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Abstract

Background and Objective: The remarkable surface-to-volume ratio and efficient particle interaction capabilities of nanoparticles have
garnered significant attention among researchers. Microalgal synthesis presents a sustainable and cost-effective approach to nanoparticle
production, particularly noteworthy for its high metal uptake and ion reduction capabilities. This study focuses on the eco-friendly and
straightforward synthesis of Silver (AgNPs) and Iron (FeNPs) nanoparticles by utilizing Spirulina (Arthrospira platensis) and Chlorella
pyrenoidosa extract, devoid of any chemical reducing or capping agents. Materials and Methods: Following the mixing of T mM AgNO,
and 1 mMiron oxide solution with the algal extract, the resulting filtrated solution underwent comprehensive characterization, including
UV-visible absorption spectra analysis, observation of particle morphology, Zetasizer measurements and Scanning Electron
Microscope-Energy Dispersive X-Ray (SEM-EDX) analysis. Results: The UV-visible spectroscopy revealed a maximum absorbance peak at
430-440 nm, confirming the successful green synthesis of AGNPs and FeNPs, as indicated by the distinct color change from transparent
to dark reddish-yellow and brown to reddish-brown, respectively. The SEM-EDX analysis further elucidated the spherical morphology of
the nanoparticles, with an average diameter of 93.71 nm for AgNPs and 6198 nm for FeNPs. The Zeta potential measurements indicated
average values of -56.68 mV for AgNPs and 29.73 mV for FeNPs, with conductivities of 0.1764 and 0.6786 mS/cm, respectively.
Conclusion: The observed bioaccumulation of silver and iron nanoparticles within the algal extract underscores its potential as an
environmentally friendly and cost-effective method for nanoparticle synthesis. These findings suggested a promising avenues for the
application of silver and iron nanoparticles in the field of nanobiotechnology. Future research endeavors could focus on optimizing
preparation conditions and controlling nanoparticle size to further enhance their utility and effectiveness.
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INTRODUCTION

Nanobiotechnology has emerged as a promising field,
celebrated for its eco-friendly, cost-effective and sustainable
approach to silver nanoparticle synthesis. Over the past
decade, nanoparticles have captivated scientific interest due
to their extraordinary electronic, optical, mechanical, magnetic
and chemical properties, distinct from those of bulk materials'.
Nanotechnology, defined as the manipulation of materials at
the atomic or molecular level, has revolutionized various
industries by enabling precise control over material
properties?.

Nanoparticles, typically ranging in size from 1 to 100 nm,
boast a remarkably high surface-to-volume ratio, rendering
themidealforan array of applications, including drug delivery,
chemical sensing, cosmetics, antioxidants and beyond3*.
While conventional physicochemical methods have been
employed for nanoparticle synthesis, they come with inherent
drawbacks such as scalability issues, utilization of toxic
chemicals, stringent equipment requirements and elevated
costs>®. In response, there has been a growing demand for
green synthesis methods characterized by environmentally
benign solvents, eco-friendly reducing and capping agents,
high efficiency, low cost, non-toxicity and minimal
environmental impact’-'°.

Biologically mediated synthesis of nanoparticles has
emerged as a promising alternative, harnessing the power
of natural products to facilitate nanoparticle formation'.
Among these biological sources, microorganisms, plants and
green algae have garnered considerable attention for their
ability to synthesize nanoparticles effectively"”.

Spirulina platensis, a filamentous photoautotrophic
cyanobacterium and Chlorella vulgaris, a eukaryotic green
microalga, have emerged as promising candidates for
nanoparticle synthesis due to their inherent properties and
widespread availability'®2, Their ability to thrive under diverse
environmental conditions and interact with various particulate
materials positions them as valuable assets in the green
synthesis of nanoparticles. While the potential applications of
silver nanoparticles span diverse fields such as medicine,
science and technology, including antibacterial agents,
catheters, food containers, anticancer treatments,
electronics and water treatment, among others, there remains
a need for further exploration and optimization of microalgal
nanoparticle production'621-30,

In this context, the present study aims to elucidate a
green synthesis approach for silver and iron nanoparticles
utilizing commercially available Spirulina and Chlorella
extracts as algal sources. By optimizing the physicochemical
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characterization of these nanoparticles, the study shed
light on their potential for diverse nano-biotechnological
applications.

