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Abstract 
 
Silver nanoparticles are an alternative to new-generation antimicrobial agents with 
their antimicrobial activity. Iron and zinc nanoparticles can potentially be used as UV 
protection in various applications. Nowadays, green synthesis of nanoparticles as a 
sustainable alternative attracts attention. Microalgae are promising in nanoparticle 
synthesis among biological sources due to their high biomass productivity and heavy 
metal accumulation ability. The present study aimed to investigate the potential of 
synthesizing intracellular silver, zinc and iron nanoparticles from Porphyridium 
cruentum microalgae. For nanoparticle synthesis, the effects of metal solution 
concentration and amount of biomass on particle size were investigated. The 
nanoparticles were characterized by dynamic light scattering, UV-vis 
spectrophotometry, and antimicrobial activity test. Silver nanoparticles of 169.7 nm, 
zinc nanoparticles of 189 nm, and iron nanoparticles of 356.7 nm were characterized 
by DLS. 169.7 nm silver nanoparticles were synthesized with 9.83 mM AgNO3 
concentration and 0.19 mg/ml biomass: metal solution mixing ratio. The surface 
plasmon resonance band of silver nanoparticles was observed in the 300-350 nm 
wavelength range. According to the antibacterial activity results of silver 
nanoparticles, inhibition zone diameters were obtained as 10.83±0.76 mm and 
11.33±0.57 mm against Escherichia coli and Staphylococcus aureus bacteria, 
respectively.  

 

Introduction 
 

Nanoparticles, as one of the nanomaterials, are 
defined as solid colloidal particles sized in the range of 

10 nm to 1000 nm (McNamara & Tofail, 2017; Prabha et 

al., 2016). Biological routes have gained considerable 
attention in the field of green chemistry for the 
synthesis of nanoparticles, as they offer 
environmentally friendly, cost-effective, rapid, and 
straightforward alternatives to conventional methods 
due to the absence of complex chemical reactions. The 
green synthesis of metal nanoparticles using biological 
metabolites is particularly advantageous because the 
abundant intracellular components act as reducing and 
stabilizing agents, effectively converting metal ions into 
nanoparticles (Vijayaram et al., 2024). These green-

synthesized nanoparticles show superior performance 
in removing synthetic dyes, chemicals, antibiotics, and 
heavy metals compared to their conventionally 
produced counterparts. In addition, their biofunctional 
properties, such as antibacterial, antiviral, antifungal, 
and antioxidant activities make them highly promising 
for applications in cosmetics and biomedicine, including 
UV protection, wound healing, regenerative medicine, 
diagnostics, biosensing, and immunotherapy. Beyond 
biomedical applications, they are increasingly being 
used in environmental remediation, photocatalytic 
reduction, energy storage, sensing, and food packaging 

(Aigbe & Asibate, 2024; Cepoi et al., 2021; Dağlıoğlu & 
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Yılmaz Öztürk, 2019; Jeon et al., 2021; Kandav & Sharma, 
2024; Patel et al., 2015; Vijayaram et al., 2024).  

Natural resources such as bacteria, fungi, algae, 
plant extracts, enzymes, and natural polymers are 
utilized for the biosynthesis of nanoparticles. Although 
plant extracts and bacteria are the most common 
resources for metal nanoparticle synthesis, has gained 
increasing attention to the usage of microalgae for the 
reduction of metal ions to nanoparticles via biological 
pathways in recent years. Because microalgae have the 
ability to accumulate toxic metals and bioremediate 
them by converting more stable form (Patel et al., 2015). 
The ability of microalgae to efficiently reduce metal ions 
comes from the specific intracellular and extracellular 
metabolites (Yedoti & Supraja, 2024). Within the 
extracellular pathway, the reduction of metal ions 
occurs by the reductase enzymes and electron shuttle 
quinones, whereas the intracellular reduction 
mechanism has been carried out through the NADH-
dependent reductase enzyme as an electron supplier. 
Proteins and polysaccharides work as stabilizers and 
capping agents of metal nanoparticles. Most metal 
nanoparticles that have high surface energy tend to 
agglomerate. Therefore, capping agents are essential to 
avoid agglomeration of colloidal dispersions (Dağlıoğlu 

& Yılmaz Öztürk, 2019; Deb & Sudrathar, 2024; Patel et 

al., 2015; Restrepo & Villa, 2021). Most microalgae 
produce these polymers intracellularly or extracellularly 
during their life cycle. Porphyridium cruentum, which is 
rich in natural bioactive compounds such as proteins, 
phycoerythrin, polyunsaturated fatty acids, high-quality 
sulphated polysaccharides, and floridean starch, has a 
higher capacity as a source of valuable metabolites 
(Tounsi, 2024). Thus, additional stabilizers may not be 
required for the nanoparticle synthesis via microalgae.  

