05

	
5

	
0.00105

	
0.00114

	
0.00111

	
0.00109










3.3. Effect of Silver Nanoparticles on Algal Growth


The effect of AgNps reduced the growth of Oedogonium sp. from 5 g to 1.8 g, 2.3 g in Ulothrix sp., 1.5 g in Cladophora sp., and 1.3 g in Spirogyra sp. with respect to days under a concentration of 0.08 mg/L on day 7 (Table 2). The production of free radicals in algae damages cellular functions, which reduces the growth of these strains [20]. In one report, a concentration of 1 mg/L titanium NPs reduced Dunaliella salina growth [21]. Fe2O3 nanoparticles reduced the growth of the alga Scenedesmus obliquus on day 7 with a reduction of 8.0, 14.7 and 16.9% at 40, 60 and 100 mg/L, respectively [22]. MgO nanoparticles reduced growth by 22.7, 35.4 and 41.1% under 0.8, 8 and 40 mg/L on day 7, respectively, due to the formation of agglomerates from NPs restricting the penetration of light, severely affecting algal growth [23].
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Table 2. The central composite design of combined effect of silver nanoparticles, metabolites and stress duration (Days) in algal strains.
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Std

	
Run

	
Factor 1

	
Factor 2

	
Algal Strain

	
Response 1

	
Response 2

	
Response 3

	
Response 4

	
Response 5




	
A: Silver Nanoparticle (mg/L)

	
B: Days

	
Growth (g FW)

	
Carbohydrates (mg/g)

	
Proteins

(mg/g)

	
Chlorophyll (µg/gfw)

	
Lipids (%)






	
8

	
1

	
0

	
1

	
Oedogonium sp.

	
5

	
0.15

	
0.019

	
40

	
46




	
Ulothrix sp.

	
5

	
0.14

	
0.020

	
34

	
50




	
Cladophora sp.

	
5

	
0.17

	
0.022

	
38

	
48




	
Spirogyra sp.

	
5

	
0.2

	
0.017

	
35

	
44




	
9

	
2

	
0.02

	
3

	
Oedogonium sp.

	
5.3

	
0.16

	
0.021

	
39

	
48




	
Ulothrix sp.

	
6

	
0.17

	
0.022

	
33

	
51




	
Cladophora sp.

	
6.2

	
0.20

	
0.025

	
37

	
50




	
Spirogyra sp.

	
5.1

	
0.24

	
0.020

	
35

	
45




	
1

	
3

	
0.02

	
5

	
Oedogonium sp.

	
3.3

	
0.18

	
0.023

	
34

	
49




	
Ulothrix sp.

	
4.4

	
0.16

	
0.024

	
27

	
53




	
Cladophora sp.

	
3.6

	
0.2

	
0.026

	
32

	
51




	
Spirogyra sp.

	
3.3

	
0.23

	
0.021

	
29

	
47




	
7

	
4

	
0.02

	
7

	
Oedogonium sp.

	
2.7

	
0.21

	
0.026

	
29

	
53




	
Ulothrix sp.

	
3.5

	
0.19

	
0.027

	
23

	
56




	
Cladophora sp.

	
2.7

	
0.23

	
0.028

	
27

	
54




	
Spirogyra sp.

	
2.4

	
0.26

	
0.024

	
25

	
51




	
4

	
5

	
0.05

	
5

	
Oedogonium sp.

	
3.0

	
0.45

	
0.031

	
32

	
67




	
Ulothrix sp.

	
4

	
0.41

	
0.032

	
25

	
71




	
Cladophora sp.

	
3.2

	
0.45

	
0.034

	
30

	
69




	
Spirogyra sp.

	
2.9

	
0.48

	
0.029

	
27

	
65




	
11

	
6

	
0.08

	
7

	
Oedogonium sp.

	
1.8

	
0.49

	
0.038

	
19

	
74




	
Ulothrix sp.

	
2.3

	
0.47

	
0.039

	
13

	
78




	
Cladophora sp.

	
1.5

	
0.51

	
0.042

	
17

	
76




	
Spirogyra sp.

	
1.3

	
0.54

	
0.036

	
15

	
72




	
12

	
7

	
0.02

	
5

	
Oedogonium sp.

	
3.3

	
0.18

	
0.023

	
34

	
52




	
Ulothrix sp.

	
4.2

	
0.16

	
0.024

	
27

	
56




	
Cladophora sp.

	
3.4

	
0.2

	
0.026

	
32

	
54




	
Spirogyra sp.

	
3.3

	
0.23

	
0.021

	
29

	
49




	
13

	
8

	
0.05

	
5

	
Oedogonium sp.

