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Abstract

The present study explores the biogenic synthesis of iron nanoparticles 

(FeNPs) using the red marine alga Laurencia papillosa, aiming to evaluate 

their dual potential in environmental remediation and cancer treatment. 

The FeNPs were synthesized under optimized conditions determined by 

response surface methodology (RSM), pH 7.0, 20 g/100 mL algal 

concentration, and 24 hours, ensuring maximum yield and reproducibility. 

The synthesized FeNPs were characterized using X-ray Diffraction (XRD), 

FTIR, TEM, SAED, SEM, EDAX, and zeta potential analysis, revealing 

spherical, polydispersed particles with sizes ranging from 10.17 to 19.99 

nm and a zeta potential of +7.4 mV, indicating moderate stability. 

Optimization of synthesis conditions using a response surface 

methodology (RSM) model identified pH 7.0, 20 g/100 mL algal 

concentration, and 24 hours as optimal for maximum nanoparticle yield. 

The FeNPs demonstrated remarkable efficacy in removing heavy metals 

from aquaculture wastewater, with removal efficiencies of 96.4% for Fe, 

58.3% for Mn, and 23.1% for Zn. Additionally, in vitro cytotoxicity assays 

demonstrated dose-dependent inhibitory effects against Human liver 

(HepG2) and Breast (MDA-MB-231) cancer cell lines, confirming the 

potential biomedical application of these eco-friendly FeNPs. These 
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findings highlight the unique capability of L. papillosa-mediated FeNPs as 

multifunctional nanomaterials, bridging sustainable environmental 

remediation with cancer therapeutics, offering promising prospects for 

sustainable nanotechnology in both environmental and biomedical fields. 

Overall, the study demonstrates that L. papillosa derived FeNPs combine 

optimized green synthesis, effective heavy metal removal, and notable 

anticancer activity, underscoring their potential as cost-effective and 

environmentally sustainable multifunctional nanomaterials.

Keywords: Iron nanoparticles, Laurencia papillosa, Green synthesis, 
Nanoparticles, Heavy metal removal, Cytotoxicity.

1. Introduction

Nanotechnology is one of the top technologies that offers great potential 

for many problems, among them, the development of next-generation 

wastewater treatment approaches [1,2] and biomedicine [3,4]. Among the 

various nanoparticles developed, iron nanoparticles (FeNPs) have 

attracted significant attention due to their high magnetic nature, high 

surface area, redox potential, low toxicity, and simple separation 

methodology [5,6]. These features make them highly versatile for 

addressing pressing global challenges like water pollution and cancer 

treatment. 

However, conventional methods for synthesizing FeNPs often require high 

cost and energy and involve toxic chemicals and organic solvents, which 

can be hazardous to humans and the environment, raising concerns about 

their environmental sustainability and biocompatibility [7]. In response to 

these challenges, biogenic synthesis has gained momentum as a green and 

sustainable alternative [8]. Algae, particularly marine seaweed, have shown 

promise due to their abundant secondary metabolites, such as 

polysaccharides, phenolics, proteins, terpenoids, and flavonoids, which 

can act as natural reducing, capping, and stabilizing agents during 

nanoparticle formation [1]. These bioactive compounds not only facilitate 

rapid nucleation and growth of nanoparticles but also enhance their 

stability and prevent aggregation [9]. Seaweed-mediated green synthesis 

offers several advantages, including stability, low-temperature synthesis, 
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energy efficiency, reduced toxicity, and environmental safety [10]. 

Additionally, this approach is cost-effective, scalable, and capable of 

producing nanoparticles with controlled size, morphology, and surface 

properties, making it highly suitable for applications in environmental 

remediation, biomedicine, and industrial nanotechnology [11], as 

highlighted in Figure 1. Previous studies have demonstrated the successful 

use of seaweeds, particularly red algae, in the biogenic synthesis of 

metallic nanoparticles due to their rich content of sulfated polysaccharides 

and phenolic compounds [2]. Red algae of the genus Laurencia have 

received increasing attention, as they are known to produce diverse 

bioactive metabolites that facilitate efficient nanoparticle formation with 

controlled size and morphology. Several studies have reported the 

synthesis of silver [3], gold [4], and iron-based nanoparticles [5] using 

Laurencia spp., showing enhanced stability, antimicrobial activity, and 

catalytic performance. These findings established red seaweeds as reliable 

and eco-friendly nanofactories, paving the way for their exploration in 

multifunctional applications beyond conventional antimicrobial uses.