In previous reports, various microalgae have been 
investigated for the biogenic nanoparticle synthesis. 
Euglena sp., Amphora sp., Botryococcus braunii, 
Chlorella sp., Chlamydomonas sp., Anabaena sp., 
Synechocystis sp., Synechococcus sp., Spirulina platensis, 
Phaeodactylum tricornutum, Galdieria sulphuraria, 
Schizochytrium sp., Chaetoceros calcitrans, Chlorella 
salina, Isochrysis galbana, Tetraselmis gracilis, 
Scenedesmus sp. are some suggested microalgae and 
cyanobacteria species for metal nanoparticle synthesis 
(Çalışkan et al., 2020, 2022; Dahoumane et al., 2016; 
Gallón et al., 2019; Merin et al., 2010; Mutaf et al., 2020, 

2023; Senapati et al., 2012; Wishkerman et al., 2017). 

The rise of multidrug-resistant bacterial strains, 
exacerbated by the inappropriate use of antibiotics, and 
the adverse side effects of conventional treatments, has 
made the development of new-generation antibacterial 
agents essential (Shumi et al., 2023). In this context, 
metal nanoparticles, including silver, zinc, iron, gold, and 
selenium, have demonstrated significant antibacterial 
properties and offer promising solutions for treating 
antibiotic-resistant bacteria and improving wound 
healing (Sharifiaghdam et al., 2021). Research suggests 
that metal oxide nanoparticles, such as zinc oxide, iron 

oxide, and nickel oxide, are emerging as potential nano-
antibiotics. Silver nanoparticles, another class of metal 
nanoparticles, have inherent antibacterial activity. 
Studies have shown that they have potent antibacterial 
effects against pathogens such as Escherichia coli, 
Staphylococcus aureus, Vibrio cholerae, and Bacillus 
subtilis. These nanoparticles exert their antibacterial 
effect primarily by disrupting the microbial cell wall and 
membrane, compromising cell integrity, and inducing 
oxidative stress. The efficacy of nanoparticles is 
influenced by their size and shape (Vijayaram et al., 
2024). In addition to bacterial infections, degenerative 
diseases such as diabetes, ageing, Parkinson's disease, 
cancer, atherosclerosis and cardiovascular disease are 
associated with oxidative stress caused by free radicals. 
Consequently, antioxidant agents, potentially in the 
form of metal nanoparticles, offer protection against 
these reactive diseases. Recent studies highlight the 
potent antioxidant activities of metal nanoparticles 
synthesized by green methods, positioning them as 
promising candidates for next-generation antioxidants 

(Dhandapani et al., 2020; Rani et al., 2023). However, 

concerns remain regarding the cytotoxicity of metal 
nanoparticles, especially with long-term use. Limited 
studies have investigated their interaction with healthy 
human cells, as these nanoparticles may induce 
oxidative stress and cellular damage, and their safety 
and toxicity profiles require further investigation 

(Sharifiaghdam et al., 2021; Vijayaram et al., 2024). 

P. cruentum has the high potential to be used in 
many industries, especially food and cosmetics, with its 
sulphated exopolysaccharide, and its carbohydrate, 
lipid, and protein content and especially intracellular 
phycoerythrin pigment. In addition to its current areas 
of use, P. cruentum has the potential to reduce metal 
ions to nanoparticles thanks to its rich intracellular 
metabolites. The current study aims to investigate the 
synthesis potential of silver, zinc, and iron nanoparticles 
through intracellular metabolites of the microalgae P. 
cruentum. The effects of metal solution concentration 
and amount of wet biomass on particle size were 
investigated.  To the best of the authors' knowledge, this 
study is the first to investigate the synthesis of 
intracellular metal nanoparticles from P. cruentum by 
optimizing the important parameters for nanoparticle 
synthesis.  
 