	
3

	
0.43

	
0.031

	
32

	
67




	
Ulothrix sp.

	
4

	
0.41

	
0.032

	
25

	
71




	
Cladophora sp.

	
3.2

	
0.45

	
0.034

	
30

	
69




	
Spirogyra sp.

	
2.9

	
0.48

	
0.029

	
27

	
65




	
10

	
9

	
0.08

	
3

	
Oedogonium sp.

	
3.8

	
0.47

	
0.036

	
21

	
61




	
Ulothrix sp.

	
4.8

	
0.45

	
0.037

	
15

	
65




	
Cladophora sp.

	
4

	
0.49

	
0.039

	
19

	
63




	
Spirogyra sp.

	
3.7

	
0.51

	
0.034

	
17

	
59




	
6

	
10

	
0.05

	
8

	
Oedogonium sp.

	
2.2

	
0.45

	
0.034

	
28

	
68




	
Ulothrix sp.

	
3.2

	
0.43

	
0.035

	
21

	
72




	
Cladophora sp.

	
2.4

	
0.47

	
0.037

	
26

	
70




	
Spirogyra sp.

	
2.1

	
0.49

	
0.032

	
23

	
66




	
3

	
11

	
0.05

	
3

	
Oedogonium sp.

	
4.3

	
0.4

	
0.029

	
33

	
64




	
Ulothrix sp.

	
5.5

	
0.38

	
0.030

	
27

	
68




	
Cladophora sp.

	
4.7

	
0.42

	
0.033

	
31

	
66




	
Spirogyra sp.

	
4.4

	
0.45

	
0.027

	
29

	
62




	
5

	
12

	
0.05

	
5

	
Oedogonium sp.

	
3

	
0.43

	
0.031

	
32

	
67




	
Ulothrix sp.

	
4

	
0.41

	
0.032

	
25

	
71




	
Cladophora sp.

	
3.2

	
0.45

	
0.034

	
30

	
69




	
Spirogyra sp.

	
2.9

	
0.48

	
0.029

	
27

	
65




	
2

	
13

	
0.05

	
5

	
Oedogonium sp.

	
3

	
0.43

	
0.031

	
32

	
67




	
Ulothrix sp.

	
4

	
0.41

	
0.032

	
25

	
71




	
Cladophora sp.

	
3.2

	
0.45

	
0.034

	
30

	
69




	
Spirogyra sp.

	
2.9

	
0.48

	
0.029

	
27

	
65










3.4. The Effect of Silver Nanoparticles on the Carbohydrates


Carbohydrate accumulation was increased from 0.15 to 0.49 mg/g in Oedogonium sp., 0.14 to 0.47 mg/g in Ulothrix sp., 0.17 to 0.51 mg/g in Cladophora sp., and 0.20 to 0.54 mg/g in Spirogyra sp. at 0.08 mg/L of AgNPs at day 7. A larger accumulation of carbohydrates triggers an upsurge in respiration and greater consumption of carbohydrates for the production of energy [24]. The reduction in photosynthetic efficiency under high NP stress inhibits carbohydrate transport, causing the accumulation of starch or sucrose. In order to reduce ionic toxicity, algal cells stimulate glycolysis to reduce the carbohydrates, increase respiration and generate glycerol [25]. Carbon with ATP from glycolysis can also be utilized to produce lipids and energy-intensive mechanisms to improve survival under NP application. Cellular carbon flow supports the production of lipids instead of carbohydrates, as seen in a rise in algal species [26]. In another study, carbohydrates were significantly affected by 24 h of AgNPs in P. malhamensis [27]. Silver nanoparticles (90 to 1440 µg/L) increased carbohydrate production to 22 to 80% in Chlorella sp. [28]. An increase in carbohydrates is an adaptive response to NP stress that serves as an osmotic agent to enhance absorbency and retain a stability of water metabolism in algal species [29]. Silver nanoparticles increased carbohydrate yield in Chlorella sp. by 15% [25]. Accumulation of carbohydrates as storage molecules to protect algal cells was also reported with TiO2 nanoparticles, which doubled the carbohydrate concentration from controls in Chlorella sorokiniana [30] or silver nanoparticles in Skeletonema costatum [8].