MATERIALS AND METHODS

Study area: The study was conducted at the Central
Laboratory of the Biological Department, King Abdulaziz
University, located in Jeddah, Saudi Arabia over 18 months
from March, 2022 to November, 2023.

Preparation of microalgae extracts: To prepare the
microalgae extracts, commercial super algae tablets
containing Spirulina (Arthrospira platensis) and Chlorella
pyrenoidosa extract were obtained from iHerb corporate,
located in the USA (California, Kentucky), with the product
code SFD-10075%. The aqueous extract of Spirulina and
Chlorella was then prepared by mixing 2 g of crushed tablet
powder with 100 mL of double-distilled sterile water.
The mixture was allowed to stand at room temperature
for 30 min to facilitate extraction. Subsequently, the resulting
suspension was stored at 4°C for further analysis.

Synthesis of the Nanoparticles, Silver Nitrate (AgNO;) and
Iron Oxide (Fe,03): The synthesis of Silver Nanoparticles
(AgNPs) and Iron Oxide Nanoparticles (FeONPs) involved the
preparation of 1 mM solutions of Silver Nitrate (AgNOs) and
Iron Oxide (Fe,0s), respectively. For the preparation of the
silver nitrate solution, 0.042 grams of AgNO; (obtained from
Sigma, CAS No: 7761-88-8) were dissolved in 250 mL of
deionized distilled water.

To synthesize AgNPs, 45 mL of the 1 mM AgNO; solution
were combined with 5 mL of the algal extract. The resulting
mixture was subjected to a temperature of 90°C for 15 min.
Subsequently, it was centrifuged at 5500 rpm for 30 min and
thenincubated for 48 hrs atroom temperature. The formation
of AgNPs was visually indicated by the color change from
colorless to yellow?2,

For the preparation of the iron oxide solution, 0.031g
of Ferrous Chloride (FeCl,) were dissolved in 250 mL of
distilled water. Then, 0.067 g of Ferric Chloride (FeCl;) were
added to the solution to obtain the desired 1T mM iron
oxide solution. The FeONPs were synthesized by adding 5 mL
of algal extract to 34 mL of the T mM iron oxide solution.
The mixture was heated to 90°C for 15 min, followed by
centrifugation at 5500 rpm for 30 min. Subsequently, the
mixture was incubated for 48 hrs at room temperature to
allow for nanoparticle formation.
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Nanoparticle  characterization: The  nanoparticle
characterization involves several key analyses to confirm
synthesis and determine their physical properties. Firstly,
UV-visible absorption spectroscopy was performed to verify
the synthesis of Silver Nanoparticles (AgNPs = AgNO;) and
Iron Oxide Nanoparticles (FeNPs = Fe,05)*!. Subsequently, the
size and Zeta potential of the nanoparticles were determined
using a Zetasizer system (Nano ZS, UK). This involved
conducting experiments in triplicate using the algal extract to
ensure robust results. These characterization techniques
provide crucial insights into the optical properties, size
distribution and surface charge of the nanoparticles, which are
essential for understanding their behaviour and potential
applications.

SEM-EDX analysis: The SEM-EDX (Scanning Electron
Microscopy-Energy Dispersive X-ray Spectroscopy) analysis
was conducted to investigate the cellular accumulation of
silver nanoparticles and iron oxide nanoparticles within the
extract of Arthrospira platensis and Chlorella pyrenoidosa.
The aim was to assess any morphological damage to the cells
resulting from the treatment with AgNPs and FeNPs.

To prepare the samples for SEM-EDX analysis, a
suspension containing 25 mL of AgNPs and FeNPs treated
with algal extract was centrifuged at 5,000 rpm for 10 min.
The resulting pellet was washed twice with 0.1XPBS
(phosphate-buffered saline) and distilled water to remove any
residual impurities. Subsequently, the washed pellet was
freeze-dried to preserve the cellular structure and
morphology3:.

The freeze-dried algal suspension was then subjected
to SEM-EDX analysis using a JSM-6701F instrument from
Joel, Japan. This analysis allowed for the visualization of
the cellular structure and the identification of any
accumulated nanoparticles within the cells. Additionally, the
EDX component of the analysis enabled the elemental
composition of the nanoparticles to be determined, providing
valuable insights into their chemical properties.