Materials and Methods 
 
Materials  

Porphyridium cruentum UTEX161 was purchased 
from the University of Texas Culture Collection, and the 
modified BG11 (supplemented with 15 g/L sea salt) 

culture media was used (Ruiz-Ruiz et al., 2013; Stanier 

et al., 1971). All chemicals, reagents, and solvents used 
in this study were purchased from Sigma-Aldrich, USA, 
and Merck & Co. Inc., Germany. 
 



85 
Biotech Studies 34(SI), 83-92 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Porphyridium cruentum biomass production 
P. cruentum microalgae were cultivated 

photoautotrophically with a 150 mL working volume in 
BG11 supplemented with a sea salt culture medium. 
Cultivation was carried out at 23±1 ℃ temperature, 70 
μE m-2 s-1 light intensity, and 120 rpm orbital shaking. 
Daily analyses were performed by measuring optical 
density at 760 nm and microscopic cell counting to 
determine the cell growth cycle. Biomass was harvested 
on about the 20th day of cultivation when the culture 
was in the late exponential phase. Harvesting was 
performed at room temperature by centrifugation 
(NF400, Nüve) for 10 min at 4000 rpm. Obtained wet 
biomass was used to synthesize silver, iron, and zinc 
nanoparticles. 
 
Determination of intracellular metabolite 
concentrations 

To obtain intracellular metabolites of microalgae, 
wet biomass was washed with distilled water and used 
for total protein, total carbohydrate, and total pigment 
(chlorophyll and carotenoid) analysis. The total protein 
measurement was performed by the Lowry protein 
assay (Lowry et al., 1951). Total carbohydrate content 
was measured by the phenol-sulfuric acid method 
(Dubois et al., 1956). Total carbohydrate and total 
protein content were calculated using the calibration 
curve. For pigment measurement, 5 mL of methanol was 
added to the 5 mL culture in a ratio of 1:1 (v:v). The 
sample was vortexed for 1 min and kept at 60 °C for 30 
min. It was vortexed again and centrifuged at 4100 rpm 
for 10 min. The absorbance of supernatant was 
measured by UV-Vis spectroscopy (Optizen POP, 
MECASYS) at wavelengths of 470 nm, 645 nm, and 662 
nm (Mhatre et al., 2018). The amount of total 
carotenoid and total chlorophyll was calculated using 
the formulae by Mhatre et al. (2018) as described in 
equations (1) – (4). 

 
𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑎(𝑚𝑔 𝐿⁄ ) = (11.75 × 𝐴662) − (2.35 × 𝐴645)  

(1) 

𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑏(𝑚𝑔 𝐿⁄ ) = (18.65 × 𝐴645) − (3.96 × 𝐴662)  

 
(2) 

𝑇𝑜𝑡𝑎𝑙 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 (𝑚𝑔 𝐿⁄ ) = 𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑎 + 𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑏 

(3) 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑜𝑡𝑒𝑛𝑜𝑖𝑑(𝑚𝑔 𝐿⁄ )
= (1000 × 𝐴470) − (2.27 × 𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑎)
− [81.4 × (𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑏 227)⁄ ]  

(4) 
 
Green synthesis of silver, zinc and iron nanoparticles 

For nanoparticle synthesis experiments, the effect 
of two parameters, metal solution concentration and 
amount of wet biomass, on nanoparticle size was 
investigated. The investigated metal solution 
concentrations were 1-10 mM for AgNO3, 0.25-5 mM for 
ZnSO4*7H2O, and 1-15 mM for FeSO4*7H2O (Salem et 

al., 2019; Soleimani & Habibi-Pirkoohi, 2017). The 

amount of wet biomass was studied in the range of 0.1-
5 mg/mL (Jena et al., 2015; Kathiraven et al., 2015; 
Sharma et al., 2014).  

The wet biomass was suspended with 10 mL of 
metal solution at the appropriate concentration, and 
then the total volume of metal solution was made up to 
20 mL working volume. To allow the reduction reaction 
to take place, incubation was carried out in a shaking 
incubator for 24 h at 25±1℃ with an orbital shaking 
speed of 200 rpm. After incubation, color changes were 
observed, and the samples were centrifuged at 4100 
rpm for 5 min to remove the metal solution. As a 
negative control, cell-free metal solution and metal-free 
wet biomass were incubated under the same conditions 
(Jena et al., 2015). 