3.5. Effect of Silver Nanoparticles on Proteins


The protein content improved from 0.019 to 0.038 mg/g in Oedogonium sp., 0.020 to 0.039 in Ulothrix sp., 0.022 to 0.042 mg/g in Cladophora sp., and 0.017 to 0.036 mg/g in Spirogyra sp. at 0.08 mg/L of AgNPs at day 7. The accumulation of protein in algae is associated with eliminating toxic effects caused by nanoparticles. Silver has a strong affinity to the sulfur groups that are in many proteins. Methionine and cysteine are sulfur-containing amino acids; therefore, the accumulation of protein in response to nanoparticles is related to a detoxification mechanism preventing algae cells from being damaged in response to NP stress [31]. Antioxidant enzymes and molecular chaperones play a vigorous role in these protective mechanisms. The metalloproteins (metallopeptidases) and phytochelatins (zinc, copper and iron) assist in protecting against the toxicity of NPs. Metalloproteins remove free radicals and serve as a shielding agent to defend algal cells from oxidative stress [32]. Mitogen-activated protein kinases (MAPK) are signaling molecules involved in transmitting information from sensors to cellular responses. ROS production against AgNP stress stimulates the MAPK pathway, down-regulating ROS generation [33].



Moreover, the intracellular augmentation of glutathione occurs to detoxify silver toxicity. Silver toxicity increases the amount of glutathione acting as a precursor of phytochelatins, which assists the mitogen-activated protein kinases pathway function in detoxification [34]. Silver nanoparticles may lyse the algal cell wall to excrete biomolecules such as proteins. Fe2O3 NPs at <20 mg/L promoted protein levels in Scenedesmus obliquus [22]. Zinc oxide NPs increased the protein accumulation by 1.68 times compared to controls in Chlorella sp. [35]. ZnO and Fe2O3 NPs increased the protein content in N. oculata because these algae produced proteins to detoxify themselves from the toxicity of AgNPs [36].




3.6. Effect of Silver Nanoparticles on Chlorophyll


The chlorophyll was decreased from 40 to 19 µg/gfw in Oedogonium sp., 34 to 13 µg/gfw in Ulothrix sp., 38 to 17 µg/gfw in Cladophora sp., and 35 to 15 µg/gfw in Spirogyra sp. at 0.08 mg/L of AgNPs at day 7. The possible reason for the chlorophyll reduction is linked with the sensitivity of the photosynthetic machinery of green algae due to silver ions, as Ag+ can replace Cu+ from thiols of functional proteins, leading to the disruption or inactivation of photosynthetic electron transport and photosystem activity [37]. Silver ions ruin photosynthesis in C. reinhardtii, disturbing its photosynthetic activity. High concentrations of AgNPs significantly reduce the photosynthetic yield in Isochrysis galbana, as present research indicates; by increasing the application of AgNPs from 0.02 to 0.08 mg/L, the chlorophyll content reduced drastically in all tested algal strains [38]. The photosynthetic performance was highly affected by AgNPs in Poterioochromonas malhamensis after 24 h exposure, but in the present study, the photosynthetic performance was highly affected after two days as the algal culture was observed to be green [27]. In one study, Fe2O3 NPs reduced the chlorophyll content in Scenedesmus obliquus on day 7 at 40 mg/L [39]. The reduction in chlorophyll is associated with the aggregation of NPs, which hinders the pigments from absorbing light and ultimately inhibits photosynthesis [40]. Gold nanoparticles reduced the production of chlorophyll after 72 h of exposure in C. reinhardtii and P. tricornutum, while Cr2O3 changed the PSII energy transfer of C. reinhardtii [41]. In one study, Al2O3 NPs may have formed aggregates on the cell wall of Scenedesmus sp., which might negatively affect the photosynthesis rate and respiration. In addition, dissolved silver ions also directly damaged photosynthetic machinery by adhering to the cell membrane, then penetrating and causing changes in the integrity of the membrane system [18].