The red alga Laurencia papillosa is a potent candidate for biogenic 

nanoparticle synthesis due to its rich biochemical composition and 

ecological abundance [12]. L. papillosa exhibits unique biochemical traits 

that distinguish it from other algae commonly utilized in FeNPs 

biosynthesis. It is particularly enriched with halogenated secondary 

metabolites, sulfated polysaccharides, terpenoids, and phenolic 

compounds, which together provide strong reducing capacity and 

enhanced capping activity during nanoparticle formation [6]. Compared 

with genera such as Ulva, Sargassum, and Chlorella, the distinctive 

halogenated compounds and high antioxidant potential of L. papillosa may 

contribute to superior nanoparticle stability, uniformity, and bioactivity 

[7,8].
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Fig. 1. Key merits of NPs green synthesis using algae.

Water-related problems are a persistent global issue and most 

hydrological resources have been under pressure due to several factors, 

including population growth, urbanization, and industrialization [13]. More 

than 14,000 people per day globally die from diseases and conditions 

caused by water pollution [14]. Heavy metals contribute significantly to 

water pollution, disrupting ecological balance and posing serious 

environmental and health risks, which calls for developing efficient and 

cost-effective remediation strategies [15].  On the other hand, cancer 

causes about 1 in every 6 deaths worldwide, and it is the second-leading 

cause of death worldwide [16]. Nanoparticles have been reported as 

promising anticancer agents, offering an alternative to traditional methods 

that often rely on targeted drug delivery and controlled-release 

technologies, which can be more harmful [17]. Their effectiveness has been 

demonstrated against various cancer cell lines, including human liver 

carcinoma cells (HepG2) [18], breast cancer cell line (MCF-7) [19][9], colon 

cancer [20], and cervical cancer [21]. 

Although numerous studies have reported the synthesis of iron 

nanoparticles (FeNPs) using chemical or biological methods, most rely on 

terrestrial plants or microorganisms and primarily focus on single-purpose 
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applications. In contrast, the use of the marine red alga Laurencia 

papillosa for FeNP synthesis remains largely unexplored, despite its rich 

content of bioactive metabolites that can act as effective reducing and 

stabilizing agents. Therefore, this study addresses a clear knowledge gap 

by developing an eco-friendly and cost-effective biogenic synthesis of 

FeNPs using Laurencia papillosa, followed by systematic characterization 

and optimization of synthesis parameters. Furthermore, unlike previous 

studies that examine either environmental or biomedical applications 

separately, the synthesized FeNPs are evaluated for their dual 

functionality in heavy metal removal and anticancer activity, highlighting 

their multifunctional potential.

2. Materials and methods

2.1.Biogenic Synthesis of FeNPs

The marine seaweed Laurencia papillosa was hand-collected from 

Zaafarana Beach (29.06° N, 32.43° E), Suez Gulf, Red Sea, Egypt. The 

algae were identified by keeping some of the fresh seaweeds in seawater 

containing 5% formalin and classified according to [22]. The samples were 

air-dried in a shaded area for two weeks. The aqueous algal extract was 

prepared by soaking 5 g of dry algal powder in 100 mL of deionized water 

for 24 hours with frequent shaking, followed by filtration through 

Whatman Filter paper No. 1. The supernatant was then used to prepare 

FeNPs [10]. All chemicals and reagents used in this study were of analytical 

grade and used without further purification. Ferric chloride   

purity) was obtained from Sigma, Egypt. Deionized water was used 

throughout all experiments. FeNPs were synthesized by mixing algal 

extract with a  FeCl3 solution in a 1:1 volume ratio. The mixture was 

stirred for one hour and maintained at room temperature (~25 °C), and 

then left at the same temperature for 30 minutes to allow complete 

nanoparticle formation [8]. The resulting FeNPs were collected by 

centrifugation at 10,000 rpm for 15 min, washed with absolute ethanol to 

remove unreacted biomolecules and impurities, and then rinsed three 
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times with deionized water to ensure purity. The purified FeNPs were 

finally dried and stored for further characterization and analysis [23].