RESULTS

Synthesis of AgNO; and Fe,0; nanoparticles: The /n vitro
green synthesis of silver nanoparticles (SNPs) using the
algal cell-free extract was monitored via UV-visible
spectrophotometry. Upon addition of the algal extract to the
silver nitrate solution, a distinct color change was observed,
transforming the solution from transparent to dark reddish
yellow. Similarly, the iron oxide solution changed from brown
to reddish brown, indicating nanoparticle production.
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These color changes result from the excitation of surface
plasmon vibrationsinduced by the formation of nanoparticles
within 24 hrs of the reaction. This characteristic color, primarily
attributed to the deposited silver nanoparticles, serves as a
visual indicator of successful synthesis. The UV-Vis absorption
spectra of the nanoparticles formed in the reaction displayed
absorbance maxima at430-440 nm. Analysis of the absorption
spectra revealed an exponential increase in the formation of
silver nanoparticles within 48 hrs of the reaction.

Furthermore, when microalgal cells were incubated with
deionized water (positive control), they retained their original
color, while cells treated with silver nitrate solution exhibited
a transition from bright green to dark brown. Notably, the
algal extract remained intact and retained its original shape,
similar to unexposed cells. In contrast, no observable change
in color was noted for the negative control, consisting of silver
nitrate and iron oxide solution, even after 7 days of incubation.

Nanoparticle characterization: The synthesized Iron Oxide
Nanoparticles (Fe,0;) and Silver Nanoparticles (AgNO;) were
subjected to comprehensive characterization to elucidate
their physical properties based on dynamic light scattering
(DLS, Fig. 1 and 2).

The Z-average size, representing the mean hydrodynamic
diameter, was determined to be 6197.67 nm for Fe,O,
nanoparticles and 93.71 nm for AgNO; nanoparticles (Fig. 1).
The polydispersity index (PI), indicative of particle size
distribution, was measured at 0.8765 for Fe,0; and 0.607 for
AgNO;, suggesting a relatively broader size distribution for
Fe,O; nanoparticles compared to AgNO; nanoparticles
(Fig. 1a, d).

The mean count rate, indicative of nanoparticle
concentration, was found to be 198.77 kcps for Fe,0; and
318.77 keps for AgNOs. Analysis of peak intensity revealed
multiple peaks for both nanoparticles, with peak 1 mean by
intensity ordered by area measured at 66.91 nm for Fe,0; and
166.37 nm for AgNO;. Additionally, peak 2 mean by intensity
ordered by area was observed at 0 nm for Fe,0; and 23.16 nm
for AgNO;, while peak 3 mean by intensity ordered by area
was found to be 0 nm for Fe,0; and 4914.33 nm for AgNO;
(Fig. 1a, 0).

The Zeta potential, a measure of nanoparticle surface
charge, was determined to be 29.73 mV for Fe,0O; and
-56.68 mV for AgNO;. The conductivity of the suspensions was
measured at 0.6786 mS/cm for Fe,0; and 0.1764 mS/cm for
AgNO;. The wall Zeta potential, representing the potential of
the particle surface relative to the solvent, was calculated to
be 20.88 mV for Fe,0; and -59.06 mV for AgNO; (Fig. 2a, d).
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Fig. 1(a-d): Mean particle size distribution and correlation over time of, (a-b) AgNPs and (c-d) FeNPs (Fe,0;) biosynthesized using

Spirulina and Ch/orella extracts

The derived mean count rate, reference beam count rate
and quality factor were also assessed. The Fe,O; nanoparticles
exhibited a derived mean count rate of 6445 kcps, while
AgNO; nanoparticles showed a significantly lower value of
0.0005895 kcps. The reference beam count rate was measured
at 3476 kcps for Fe,0; and 3404 kcps for AgNO;. Finally, the
quality factor, reflecting the reliability of the measurement,
was calculated to be 2.3057 for Fe,0; and 4.3973 for AgNO,
(Fig. 2).

SEM-EDX analysis: The Scanning Electron Microscope-Energy
Dispersive X-ray (SEM-EDX) images depicted in (Fig. 3 and 4)
illustrated the impact of treating cells with a cell-free algal
extract of Spirulina and Chlorella, both without treatment
(control) and with exposure to 100 pg/mL of AgNPs and
FeNPs. The SEM images at various magnifications reveal
nanoparticles evenly distributed throughout the cell structure
without significant agglomeration. The AgNPs and FeNPs
appear spherical, with dimensions ranging from 2-16 and
4-12 nm, respectively and average sizes of 4 nm and 6 nm for
AgNPs and 3 and 8 nm for FeNPs. Elemental analysis via
EDX confirms the presence of elemental silver and iron
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nanoparticles by sharp signals, with an optical
absorption band at 3 KeV indicative of metallic silver and
iron (Fig. 3 and 4).