3.7. Effect of Silver Nanoparticles on Lipids


The lipid content enlarged from 46 to 74% in Oedogonium sp., 50 to 78% in Ulothrix sp., 48 to 76% in Cladophora sp., and 44 to 72% in Spirogyra sp. at 0.08 mg/L of AgNPs at day 7. As the concentration of AgNPs increased, the lipid content also increased in all algae strains under observation. Low doses of NPs enhanced the production of lipids in algae. The toxic metal ion release into the algal cells alters the algal cells, which is reduced by lipid production as a protective mechanism. Lipid induction consequently amends the physiological state of cells by reducing cell wall integrity and cytoplasm shrinkage [42]. AgNPs stimulate Acetyl-coenzyme A carboxylase to catalyze the fatty acid biosynthesis, increasing lipid synthesis. The cellular lipid content acts as an electron sink of ROS to improve the preservation of cellular redox homeostasis and alleviate possible oxidative damage caused by AgNPs [28]. In one study, the lipid content significantly increased from 24 h exposure of AgNPs to Poterioochromonas malhamensis [43] because under AgNP stress, malonyl-ACP enters the fatty acid synthesis pathway where β-ketoacyl ACP synthase located on cell membrane catalyzes the condensation reactions to accumulate fatty acids, as found in the current study [44]. The lipid content was improved by 27.8, 32.2, and 53.4 in Scenedesmus obliquus by MgO NPs at 0.8, 40, and 100 mg/L, respectively, because algae accumulate lipids as an energy source in response to stress [22]. Similar findings were reported with silicon NPs at 150 mg/L, which increased the lipid content up to 40.26% in Scenedesmus sp. [45]. Nanoscale zero-valence iron enhanced lipid content up to 41.90% in Tetraselmis suecica and 46.34% in Pavlova lutheri [46]. In Chlorella fusca the lipid increased by 10.9 and 16.7% with 0.3 and 0.5 g/L of nanofibers, correspondingly [47]. The application of nanoparticles enhanced the lipid yield in many in Chlorella vulgaris [25]. Interestingly, in the present study, the increase in lipid was substantial in lipid production compared to other algal species.




3.8. Analysis of Variance (ANOVA)


A lack of fit and an ANOVA test were applied to analyze the significance, reliability and fitness of the model. Results are shown in Supplementary Tables S2–S25. All the models show a p-value < 0.05, indicating that all models were highly substantial, reliable and a good fit for present experimental data.




3.9. Fit Statistic


R2 is the correlation coefficient that indicates whether the experimental data fit the model. R2 must be at least 0.80. In all the models, R2 was greater than 0.8 (Table 3), indicating good compatibility between the actual and calculated results within the range of the experiments.




3.10. Equations in Terms of the Coded Equation


In Table S25, the growth, carbohydrates, proteins, chlorophyll and lipids in the algal samples were responses, and A and B were the coded terms of the investigated parameters. A is AgNP concentration, and B is days (duration of silver nanoparticles). These equations can accurately describe the interactions, factors and responses.




3.11. Validity of Models


The standard probability plot of the residuals illustrates the adequacy of the model. Figure 1, Figure 2, Figure 3 and Figure 4 illustrate the plots of the residuals versus the predictive values of the responses of tested algae. The residuals should fall close to the diagonal reference line [48]. Deviation from this straight line means the residuals were fleeing from normality. All models were well-fitted with the experimental results because residuals from the fitted model were close to the diagonal line and seemed to be normally distributed [49]. The actual values and predicted values in Figure 1, Figure 2, Figure 3 and Figure 4 are very close to the zero-error line (straight line), which shows the strong correlation between the process factors and the responses to obtain a sustainable model for the algae.




3.12. Interaction of Factors on Response


The effect of the process variable (AgNP concentration and days) on growth, carbohydrates, proteins, chlorophyll and lipids are represented in Figure 1, Figure 2, Figure 3 and Figure 4. Algal growth and chlorophyll were observed to decrease with increases in the concentration of AgNPs concerning days, while carbohydrates, proteins and lipids were observed to increase with increases in the concentration of AgNPs with respect to days. Three-dimensional plots provide a visualization of the relationship between the response and interaction between operating variables to optimize conditions for adding AgNPs in algal cultures. The three-dimensional plots demonstrate the optimal level of each parameter for maximum response. Figure 1, Figure 2, Figure 3 and Figure 4 manage two variables at their zero level at a time. The maximum predicted value relies on two variables at a time. Algal growth and chlorophyll were observed to decrease with increases in the concentration of AgNPs with respect to days, while carbohydrates, proteins and lipids were observed to increase with increases in the concentration of AgNPs with respect to days. The trends were the same in all four species.




3.13. Fatty Acid Profile via GCMS


In experimental run 6, with 0.08 mg/g at day 7, the highest lipid content was obtained in all tested algal strains, which were further analyzed via GCMS for fuel property evaluation. The fatty acid profile of Oedogonium sp., Ulothrix sp., Cladophora sp. and Spirogyra sp. before and after AgNP stress is shown in Table 4. Under AgNP stress, 16 fatty acids were detected in Oedogonium sp., 17 in Ulothrix sp., 14 in Cladophora sp. and 20 in Spirogyra sp. The results demonstrate that after AgNP stress, C14:1 slightly reduced in algal strains except in Ulothrix sp. The portions of myristic acid, methyl myristate, methyl palmitoleate, methyl palmitate, linolenate, and linoleate were reduced after AgNP stress in all tested algal strains. Linolenic acid was detected only in Oedogonium sp. and Spirogyra sp., reduced after AgNPs stress. Hexadecadienoic was detected only in the control of Oedogonium sp. and Spirogyra sp., while erucic acid in Oedogonium sp. and Cladophora sp. was not found after AgNP stress. Caprylate, caprate and laureate were detected in Ulothrix sp. and Cladophora sp., and remained the same after AgNP stress. Arachidic acid and gondoic acid were increased after AgNP stress only in Spirogyra sp. ethyl oleate, palmatic acid and linoleic acid were increased after AgNP stress in all tested algal strains. Stearic acid and palmitoleic acid slightly increased in Oedogonium sp. and Spirogyra sp. after AgNP stress. After AgNP stress, oleic acid and methyl stearate significantly increased in all algal strains except for Cladophora sp., where both fatty acids were absent before and after AgNP stress. Arachidate and erucate were detected in Ulothrix sp. and Cladophora sp., reduced after AgNP stress. Behenic acid was detected in all tested algal strains after AgNP stress.