In the intracellular synthesis of nanoparticles from 
microalgae, enzymes in the cell wall and cell membrane, 
and carboxyl groups, polyphosphates, enzymes, and 
polysaccharides in the cytoplasm play a fundamental 
role. Metal ions are reduced to metal nanoparticles 
within the cell wall, cell membrane and cytoplasm 

(Senapati et al., 2012; Wishkerman et al., 2017). 

Intracellularly synthesized nanoparticles have been 
collected into the extracellular environment for 
characterization after incubation. To obtain 
intracellularly synthesized nanoparticles, 3 mL of 
distilled water was added to the biomass, and cell 
disruption was performed by ultrasonication (Bandelin, 
Germany) at 90% amplitude for 9 cycles. Cell debris was 
then removed by centrifugation, and the nanoparticles 
that entered the extracellular environment were stored 
and characterized. 
 
Physical characterization of nanoparticles 
 
Dynamic light scattering (DLS) 

The hydrodynamic diameter and polydispersity 
index of synthesized metal nanoparticles were 
measured with a Malvern, Zeta Sizer Nano-ZS 
instrument to determine optimum synthesis 
parameters. The measurements were performed in 
duplicates at room temperature. 
 
UV-Visible (UV-Vis) Spectroscopy 

During the formation of silver nanoparticles, the 
color of the suspension changes from clear to brown as 
an indicator of the reduction reaction (Murillo-Rábago 
et al., 2022). For FeNPs, the color of the solution changes 
from yellow to dark brown, while reduced zinc 
nanoparticles are light yellow in color (Fakhari et al., 
2019; Saif et al., 2016). Since each metal nanoparticle 
has its own unique surface plasmon resonance, the color 
changes of the suspension differ after the reduction. The 
color change that gives a preliminary idea after 
nanoparticle formation needs to be quantitatively 
confirmed by UV-Vis spectroscopy. For this purpose, the 
surface plasmon bands of the nanoparticles were 
confirmed by spectroscopic measurements. Metal 
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nanoparticles’ surface plasmon resonance bands were 
evaluated with UV-Vis spectroscopy at 300-700 nm.  
 
Investigation of bio-functional properties of 
nanoparticles 
 
Antimicrobial activity of nanoparticles 

Well diffusion method was used to investigate the 
antimicrobial activity of metal nanoparticles against 
gram-positive Staphylococcus aureus and gram-negative 
Escherichia coli bacteria. Metal solution and gentamicin 
(Biochrom AG,10 mg/mL) were used as the negative and 
positive control, respectively. For the inhibition tests, 
the Mueller Hinton broth culture medium was used. 
Bacterial cultures were incubated in broth culture media 
at 37°C for 18 h. The cultures incubated overnight were 
adjusted to McFarland 0.5 turbidity. The culture was 
then inoculated onto the agar using the spread plate 
technique. The nanoparticle solution containing 70 µg 
nanoparticles and negative and positive control samples 
were inoculated onto Oxoid antimicrobial susceptibility 
discs. Cultures were incubated at 37 ˚C for 24 h. After 
the incubation, inhibition zone diameters were 

measured (Mutaf et al., 2023; Subhapriya et al., 2018). 

 
Antioxidant activity of nanoparticles 

Considering the nanoparticle sizes, PDI values, 
agglomeration tendencies, and antimicrobial activities, 
it was determined that AgNPs were more stable and had 
higher biotechnological use potential than ZnNPs and 
FeNPs. Therefore, the antioxidant activity of the 
synthesized silver nanoparticles was also evaluated. The 
antioxidant activity was assessed using 2,2-diphenyl-1-
picrylhydrazyl (DPPH). Butylated hydroxyanisole (BHA) 
and pure water were used as a positive control and 
negative control, respectively. The DPPH stock solution 
was prepared by dissolving methanol to a concentration 
of 0.1 mM. 500 µl of DPPH solution was added to 500 µL 
of colloidal nanoparticle suspension for activity 
determination. The same procedure was followed for 
the positive and negative control solutions. The samples 
were incubated in the dark for 30 min. After the 
reaction, the absorbance of the samples was measured 
at a wavelength of 517 nm, and the radical scavenging 
activity of the samples was expressed as % inhibition. 
The following formula was used to calculate the % 
inhibition (Al-Salhi et al., 2019): 