Conversely, cells treated with AgNPs exhibit
nanoparticle attachment on the cell surface, accompanied by
agglomeration, fragmentation and distortion of the Spirulina
and Chlorella extract. The presence of Agin the EDX spectrum
of AgNPs treated cells, absent in the control cells, confirms the
accumulation of AgNPs in the algal suspension. Carbon and
oxygen signals observed can be attributed to X-ray emission
from the Spirulina and Ch/lorella cell wall. In the case of Silver
Nanoparticles (AgNPs), varying weight percentages of
carbon, oxygen and silver were observed across different
scans. In ScanT, carbon, oxygen and silver constituted 33.69,
56.91 and 9.41% of the composition, respectively. These
percentages shifted in Scan2 to 24.95% carbon, 71.74%
oxygen and 3.31% silver and further changed in Scan3 to
39.49% carbon, 48.57% oxygen and 11.94% silver. This
variability indicates fluctuations in the elemental composition
of AgNPs across different measurements (Fig. 3).

On the other hand, Iron Oxide Nanoparticles (FeNPs)
displayed distinct elemental compositions compared to
AgNPs.InScanT, carbon, oxygen and iron constituted 31.69,
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Fig. 3: Scanning Electron Microscopy (Sem-EDX) image for Ag nanoparticles synthesized using Spirulina and Chlorella extract
Boxplot shows the weight % for the carbon (C), oxygen (O) and silver (Ag) content collectively from three different scans
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50.83 and 17.48% of the composition, respectively. These
percentages altered in Scan2 to 28.11% carbon, 54.44%
oxygen and 17.44% iron and further shifted in Scan3 to
31.19% carbon, 56.85% oxygen and 11.97% iron. The
predominant presence of iron in FeNPs across all scans
highlights the consistency in elemental composition
compared to AgNPs (Fig. 4).

Comparative details between AgNO; and Fe,0;
nanoparticles: When comparing the properties of Silver
Nanoparticles (AgNO;) and Iron Oxide Nanoparticles (Fe,0;),
it becomes evident that AgNO; nanoparticles exhibit
several superior parameters. Firstly, AgNO; nanoparticles
demonstrate a significantly smaller Z-average size 0f93.71 nm
compared to the much larger size of 6197.67 nm for Fe,0;
nanoparticles. This indicates that AQNO; nanoparticles are
smaller and potentially more suitable for certain applications
requiring smaller particle sizes. Additionally, AgNO,
nanoparticles exhibit a lower polydispersity index (Pl) of 0.607
compared to Fe,O; nanoparticles with a Pl of 0.8765,
suggesting a more uniform size distribution among AgNO;
nanoparticles. In terms of stability, AQNO; nanoparticles show
a negative Zeta potential of -56.68 mV, indicating greater
stability in suspension compared to the positive Zeta
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potential of 29.73 mV for Fe,0; nanoparticles. Furthermore,
AgNO; nanoparticles have a higher mean count rate of
318.77 kcps compared to Fe,0; nanoparticles, which have a
mean count rate of 198.77 kcps, suggesting a higher
concentration of AgNO; nanoparticlesin the sample. However,
it's important to note that Fe,0; nanoparticles exhibit a
significantly higher derived mean count rate of 6445 kcps
compared to AgNO; nanoparticles, indicating a higher
intensity of Fe,0; nanoparticles in the sample. Finally, AQNO;
nanoparticles have a higher quality factor of 4.3973 compared
to Fe,0; nanoparticles, which have a quality factor of 2.3057,
indicating greater reliability of the measurement for AgNO,
nanoparticles. These findings collectively suggest that AQNO;
nanoparticles possess superior properties in terms of size, size
distribution, Zeta potential and mean count rate compared to
Fe,O; nanoparticles, making them potentially more suitable
for various applications requiring nanoparticles with these
characteristics.