In the present study, methyl palmitate was the dominating fatty acid. The results show that the saturated fatty acids and PUFAs increased while MUFAs reduced after contact with 0.08 mg/L AgNPs. A high composition of saturated fatty acids after AgNP treatment suggests that the lipids produced are extra stable and invulnerable to autoxidation in storage. Identical results were reported in C. vulgaris, where after 15 mg/L AgNP treatment, the SFAs increased from 54.88 to 61.47% and 52.81 to 67.27% in D. splendida. The UFAs decreased from 45.11 to 39% in C. vulgaris and 47.18 to 32.73% in D. splendida, while MUFAs decreased from 30.99 to 14.33% and 33.57 to 15.75% in C. vulgaris and D. splendida, respectively [16]. Palmitic acid was 43.06 and 46.57% in C. vulgaris and D. splendida, respectively. Linoleic acid was 20.62 and 20.12% in C. vulgaris and D. splendida, respectively [24]. The fatty acid composition confirms that the exposure of AgNPs alters the metabolism of all the tested algal strains towards the production of hydrocarbons (Figure 5).




3.14. Algal Fuel Properties


Biodiesel properties before and after the application of AgNPs are presented in Table 5. The results indicate that IV was reduced from 110 to 102 g I2/100 g in Oedogonium sp., 114 to 89 g I2/100 g in Ulothrix sp., 122 to 103 g I2/100 g in Cladophora sp., and 109 to 104 g I2/100 g in Spirogyra sp. after exposure to AgNPs. According to EN 14214, biodiesel should have an IV less than 120 g I2/100 g, while no specifications have been reported in the ASTM D6751. The IV is under 120 g I2/100 g in the present study in all tested algal strains. The lowest IV was calculated in Ulothrix sp. after exposure to AgNPs. Table 5 shows that under treatment with AgNPs, the saponification value reduced from 202 to 191 mg KOH/g in Oedogonium sp., 197 to 158 mg KOH/g in Ulothrix sp., 199 to 170 mg KOH/g in Cladophora sp., and 206 to 189 mg KOH/g in Spirogyra sp. No specification for SV has been reported in standards, with the lowest SV noted in Ulothrix sp. after treatment with AgNPs. The cetane number is the vital parameter in determining the combustion quality of biodiesel. Table 5 shows that after treatment with AgNPs, the cetane number increased from 48.6 to 53 in Oedogonium sp., 48.5 to 61 in Ulothrix sp., 47 to 56 in Cladophora sp., and 48 to 52.6 in Spirogyra sp. In accordance with ASTM D6751, the cetane number should be a minimum of 48 and 52 in the EN 14214. In the present study, the cetane number in all algal strains was greater than 47. These results indicate that the CN in all algal strains increased after the treatment with AgNPs, with the highest CN recorded in Ulothrix sp. after treatment with AgNPs.