%𝐷𝑃𝑃𝐻 𝑓𝑟𝑒𝑒 𝑟𝑎𝑑𝑖𝑐𝑎𝑙 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦

= [(𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑠𝑎𝑚𝑝𝑙𝑒) (𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙)⁄ ] × 100 

(5) 
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙  is the absorbance of DPPH solution 

without sample and 𝐴𝑠𝑎𝑚𝑝𝑙𝑒  is the absorbance of sample 

solution. 
 
Statistical analysis 

Nanoparticle size measurements by DLS were 
performed in duplicate (n=2). Analyses of intracellular 
metabolites, as well as antimicrobial and antioxidant 
activity assays, were conducted in triplicate (n=3) and 

are presented as mean ± standard deviation. For 
antioxidant activity and antibacterial activity assays, 
statistical analysis was performed using GraphPad Prism 
version 8.0 for Windows. Statistically, differences 
between mean values were determined using one-way 
ANOVA (p < 0.05; mean ± SD). 
 

Results and Discussion  
 
Intracellular protein, carbohydrate, and pigment 
content of P. cruentum  

For the biological synthesis of nanoparticles, 
primary and secondary metabolites are very important 
in reducing metal ions to metal nanoparticles and 
maintaining the stability of the synthesized 
nanoparticles (Singh et al., 2016). Since P. cruentum 
microalgae is rich in both intracellular and extracellular 
metabolites, it has a high potential to reduce metal ions 
(Cepoi et al., 2021; Jeon et al., 2021; Mutaf et al., 2023). 
The amounts of total carbohydrate, protein, chlorophyll, 
and carotenoids were determined as intracellular 
metabolites. Table 1 shows that total carbohydrate 
content was measured as 18%, while total protein 
content was calculated as approximately 13% of 
biomass. The total carbohydrate content was lower than 
in previous reports. In previous studies, the analyses 
were carried out using dry biomass. It is thought that 
this difference is caused by the fact that the analysis was 
carried out using wet biomass in the current study. 

(Aguilar-Ruiz et al., 2022; Fuentes et al., 2000; Sánchez-

Saavedra et al., 2018). Total chlorophyll and carotenoid 
pigment contents of microalgae have been calculated as 
8.477 ± 0.271 mg/L and 870.5471 ± 45.44 mg/L, 
respectively. Total protein and pigment contents as 
chlorophyll and carotenoid match those observed in 
earlier studies (Aguilar-Ruiz et al., 2022; Gallego et al., 

2019; Rinawati et al., 2020; Sánchez-Saavedra et al., 

2018). The rich intracellular carbohydrate, protein, and 
pigment content is promising that P. cruentum will 
provide the necessary reducing environment for the 
reduction of metal ions to metal nanoparticles. 

Table 1. Intracellular protein, carbohydrate, chlorophyll, and 
carotenoid content of P. cruentum 

Intracellular metabolite Concentration 

Total carbohydrate 0.18 ± 0.002 mg /mg dry biomass 
Total protein 0.129 ± 0.0123 mg /mg dry biomass 
Chlorophyll-a 7.538 ± 0.259 mg/L 
Chlorophyll-b 0.94 ± 0.0302 mg/L 

Total chlorophyll 8.477 ± 0.271 mg/L 
Total carotenoid 870.5471 ± 45.44 mg/L 

 
Physical characterization of synthesized silver, zinc, 
and iron nanoparticles 
 
Dynamic light scattering (DLS) 

Tables 2-4 present the hydrodynamic diameter of 
silver nanoparticles (AgNPs), zinc nanoparticles (ZnNPs), 
and iron nanoparticles (FeNPs) by DLS analysis. In terms 
of particle size and polydispersity index value (PDI), the 
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most successful nanoparticle synthesis was achieved 
with experiment 6 for AgNPs (Table 2), experiment 11 
for ZnNPs (Table 3), and experiment 10 for FeNPs (Table 
4). As shown in Figure 1a,. AgNPs synthesized with a 9.83 
mM AgNO3 solution concentration and 0.19 mg wet 
biomass presented a hydrodynamic diameter of 169.7 
nm and PDI of 0.073. ZnNPs synthesized with 2.63 mM 
ZnSO4*7H2O solution concentration and 0.1 mg wet 
biomass presented a hydrodynamic diameter of 189.1 
nm and a PDI of 0.330 (Figure 1b). FeNPs synthesized 
with a 14.73 mM FeSO4*7H2O solution concentration 
and 0.19 mg wet biomass presented a hydrodynamic 
diameter of 356.7 nm and PDI of 0.365 (Figure 1c). 