DISCUSSION

Recent years have witnessed a surge in interest in green
nanoparticle synthesis, driven by the unique properties of
nanomaterials and their burgeoning applications in various
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industrial and commercial sectors®. Both intracellular and
extracellular synthesis of inorganic metal nanoparticles have
been explored extensively across numerous microorganisms=,
Among these, photoautotrophic organisms like prokaryotic
cyanobacteria, eukaryotic algae, diatoms and components of
higher plants have demonstrated the ability to biosynthesize
metallic nanoparticles3¢3¢. The current study investigated the
synthesis and characterization of Silver Nanoparticles (AgNPs)
and Iron Oxide Nanoparticles (FeNPs) using an algal cell-free
extract. Upon adding the extract to silver nitrate and iron
oxide solutions, distinct color changes indicated successful
nanoparticle production within 24 hrs, with AgNPs displaying
absorbance maxima at 430-440 nm. Dynamic light scattering
(DLS) analysis revealed AgNPs’ smaller size and more uniform
distribution compared to FeNPs. The SEM-EDX images
confirmed the presence of elemental nanoparticles, with
AgNPs showing attachment on the cell surface. Comparative
analysis favored AgNPs, highlighting their smaller size,
uniform distribution, stability and higher concentration
compared to FeNPs. These results suggested that the
potential of AGNPs synthesized with algal extract for various
applications, warranting further investigation.

In this study extracts from eukaryotic microalgae were
utilized, specifically Spirulina and Chlorella, for the synthesis
of stable silver and iron nanoparticles. Spirulina and Ch/orella
are autotrophic microscopic organisms characterized by high
growth rates and biomass productivity, requiring minimal
resources such as sunlight, atmospheric CO, and inexpensive
mineral salts, rendering them suitable candidates for
nanomaterial biosynthesis*. Khanna et a/* highlighted the
pharmaceutical and nutraceutical potential of Spirulina, which
serves as a rich source of pharmacologically active natural
products and nutraceuticals.

Silver Nanoparticles (AgNPs) are known for their distinct
reddish-yellow color in aqueous solutions, attributed to the
excitation of surface plasmon vibrations®. The reduction of
silver ions to AgNPs, accompanied by a color change, was
monitored using UV-Vis spectroscopy, providing insights into
the conversion reaction kinetics. The green synthesis of AGNPs
and FeNPs using Spirulina and Ch/lorella extract resulted in
clearyellowish-brown solutions, confirming the production of
nanoparticles within 45 min and reaching the exponential
phase within 48 hrs*'.

Furthermore, the bioactivity of AgNPs is size-dependent,
favoring smaller particle sizes due to the increased surface
area-to-volume ratio, which enhances contact surface area
and bioavailability*>**. Zeta potential analysis revealed the
stability of biosynthesized AgNPs and FeNPs, with net charges
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averaging -56.68 and -29.73 mV, respectively, indicating
sufficient electrostatic repulsion for stability in solution*.
Notably, previous studies have reported similar particle size
and Zeta potential values for AgNPs biosynthesized from
Spirulina microalgae, corroborating present findings*'.

The SEM-EDX analysis was employed to investigate the
cellular accumulation of AgNPs and FeNPs in Spirulina and
Chlorella extract, elucidating morphological changesinduced
by nanoparticle treatment. Similar observations were reported
in studies involving Streptomyces platensis treated with
Zinc Oxide Nanoparticles (ZnONPs), indicating potential
physical stress on photosynthetic microbes due to NP
accumulation®#5, The identification of elemental silver and
iron via EDX analysis further confirmed the presence of AgNPs
and FeNPs in the biomass, with strong signals observed at
7 keV. Quantitative analysis revealed mean percentages of
silver and iron, providing valuable insights into the
elemental composition of the synthesized nanoparticles®.
The synthesized silver and iron nanoparticles hold promise for
various applications, including but not limited to antibacterial
agents, drug delivery systems, catalysis and environmental
remediation.

CONCLUSION

The demonstrated the potential of utilizing eukaryotic
microalgae, specifically Spirulina and Ch/orella, for the green
synthesis of stable silver and iron nanoparticles. Through a
combination of UV-Vis spectroscopy, Zeta potential analysis
and SEM-EDX characterization, we confirmed the successful
biosynthesis of AgNPs and FeNPs using microalgal extracts.
The obtained nanoparticles exhibited favorable properties
such as size-dependent bioactivity and stability, as evidenced
by their Zeta potential values. Additionally, SEM-EDX analysis
provided insights into the cellular accumulation of
nanoparticlesin Spirulina and Chlorella extract, highlighting
potential morphological changes induced by nanoparticle
treatment. Overall, this research contributes to the
growing body of knowledge on green nanoparticle
synthesis methods and underscores the potential of
microalgae as sustainable and eco-friendly sources for
nanomaterial production. Further studies could explore
additional applications and optimization strategies for
these bio-synthesized nanoparticles in various fields. The
successful synthesis of silver and iron nanoparticles using
microalgae extracts opens up avenues for diverse
applicationsinfields such as medicine, environmental science
and nanotechnology. Further research and development
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efforts are warranted to explore and optimize the
nanoparticles’ potential in antibacterial treatments, drug
delivery, catalytic processes and environmental remediation
strategies.