In current findings, the HHV was in the range of 36 to 40 MJ/kg. According to the ASTM standard, a high heating value for biodiesel should be more than 35 MJ/kg, while no specifications have been reported in the EN 14214 [50]. After treatment with AgNPs, the HHV increased compared to the controls. The highest HHV was noted in Ulothrix sp. after treatment with AgNPs. To determine biodiesel flow performance at low temperatures, the cold filter plugging point was used [51]. In the present study, the CFPP of all four algal species was −13.52 to −16.47 °C. According to EN 14214, the CFPP of biodiesel should be ≤5/≤−20 °C, while there is no specification for CFPP in the ASTM 6751. CFPP is interrelated with the LCSF. Biodiesel possessing a significant fraction of C18:0 and C16:0 attains higher CFPP [52]. The results indicate that the kinematic viscosity of tested algal strains was 3.5 to 3.8 mm2 s −1, which is in the range of both standards ASTM 6751 (1.9–6.0 mm2 s −1) and EN 14214 (3.5–5.0 mm2 s −1). The density of the biodiesel fuel for all four algae strains was in the range of 0.86 to 0.88 g cm−3. According to the EN 14214, the density of biodiesel should be between 0.86 and 0.9 g cm−3, while there is no specification for density in the ASTM 6751. To ensure the storage of biodiesel without autoxidation, biodiesel must have suitable oxidation stability at 110 °C. Oxidation stability should ≥ 6 h at 110 °C (EN 14214), while no specification is recorded in the ASTM 6751 [53]. The results indicate that the overall oxidation stability of the biodiesel fuel for all four algae strains is in the range of 46 to 382 h. The oxidation stability increased in Oedogonium sp. from 114 to 199 h and in Ulothrix sp. to 238 h after treatment with AgNPs. The highest oxidation stability was noted in Ulothrix sp. after AgNP stress (0.08 mg/L). Oedogonium sp., Ulothrix sp., Cladophora sp. and Spirogyra sp. were subjected to AgNP stress to enhance lipid production and improve FAMEs composition for fuel production. All fuel properties in tested algal strains after treatment with AgNPs were within the range of standards [54].





4. Conclusions


The current study provides a reliable method to clean water with valuable byproducts and biodiesel production by using local algae. The application of NPs to the cultures of algae is an effective substitute to increase the enrichment and production of biodiesel from non-conventional resources. This study demonstrates that the production of carbohydrates, proteins and lipids was substantially greater after the application of nanoparticles. Carbohydrates in Oedogonium sp. were 0.49 mg/g, 0.47 mg/g in Ulothrix sp., 0.51 mg/g in Cladophora sp. and 0.54 mg/g in Spirogyra sp., while proteins were 0.038 mg/g in Oedogonium sp., 0.039 mg/g in Ulothrix sp., 0.042 mg/g in Cladophora sp. and 0.036 mg/g in Spirogyra sp. from using 0.08 mg/L of silver nanoparticles applied at day 7. Total lipid increased from 46 to 74% in Oedogonium sp., 50 to 78% in Ulothrix sp., 48 to 76% in Cladophora sp. and 44 to 72% in Spirogyra sp. using 0.08 mg/L of silver nanoparticles applied at day 7. The lipids and fatty acid fractions from algae contain high oleic acid, palmitic acid, and stearic acid concentrations. The lipid composition in algal species can be enhanced by applying silver nanoparticles, which have a positive effect on cellular activity in Oedogonium sp., Ulothrix sp., Cladophora sp., and Spirogyra sp. The implications of silver nanoparticles are still at an early stage, and substantial research to overcome the barriers to releasing toxic ions and their damage to cellular activity requires further investigation.
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Figure 1. Response surface plots of (a) growth, (b) carbohydrates, (c) proteins, (d) chlorophyll and (e) lipids in Oedogonium sp. Color based on response value, as blue color shows the minimum points and red color shows the maximum points, pink color indicates points below predicted value. 






Figure 1. Response surface plots of (a) growth, (b) carbohydrates, (c) proteins, (d) chlorophyll and (e) lipids in Oedogonium sp. Color based on response value, as blue color shows the minimum points and red color shows the maximum points, pink color indicates points below predicted value.
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Figure 2. Response surface plots of (a) growth, (b) carbohydrates, (c) proteins, (d) chlorophyll and (e) lipids in Ulothrix sp. Color based on response value, as blue color shows the minimum points and red color shows the maximum points, pink color indicates points below predicted value. 






Figure 2. Response surface plots of (a) growth, (b) carbohydrates, (c) proteins, (d) chlorophyll and (e) lipids in Ulothrix sp. Color based on response value, as blue color shows the minimum points and red color shows the maximum points, pink color indicates points below predicted value.
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Figure 3. Response surface plots of (a) growth, (b) carbohydrates, (c) proteins, (d) chlorophyll and (e) lipids in Cladophora sp. Color based on response value, as blue color shows the minimum points and red color shows the maximum points, pink color indicates points below predicted value. 






Figure 3. Response surface plots of (a) growth, (b) carbohydrates, (c) proteins, (d) chlorophyll and (e) lipids in Cladophora sp. Color based on response value, as blue color shows the minimum points and red color shows the maximum points, pink color indicates points below predicted value.
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Figure 4. Response surface plots of (a) growth, (b) carbohydrates, (c) proteins, (d) chlorophyll and (e) lipids in Spirogyra sp. Color based on response value, as blue color shows the minimum points and red color shows the maximum points, pink color indicates points below predicted value. 