Table 2. Experiments for silver nanoparticle synthesis  

Experiment 
AgNO3 solution 
concentration 

(mM) 

Wet 
biomass 
(mg/mL) 

Hydrodynamic 
diameter 

(nm) 

1 5.5 2.55 162.6 
2 5.5 2.55 192.3 
3 5.5 0.1 163.0 
4 1.17 0.19 183.7 
5 10 2.55 185.1 
6 9.83 0.19 169.7 
7 1 2.55 239.6 
8 9.8 4.91 201.4 
9 5.5 5 192.2 

10 5.5 2.55 184.5 
11 5.5 2.55 183.0 
12 1.17 4.91 221.1 
13 5.5 2.55 176.7 

When the DLS analysis results are evaluated, 
Figure 1 shows that the metal solution concentration 
and the amount of biomass as parameters affect the 
particle size for all metal ions. In particular, the amount 
of biomass significantly affects both the particle size and 
the PDI of the nanoparticles. It can be seen that as the 
amount of biomass decreases for the production of 
AgNPs, ZnNPs, and FeNPs, the particle size decreases, 
and the PDI enters the desired range. The PDI indicates 
the average particle diameter and quality of 
nanoparticles according to their size distribution and 
gives an idea of the agglomeration tendency of 
nanoparticles. PDI values of 0.2 and below are an 
acceptable nanoparticle range (Danaei et al., 2018). 

Table 3. Experiments for zinc nanoparticle synthesis 

Experiment 
ZnSO4 solution 
concentration 

(mM) 

Wet 
biomass 
(mg/mL) 

Hydrodynamic 
diameter 

(nm) 

1 2.63 5 261.2 
2 5 2.55 340.8 
3 2.63 2.55 228.4 
4 0.25 2.55 273.7 
5 0.34 0.19 586.0 
6 2.63 2.55 273.9 
7 4.91 0.19 573.9 
8 2.63 2.55 371.0 
9 2.63 2.55 293.3 

10 4.91 4.91 317.0 
11 2.63 0.1 189.1 
12 2.63 2.55 301.9 
13 0.34 4.91 243.5 

When comparing the ability of metal ions to be 
reduced to metal nanoparticles and their ability to 

maintain their stability, AgNPs maintained their stability 
longer than ZnNPs and FeNPs. No agglomeration was 
observed in AgNPs stored at +4 ˚C, while ZnNPs and 
FeNPs began to agglomerate after two weeks. The PDI 
value of silver nanoparticles (0.073) confirms that they 
do not have agglomeration tendency.  

 
Figure 1. Dynamic light scattering characterization of 
synthesized (a) silver (b) zinc (c) iron nanoparticles (n=2). 

Previous studies have indicated that the main 
factors in the agglomerated sedimentation of FeNPs and 
ZnNPs are the ionic strength and pH value of the 
suspension. The high ionic strength of water increases 
the sedimentation tendency. It has also been stated that 
an agglomeration tendency increases at pH values near 
the zero point of charge. Since agglomeration causes the 
stability of the nanoparticles and the particle surface 
area to decrease, the solubility decreases. Since the 
desired colloidal suspension cannot be obtained, the 
nanoparticles cannot maintain their targeted 
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properties. Therefore, in order to maintain stability in 
nanoparticles, it is recommended to add humic acid and 
citric acid to the suspension, preserve it in sucrose 
solution, or coat the nanoparticles with chitosan-like 

coating agents (Caliskan et al., 2022; Domingos et al., 

2013;). 