SIGNIFICANCE STATEMENT

The objective of this study was to explore the eco-friendly
synthesis of silver and iron nanoparticles using microalgae
extracts. Current research aimed to contribute to the field of
nanobiotechnology by providing a sustainable and low-cost
method for nanoparticle synthesis. The main results revealed
successful synthesis of nanoparticles with distinct properties,
showcasing the potential of microalgae as bio-reducing
agents.

REFERENCES

1. Yang, X, Q. Li, H. Wang, J. Huang and L. Lin et al,
2010. Green synthesis of palladium nanoparticles using
broth of Cinnamomum camphora leaf. ). Nanopart. Res.,
12:1589-1598.

2. Sinha, S, I. Pan, P. Chanda and S.K. Sen, 2009. Nanoparticles
fabrication usingambientbiological resources. J. Appl. Biosci.,
19:1113-1130.

3. Ahmad, S, S. Munir, N. Zeb, Asad Ullah and B. Khan et a/,

2019. Green nanotechnology: A review on green

synthesis of silver nanoparticles-an ecofriendly approach.

Int. J. Nanomed., 14: 5087-5107.

Khanna, P, A. Kaur and D. Goyal, 2019. Algae-based

metallic nanoparticles: Synthesis, characterization and

applications.  J.  Microbiol. ~ Methods, Vol. 163.

10.1016/j.mimet.2019.105656.

5. Suman, T.Y., SRR. Rajasree, A. Kanchana and S.B. Elizabeth,
2013. Biosynthesis, characterization and cytotoxic effect of
plant mediated silver nanoparticles using Morinda citrifolia
root extract. Colloids Surf. B: Biointerfaces, 106: 74-78.

6. Yousefzadi, M., Z. Rahimi and V. Ghafori, 2014. The green
synthesis, characterization and antimicrobial activities of

nanoparticles synthesized from green alga
Enteromorpha flexuosa (Wulfen) J. Agardh. Mater. Lett,
137:1-4.

7. Thakkar, K.N., S.S. Mhatre and R.Y. Parikh, 2010. Biological
synthesis of metallic nanoparticles. Nanomed. Nanotechnol.
Biol. Med., 6: 257-262.

8. Vigneshwaran, N., N.M. Ashtaputre, P.V. Varadarajan,
R.P. Nachane, K.M. Paralikar and R.H. Balasubramanya, 2007.
Biological synthesis of silver nanoparticles using the fungus
Aspergillus flavus. Mater. Lett., 61: 1413-1418.

silver

217

9.

20.

21.

Xie, J., JY. Lee, D.I.C. Wang and Y.P. Ting, 2007. Silver
nanoplates: From biological to biomimetic synthesis. ACS
Nano, 1:429-439.

Xie,J.P.,J.Y.Lee, D..C.Wangand Y.P.Ting, 2007.Identification
of active biomolecules in the high-yield synthesis of
single-crystalline gold nanoplates in algal solutions. Small,
3:672-682.

. Gaidhani, S., R. Singh, D. Singh, U. Patel, K. Shevade,

R. Yeshvekar and B.A. Chopade, 2013. Biofilm disruption
activity of silver nanoparticles synthesized by Acinetobacter
calcoaceticus PUCM 1005. Mater. Lett., 108: 324-327.
Aravinthan, A., M. Govarthanan, K. Selvam, L. Praburaman
and T. Selvankumar et al, 2015. Sunroot mediated
synthesis and characterization of silver nanoparticles and
evaluation of its antibacterial and rat splenocyte cytotoxic
effects. Int. J. Nanomed., 10: 1977-1983.

Mahdieha, M., A. Zolanvari, A.S. Azimeea and M. Mahdiehc,
2012. Green biosynthesis of silver nanoparticles by
Spirulina platensis. Sci. Iran., 19: 926-929.