2.2.Characterization of Biogenic FeNPs

The crystal structure, phase composition, and crystallite size of FeNPs 

were detected using X-ray Diffraction (XRD). It was obtained by a DX-1000 

X-ray powder diffractometer operated at 40 kV and 30 mA, in the  range 

of 10°-90° [11]. Fourier Transform Infrared (FTIR) spectroscopy was 

employed to identify biomolecules involved in nanoparticle synthesis by 

analyzing functional groups in the range of 400-4000  using Burker 

Vertex 80 (Germany) to determine the main components of algal extracts 

and determine the biomolecules involved in the synthesis of FeNPs [24]. 

Transmission Electron Microscopy (TEM) was used to examine 

nanoparticle size, shape, and internal structure, while Selected Area 

Electron Diffraction [12] [12] analysis provided information on crystallinity 

and lattice characteristics that can be performed inside a transmission 

electron microscope [25]. Scanning Electron Microscopy (SEM) was utilized 

to investigate surface morphology and particle distribution by using the 

powder form of FeNPs, which was cast onto glass slides, followed by 

fixation on copper supports. The samples were covered with a thin layer of 

gold by sputtering. The coated surface was examined using SEM (JEOL 

JSM-6510LV, Japan, high resolution of 3.0 nm at 30 kV) [13]. The elemental 

composition of the FeNPs was analyzed using Energy Dispersive X-ray 

Analysis (EDAX) coupled with SEM [26]. Colloidal stability and surface 

charge of the nanoparticles were assessed through zeta potential 

measurements using Photon Correlation Spectroscopy [27]. 

2.3.Optimization of Biogenic FeNPs Synthesis using Central 

Composite Design (CCD)

Response Surface Methodology (RSM) was utilized to evaluate the effects 

of key factors: pH, algal extract concentration (g/100 mL), and reaction 

time (h) on the biogenic synthesis of FeNPs from L. papillosa. CCD was 

utilized to determine the optimum level of each variable for FeNPs 

synthesis, through defining the main effects and interaction between the 

different selected three factors at five levels, including five replicates at 
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the center point. This was applied to fit the data into a second-order 

quadratic polynomial model [28].

A total of 20 runs were conducted, each in triplicate, with absorbance at 

300 nm measured via UV-Vis spectrophotometry to monitor Surface 

Plasmon Resonance (SPR), which served as an indirect indicator of FeNPs 

formation and concentration. Analysis of variance (ANOVA) was evaluated 

by statistical analysis of the model by the Design Expert 8.0 statistical 

package (StatEase, Inc., Minneapolis, MN, USA). To demonstrate the 

interaction between variables, the surface plots of 3-D surface designs 

were plotted that describe each parameter's optimal condition for the 

development of biogenic FeNPs. Normal probability plots of residuals and 

residuals versus predicted values were analyzed for each response 

variable to assess model adequacy, determine optimal conditions, and 

validate the experimental design using Design-Expert software.

Table 1. Levels of variables used in the Central Composite Design (CCD) 
experiment for the synthesis of biogenic FeNPs.

Levels
Variables

-2 -1 0 +1 +2

pH
3.0 4.9 7.0 9.4

11.
0

The concentration of algae extract (g/100 
ml)

1.0 4.9
10.
5

16.1 20

Time (h) 1 10.5 24 38.5 48

2.4.Heavy Metal (Fe, Mn, and Zn) Removal from Fish Aquaculture 
Wastewater Effluents using Biogenic FeNPs

Wastewater samples were collected from the effluents of a running 

aquaculture facility in Port Said Governorate, Egypt (31°19'41"N, 

32°25'22"E). For the removal experiment, 100 mL of filtered wastewater 

was mixed with 0.2 g/L FeNPs and stirred at 120 rpm at 25°C for 90 

minutes. The FeNPs were then separated by centrifugation at 4000 rpm 

for 15 minutes. Heavy metal concentrations were measured before and 

after treatment using an atomic absorption spectrophotometer. The 

removal efficiency (%R) for each metal was calculated using the equation 

[29]:
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%𝑅 = 𝐶0 ― 𝐶𝑡𝐶0 × 100

where C  is the initial metal concentration (mg/L), and  is the 

concentration after treatment (mg/L).