Table 4. Experiments for iron nanoparticle synthesis 

Experiment 
FeSO4 solution 
concentration 

(mM) 

Wet 
biomass 
(mg/mL) 

Hydrodynamic 
diameter 

(nm) 

1 8 2.55 385.5 
2 8 2.55 409.8 
3 1 2.55 399.6 
4 1.27 0.19 368.1 
5 1.27 4.91 443.9 
6 8 2.55 407.0 
7 8 2.55 463.5 
8 8 2.55 452.6 
9 15 2.55 481.3 

10 14.73 0.19 356.7 
11 8 0.1 1124 
12 8 5 415.0 
13 14.73 4.91 429.5 

UV-Vis Spectroscopy 
In addition to DLS characterization, spectroscopic 

analysis is another common characterization method 
that investigates the success of the reduction of metal 
ions to metal nanoparticles. Each metal nanoparticle 
gives a characteristic absorption band due to its surface 
plasmon resonance. Observation of the expected 
absorption band indicates that the nanoparticles have 
been synthesised. In this context, the color change in the 
colloidal suspension over time is an indicator of the 
reduction reaction. Due to the surface plasmon 
resonance of the AgNPs, the color of the colloidal 
suspension gradually changed to brown. As shown in 
Figure 2a, the AgNPs gave an absorbance peak at 450 
nm and a characteristic curve was obtained. According 
to published studies, AgNPs give a maximum peak in the 
range of 400-450 nm, due to their surface plasmon 
resonances. AgNPs synthesized from Caulerpa racemosa 
microalgae extract by Kathiraven et al. (2015) started to 
give a surface plasmon resonance band at 440 nm 
wavelength and showed the maximum peak at 413 nm. 
Jena et al. (2015) also produced AgNPs with Amphora sp. 
extract, stating that the particles gave a maximum peak 
at 413 nm. In different studies, silver nanoparticles 
giving peaks at 420 nm (Merin et al., 2010), 430 nm 
(Gallon et al., 2019), and 450 nm (Mubarak Ali et al., 
2011; Soleimani & Habibi-Pirkoohi, 2017) wavelengths 
were synthesized. 

While FeNP changed to a dark yellow color after 
reduction, the color of ZnNPs changed from clear to 
yellow. Colloidal suspensions containing FeNPs started 
to give a surface plasmon band below 450 nm and a 
maximum absorbance peak in the range of 300-350 nm 
(Figure 2b). According to previous studies, FeNPs give a 
maximum absorbance peak in the range of 275-300 nm 

(Bouafia & Laouini, 2020; Karpagavinayagam &Vedhi, 

2019). According to the UV-Vis spectrum of ZnNPs 
shown in Figure 2c, the maximum absorbance was 

observed in the range of 300-350 nm. According to 
published studies, ZnNPs give absorbance peaks in the 
range of 300-380 nm (Agarwal et al., 2019; Dhandapani 

et al., 2020; Lu et al., 2019).  

As a negative control, cell-free metal solution and 
metal-free wet biomass were incubated under the same 
conditions. No color change was observed in either 
control group after incubation. 

 
Figure 2. UV-Vis Spectroscopy of (a) silver (b) iron (c) zinc 
nanoparticles. 

Investigation of bio-functional properties of 
nanoparticles 
 
Antimicrobial activity of nanoparticles 

Both Escherichia coli and Staphylococcus aureus 
bacteria were inhibited by ZnNPs, FeNPs, and AgNPs, 
while there was no inhibition with the negative control. 
Figure 3, inhibition zone diameters of 7.66±0.28 mm, 
9.66±0.57 mm, and 10.83±0.76 mm were detected in 
ZnNPs, FeNPs, and AgNPs against E. coli bacteria, 
respectively. Against S. aureus bacteria, inhibition zone 
diameters of 8.66±0.57 mm, 8.66±0.57 mm, and 
11.33±0.57 mm were detected for ZnNPs, FeNPs, and 
AgNPs, respectively. When the results are analyzed 
statistically with a one-way ANOVA test, it is seen that 
there is a significant difference (p<0.05) between AgNPs, 
ZnNPs and FeNPs in terms of antimicrobial activity.  
Compared to ZnNPs and FeNPs, higher inhibition zone 
diameters against both bacteria were observed with 
AgNPs. It can be said that AgNPs are a better alternative 
to the positive control gentamicin compared to others. 
The results obtained regarding the antibacterial activity 
of AgNPs synthesized from P. cruentum are similar to 
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previous studies (Jeon et al., 2021). The bactericidal 
effect and mechanism of AgNPs has been proposed in 
prior studies as follows: AgNPs in contact with the 
bacterial cell interact with the negatively charged cell 
membrane and affect membrane permeability. 
Penetrating into the cell, AgNPs can interfere with 
respiratory reactions, damage energy production 
metabolism, and thus lead to the death of bacterial cells. 
The bactericidal effect of AgNPs is mostly concentration-
dependent, and increasing concentration also increases 
the antibacterial effect (Ahmad et al., 2020; Jeon et al., 
2021). 