Otari, S.V., R.M. Patil, N.H. Nadaf, S.J. Ghosh and S.H. Pawar,
2012. Green biosynthesis of silver nanoparticles from an
actinobacteria Rhodococcus sp. Mater. Lett., 72: 92-94.
Reddy, A.S.,C.Y.Chen,C.C.Chen, J.S.Jeanand H.R.Chen et al,
2010. Biological synthesis of gold and silver nanoparticles
mediated by the bacteriaa Bacillus Subtilis. ). Nanosci.
Nanotechnol., 10: 6567-6574.

Sengottaiyan, A, A. Aravinthan, C. Sudhakar, K. Selvam
and P. Srinivasan et al, 2016. Synthesis and
characterization of Solanum nigrum-mediated silver
nanoparticles and its protective effect on alloxan-induced
diabetic rats. J. Nanostruct. Chem., 6: 41-48.

Sinha, S.N., D. Paul, N. Halder, D. Sengupta and S.K. Patra,
2015. Green synthesis of silver nanoparticles using fresh
watergreenalga Pithophora oedogonia(Mont.) Wittrockand
evaluation of their antibacterial activity. Appl. Nanosci.,
5:703-7009.

Déniel, M., N. Errien, P.Daniel, A. Caruso and F. Lagarde, 2019.
Current methods to monitor microalgae-nanoparticle
interaction and associated effects. Aquat. Toxicol., Vol. 217.
10.1016/j.aquatox.2019.105311.

Richmond, A., 2003. Handbook of Microalgal Culture:
Biotechnology and Applied Phycology. Blackwell Publishing
Limited, Oxford, United Kingdom, ISBN: 9780470995280,
Pages: 566.

Romero, N., F.F. Visentini, V.E. Médrquez, L.G. Santiago,
G.R. Castro and A.M. Gagneten, 2020. Physiological and
morphological responses of green microalgae Chlorella
vulgaris to silver nanoparticles. Environ. Res., Vol. 189.
10.1016/j.envres.2020.109857.

Buzea, C, I Pacheco and K. Robbie, 2007. Nanomaterials
and nanoparticles: Sources and toxicity. Biointerphases,
2: MR17-MR71.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Pak. J. Biol. 5ci,, 27 (4): 210-218, 2024

Echegoyen, Y. and C. Nerin, 2013. Nanoparticle release from
nano-silver antimicrobial food containers. Food Chem.
Toxicol., 62: 16-22.

Govarthanan, M., T. Selvankumar, K. Manoharan, R. Rathika
and K. Shanthi et a/, 2014. Biosynthesis and characterization
of silver nanoparticles using panchakavya: An Indian
traditional farming formulating agent. Int. J. Nanomed.,
9: 1593-1599.

Lee, HJ. and S.H. Jeong, 2005. Bacteriostasis and skin
innoxiousness of nanosize silver colloids on textile fabrics.
Text. Res. J., 75: 551-556.

Niemeyer, C.M., 2001. Nanoparticles, proteins, and nucleic
acids: Biotechnology meets materials science. Angew. Chem.
Int. Edn., 40: 4128-4158.

Rajeshkumar, S., C. Malarkodi, M. Vanaja and G. Annadurai,
2016. Anticancer and enhanced antimicrobial activity of
biosynthesizd silver nanoparticles against clinical pathogens.
J. Mol. Struct., 1116: 165-173.

Roe, D. B. Karandikar, N. Bonn-Savage, B. Gibbins and
J.B. Roullet, 2008. Antimicrobial surface functionalization of
plastic catheters by silver nanoparticles. J. Antimicrob.
Chemother., 61: 869-876.

Solov'ev, AY., T.S. Potekhina, I.A. Chernova and B.Y. Basin,
2007. Track membrane with immobilized colloid silver
particles. Russ. J. Appl. Chem., 80: 438-442.

Vijayaraghavan, K.and S.P.K.Nalini,2010. Biotemplatesin the
green synthesis of silver nanoparticles. Biotechnol. J.,
5:1098-1110.

Wiley, B, Y. Sun and Y. Xia, 2007. Synthesis of silver
nanostructures with controlled shapes and properties.
Acc. Chem. Res., 40: 1067-1076.

El-Chaghaby, G.A., S. Rashad, S.F. Abdel-Kader, E.S.A. Rawash
and M. Abdul Moneem, 2019. Assessment of phytochemical
components, proximate composition and antioxidant
properties of Scenedesmus obliquus, Chlorella vulgaris and
Spirulina platensis algae extracts. Egypt. J. Aquat. Biol. Fish.,
23:521-526.