Figure 4. Response surface plots of (a) growth, (b) carbohydrates, (c) proteins, (d) chlorophyll and (e) lipids in Spirogyra sp. Color based on response value, as blue color shows the minimum points and red color shows the maximum points, pink color indicates points below predicted value.
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Figure 5. Lipid production yield in studied algal species before and after silver nanoparticle application. (Different letters show different letters indicate significant difference at P = 0.05 according to Duncan’s new multiple range test). 
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Table 3. Fit statistics of models.






Table 3. Fit statistics of models.





	
Algae

	
Variable

	
R2

	
Adjusted R2

	
Adeq Precision

	
Std. Dev.

	
Mean

	
C.V. %






	
Oedogonium sp.

	
Growth

	
0.9862

	
0.9763

	
35.5425

	
0.1364

	
3.21

	
4.25




	
Carbohydrates

	
0.9980

	
0.9965

	
67.2033

	
0.0076

	
0.3615

	
2.09




	
Proteins

	
0.9993

	
0.9989

	
151.171

	
0.0002

	
0.0295

	
0.61




	
Chlorophyll

	
0.9925

	
0.9872

	
45.9952

	
0.6074

	
30.54

	
1.99




	
Lipids

	
0.9811

	
0.9676

	
24.4970

	
1.57

	
61.69

	
2.55




	
Ulothrix sp.

	
Growth

	
0.9956

	
0.9924

	
64.6544

	
0.0819

	
4.15

	
1.97




	
Carbohydrates

	
0.9974

	
0.9955

	
58.3222

	
0.0085

	
0.3423

	
2.50




	
Proteins

	
0.9993

	
0.9989

	
0.0002

	
0.0305

	
151.17

	
0.59




	
Chlorophyll

	
0.9950

	
0.9914

	
58.4744

	
0.4830

	
23.92

	
2.02




	
Lipids

	
0.9842

	
0.9728

	
26.4956

	
1.45

	
65.62

	
2.21




	
Cladophora sp.

	
Growth

	
0.9743

	
0.9560

	
26.7868

	
0.2364

	
3.42

	
6.90




	
Carbohydrates

	
0.9980

	
0.9965

	
67.2033

	
0.0076

	
0.3815

	
1.98




	
Proteins

	
0.9946

	
0.9907

	
51.6865

	
0.0005

	
0.0325

	
1.67




	
Chlorophyll

	
0.9925

	
0.9872

	
45.9952

	
0.6074

	
28.54

	
2.13




	
Lipids

	
0.9842

	
0.9728

	
26.4956

	
1.45

	
63.62

	
2.28




	
Spirogyra sp.

	
Growth

	
0.9966

	
0.9942

	
74.2051

	
0.0730

	
3.08

	
2.37




	
Carbohydrates

	
0.9996

	
0.9993

	
146.2298

	
0.0034

	
0.4085

	
0.84




	
Proteins

	
0.9993

	
0.9989

	
151.1711

	
0.0002

	
0.0275

	
0.6632




	
Chlorophyll

	
0.9950

	
0.9914

	
58.4744

	
0.4830

	
25.92

	
1.86




	
Lipids

	
0.9833

	
0.9713

	
25.8908

	
1.49

	
59.62

	
2.51
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Table 4. GC-MS fatty acid profile (% DW) of algal strains before and after AgNP stress.
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Fatty Acids

	
Oedogonium sp.

	
Ulothrix sp.

	
Cladophora sp.

	
Spirogyra sp.




	
Control

	
AgNPs Stress

	
Control

	
AgNPs Stress

	
Control

	
AgNPs Stress

	
Control

	
AgNPs Stress






	
Myristoleic acid (14:1)

	
0.18

	
0.15

	
-

	
-

	
0.34

	
0.31

	
0.18

	
0.17




	
Myristic acid (14:0)

	
0.36

	
0.35

	
0.17

	
0.15

	
0.16

	
0.14

	
0.09

	
0.07




	
Hexadecadienoic (16:2)

	
0.48

	
-

	
-

	
-

	
-

	
-

	
2.26

	
-




	
Palmitoleic acid (16:1)

	
2.97

	
3.10

	
-

	
-

	
-

	
-

	
0.32

	
0.35




	
Palmatic acid (16:0)

	
1.16

	
2.5

	
0.26

	
1.01

	
0.44

	
0.50

	
0.11

	
0.21




	
Linolenic acid (18:3)

	
0.46

	
0.21

	
-

	

	
-

	
-

	
0.68

	
0.31




	
Linoleic acid (18:2)

	
0.37

	
0.39

	
0.50

	
0.48

	
2.07

	
2.05

	
1.09

	
1.01




	
Oleic acid (18:1)