 
Figure 3. Antibacterial activity of silver, zinc and iron 
nanoparticles against Escherichia coli and Staphylococcus 
aureus bacteria. One-way ANOVA revealed a significant 
difference among the groups (F=284.9, R2=0.9907, 
****p<0.0001, n=3). 

Antioxidant activity of nanoparticles 
The decrease in absorbance at 517 nm indicates 

that the antioxidants have been able to scavenge the 
DPPH free radicals. It was shown that the synthesized 
AgNPs had a scavenging potential of 83.59% for DPPH 
radicals and was comparable to BHA (96.11%) 
antioxidant (Figure 4). An antioxidant activity of AgNPs 
is similar to the antioxidant activity of AgNPs 
synthesized with different precursors in previous studies 
(Krishnamoorthy et al., 2023). 

Among the green synthesized ZnNPs, FeNPs, and 
AgNPs from P. cruentum microalgae, AgNPs have been 
identified as the nanoparticles with the highest 
biotechnological application potential in terms of 
antibacterial and antioxidant activities. The results 
obtained from the present study indicate that 
microalgal-derived AgNPs have the potential to be used 
in industrial areas such as food and cosmetics. However, 
regulatory agencies require comprehensive data to 
approve commercial products containing nanoparticles, 
which poses a significant obstacle to commercialization 
(Fernandes, 2023). For green synthesis methods to be 
implemented on an industrial scale, future research 
should address several critical issues. These include a 
deeper understanding of the biological synthesis 

mechanisms, identification of suitable biological and 
chemical agents, and optimization of process 
parameters to ensure reproducibility and consistency. 
Moreover, applicable strategies that address issues such 
as cost and availability of raw materials, energy 
consumption, and equipment scalability are needed to 
transition green synthesis methods from laboratory 
scale to industrial scale production (Ahmed, 2022; 
Gupta et al., 2023). Although a large number of studies 
have been conducted on green synthesis methods, their 
current limitations restrict their widespread adoption to 
industry. To overcome these challenges, collaborative 
efforts focusing on scalability, reproducibility, and 
economic viability are recommended for future studies. 

 
Figure 4. DPPH free radical scavenging activity of AgNPs and 
BHA antioxidant. The antioxidant activity values of the positive 
control and the nanoparticles differed significantly (unpaired 
t-test, t=16.69, df=4, ****p<0.0001, n=3). 

 

Conclusion 
 

This study demonstrated the potential of 
Porphyridium cruentum microalgae as a biological 
resource for the green synthesis of silver, zinc, and iron 
nanoparticles. The substantial intracellular metabolite 
content of P. cruentum, encompassing proteins, 
carbohydrates, and pigments, played a pivotal role in 
the effective reduction and stabilization of metal 
nanoparticles. In the context of synthesized 
nanoparticles, AgNPs have been demonstrated superior 
characteristics in terms of particle size, stability, 
antimicrobial and antioxidant activities. The results of 
the study showed a significant correlation between 
nanoparticle size and polydispersity, on the one hand, 
and metal ion concentration and biomass amount, on 
the other. Furthermore, AgNPs exhibited potent 
antibacterial properties against both E. coli and S. 
aureus, along with substantial radical scavenging 
activity, underscoring their promise for biomedical and 
biotechnological applications. Despite the initial 
indications from laboratory studies, further research is 
necessary to address the challenges associated with the 
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large-scale application of green synthesis methods. Such 
challenges include the assurance of reproducibility, 
cost-efficiency, and regulatory compliance for industrial 
applications. This work contributes to the expanding 
corpus of research that supports the utilization of 
microalgae in sustainable nanomaterial production, 
thereby opening new avenues for the development of 
eco-friendly nanotechnology. 
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