Elmorsi, F.A.,, W.S. Abou El-Kheir, S. Abd-Elgader, A.M. Helal
and K.H. Farroh, 2021. Synthesis of silver nanoparticles using
Ulva lactuca, Sargassum denticulatum, Spirulina platensisand
Chlorella vulgaris. ). Sci. Res. Sci., 38: 142-167.
Mora-Godinez, S., F. Abril-Martinez and A. Pacheco, 2022.
Green synthesis of silver nanoparticles using microalgae
acclimated to high CO,. Mater. Today: Proceed., 48: 5-9.
Baig, N., |. Kammakakam and W. Falath, 2021. Nanomaterials:
A review of synthesis methods, properties, recent progress,
and challenges. Mater. Adv., 2: 1821-1871.

Narayanan, K.B.and N. Sakthivel, 2010. Biological synthesis of
metal nanoparticles by microbes. Adv. Colloid Interface Sci.,
156:1-13.

218

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Chakraborty, N., A. Banerjee, S. Lahiri, A. Panda, A.N. Ghosh
and R.Pal, 2009. Biorecovery of gold using cyanobacteria and
an eukaryotic alga with special reference to nanogold
formation-A novel phenomenon.J. Appl.Phycol., 21:145-152.
Parial, D., H.K. Patra, A.K. Dasgupta and R. Pal, 2012. Screening
of different algae for green synthesis of gold nanoparticles.
Eur. J. Phycol., 47: 22-29.

Schrofel, A, G. Krato3ovd, M. Bohunickd, E. Dobrocka and
I. Vavra, 2011. Biosynthesis of gold nanoparticles using
diatoms-silica-gold and EPS-gold bionanocomposite
formation. J. Nanopart. Res., 13: 3207-3216.

Pal, K., S. Chakroborty and N. Nath, 2022. Limitations of
nanomaterials insights in green chemistry sustainable
route: Review on novel applications. Green Process. Synth.,
11:951-964.

Bosbach, J., C. Hendrich, F. Stietz, T. Vartanyan and F. Trdger,
2002. Ultrafast dephasing of surface plasmon excitation in
silver nanoparticles: Influence of particle size, shape, and
chemical surrounding. Phys. Rev. Lett., Vol. 89.
10.1103/PhysRevLett.89.257404.

Muthusamy, G., S. Thangasamy, M. Raja, S. Chinnappan and
S.Kandasamy, 2017. Biosynthesis of silver nanoparticles from
Spirulina microalgaeand its antibacterial activity. Environ. Sci.
Pollut. Res., 24: 19459-19464.

Rashad, S., G.A. El-Chaghaby and M.A. Elchaghaby, 2019.
Antibacterial activity of silver nanoparticles biosynthesized
using Spirulina platensis microalgae extract against oral
pathogens. Egypt. J. Aquat. Biol. Fish., 23: 261-266.
Skandalis, N., A. Dimopoulou, A. Georgopoulou, N. Gallios
and D. Papadopoulos et al/, 2017. The effect of silver
nanoparticles size, produced using plant extract from Arbutus
unedo, on their antibacterial efficacy. Nanomaterials, Vol. 7.
10.3390/nano7070178.

Salehi, S., A.S. Shandiz, F. Ghanbar, M.R. Darvish, M.A. Shafiee,
A. Mirzaie and M. Jafari, 2016. Phytosynthesis of silver
nanoparticles using Artemisia marschalliana sprengel aerial
part extract and assessment of their antioxidant, anticancer,
and antibacterial properties. Int. J. Nanomed., 11: 1835-1846.
Djearamane, S., Y.M. Lim, L.S. Wong and P.F. Lee, 2018.
Cytotoxic effects of zinc oxide nanoparticles on
cyanobacterium  Spirulina (Arthrospira) platensis. Peer),
Vol. 6.10.7717/peerj.4682.

Huang, J, J. Cheng and J. Yi, 2016. Impact of silver
nanoparticles on marine diatom Skeletonema costatum.
J. Appl. Toxicol,, 36: 1343-1354.

Lee, KJ, SH. Park, M. Govarthanan, P.H. Hwang and
Y.S. Seo et al, 2013. Synthesis of silver nanoparticles using
cow milk and their antifungal activity against
phytopathogens. Mater. Lett., 105: 128-131.