	
3.14

	
3.21

	
0.45

	
0.50

	
-

	
-

	
0.39

	
0.45




	
Stearic acid (18:0)

	
1.33

	
1.38

	
-

	
-

	
-

	
-

	
0.10

	
0.19




	
Gondoic acid (20:1)

	
-

	
-

	
-

	
-

	
-

	
-

	
0.19

	
0.21




	
Arachidic acid (20:0)

	
-

	
-

	
-

	
-

	
-

	
-

	
0.19

	
0.23




	
Erucic acid (22:1)

	
0.41

	
-

	
-

	
-

	
0.14

	
-

	
-

	
-




	
Caprylate (8:0)

	
-

	
-

	
0.35

	
0.35

	
0.36

	
0.36

	
-

	
-




	
Caprate (10:0)

	
-

	
-

	
0.63

	
0.63

	
0.12

	
0.12

	
-

	
-




	
Laurate (12:0)

	
-

	
-

	
0.23

	
0.23

	
0.61

	
0.60

	
-

	
-




	
Methyl myristate (14:0)

	
4.54

	
4.12

	
3.35

	
1.90

	
3.35

	
2.13

	
2.54

	
2.10




	
Methyl palmitoleate (16:1)

	
3.15

	
2.92

	
5.12

	
3.01

	
3.24

	
3.01

	
6.10

	
5.91




	
Methyl palmitate (16:0)

	
46.4

	
44.2

	
24.6

	
21.0

	
34.3

	
32.1

	
49.9

	
48.0




	
Linolenate (18:3)

	
2.33

	
2.01

	
2.64

	
1.81

	
7.60

	
6.10

	
1.19

	
1.10




	
Linoleate (18:2)

	
2.52

	
1.91

	
9.12

	
6.21

	
5.41

	
4.51

	
0.58

	
0.23




	
Methyl oleate (18:1)

	
28.1

	
26.01

	
44.5

	
37.1

	
42.2

	
33.1

	
29.9

	
28.0




	
Methyl stearate (18:0)

	
2.12

	
1.92

	
3.83

	
2.21

	
-

	
-

	
5.43

	
4.23




	
Arachidate (21:0)

	
-

	
-

	
2.43

	
2.21

	
-

	
-

	
1.17

	
1.01




	
Erucate (22:1)

	
-

	
-

	
2.23

	
1.72

	
-

	
-

	
0.58

	
0.43




	
Behenic acid (22:0)

	
-

	
0.09

	
-

	
0.07

	
-

	
0.10

	
-

	
0.14
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Table 5. Biodiesel properties of algal strains under silver nanoparticle stress.






Table 5. Biodiesel properties of algal strains under silver nanoparticle stress.





	
Algae

	
IV (g

I2100/g fat)

	
SV (mg

KOH/g)

	
CN

	
LCSF

	
CFPP

(°C)

	
HHVi

(MJ/kg)

	
Ρ

(g cm−3)

	
ʋ

(mm2/s)

	
Y at 110 °C (hour)






	
Biodiesel Standard EN 14214

	
≤120

	
-

	
≥51

	
-

	
≤5/≤−20

	
-

	
0.86–0.9

	
3.5–5.0

	
≥ 6




	
Biodiesel Standard

ASTM D6751-02

	
-

	
-

	
≥47

	
-

	
-

	
-

	
-

	
1.9–6.0

	
-




	
Oedogonium sp.

	
Control

	
110

	
202

	
48.6

	
0.77

	
−14.03

	
38.4

	
0.87

	
3.6

	
114




	
AgNPs Stress

	
102

	
191

	
53

	
0.94

	
−13.52

	
39.5

	
0.88

	
3.6

	
199




	
Ulothrix sp.

	
Control

	
114

	
197

	
48.5

	
0.026

	
−16.39

	
39.3

	
0.88

	
3.7

	
238




	
AgNPs Stress

	
89

	
158

	
61

	
0.101

	
−16.15

	
40

	
0.88

	
3.8

	
248




	
Cladophora sp.

	
Control

	
122

	
199

	
47

	
0.04

	
−16.47

	
36

	
0.86

	
3.7

	
59




	
AgNPs Stress

	
103

	
170

	
56

	
0.05

	
−16.31

	
39

	
0.88

	
3.8

	
61




	
Spirogyra sp.

	
Control

	
109

	
206

	
49

	
0.25

	
−15.68

	
37

	
0.86

	
3.5

	
82




	
AgNPs Stress

	
104

	
189

	
52

	
0.34

	
−15.38

	
38

	
0.87

	
3.6

	
84
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