2.5.Evaluation of Antitumor Activity of Biogenic FeNPs

The central lab in the zoology department, Faculty of Science, Mansoura 

University, Egypt, provided cell lines of Human liver (HepG2) cells and 

Human Breast Cancer Cell Line (MDA-MB-231). The cytotoxicity of FeNPs 

was evaluated by 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium 

bromide (MTT) dye reduction assay [30].  In brief, HepG2 cells and MDA-

MB-231 were harvested, seeded in a 96-well plate, and exposed to 

different concentrations (0.5, 1, 2, 4, 8, and 16 µg/mL) of FeNPs for 24 h 

at 37°C in 5% CO2. After the treatment, the medium was aspirated, and 

the treated cells were exposed to 10 µl of MTT for another 2h in the dark 

at 37°C. At the end of the incubation period, the purple formazan crystals 

were solubilized with 50 µl DMSO and measured spectrophotometrically 

on a microplate reader at 595 nm. The percentage of viable cells was 

calculated as follows [31]:

The IC50 of HepG2 and MDA-MB-231 doses was calculated by Prism 

software.

3. Results

Before the biogenic synthesis of FeNPs, the algal samples collected from 

Zaafarana Beach, located along the Red Sea coast in Egypt (Fig. 2a), were 

carefully examined and taxonomically classified [22]. Laurencia papillosa 

was confirmed as a red alga belonging to the Rhodophyta phylum (Fig. 2b). 

algal biomass was subjected to shadow drying to preserve its bioactive 

compounds (Fig. 2c) and then finely ground to facilitate subsequent 

extraction and nanoparticle synthesis processes (Fig. 2d).
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Fig. 2. (a) Location map of the algal collection site at Zaafarana Beach, Red Sea, 
Egypt; (b) Photographs of the site and the harvested Laurencia papillosa; (c) 
Algal samples during shadow drying; and (d) Ground algal material.

3.1.X-ray Diffraction and Fourier Transform Infrared Spectroscopy 

Analysis 

The XRD pattern of biogenic FeNPs gives amorphous nanoparticles (Fig. 

3a). The inset image provides initial evidence of FeNP formation, as 

indicated by the color change of the algal extract from yellowish-brown to 

deep brown upon the addition of  solution. FTIR spectra of both 

biogenic FeNPs and L. papillosa extract (Fig. 3b) were recorded within the 

4000-400  range. Prominent peaks were observed at 3421, 1598, 

1384, 1035, and 865  While the overall spectral pattern of L. papillosa 

extract and FeNPs remained similar, variations in peak intensity were 

noted.
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Fig. 3. (a) XRD patterns of biogenic FeNPs; inset: algal extract before and after 
exposure to  solution. (b) FTIR spectra of FeNPs and Laurencia papillosa 
extract.

3.2.Structural Characterization of Biogenic FeNPs

The TEM micrographs presented in Fig. 4a and b, FeNPs are nearly 

spherical with approximately poly-dispersed particles. The particle size of 

FeNPs was observed to range from 10.17 to 19.99 nm. The inset 

micrographs in Fig. 4c showed that the SAED patterns exhibit alternating 

dots and concentric rings, demonstrating that FeNPs are polycrystalline.

Figure 4d shows the EDAX spectra of FeNPs, where the peaks at 0.5, 6.0, 

and 6.6 keV are related to the binding energies of Fe. In addition to the Fe 

peak, the EDAX spectrum shows minor peaks corresponding to C, O, Na, 

Mg, Al, Cl, K, Cu, and Zn. These elements likely originate from residual 

biomolecules and trace salts present in the Laurencia papillosa extract. 

The SEM analysis was conducted to know the surface morphology of 

FeNPs, where the particle shapes were spherical, highly distributed, and 

polydispersed (Fig. 4e and f). The FeNPs exhibited a positive zeta potential 

of +7.4 mV (Fig. 4g), indicating the presence of a positively charged 

nanoparticle surface and moderate dispersion stability under the 

experimental conditions.
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Fig. 4. (a) TEM image at 100 nm, (b) TEM image at 50 nm, (c) SAED pattern, (d) 
EDX spectrum analysis, (e) SEM image at 30,000× magnification, (f) SEM image 
at 20,000× magnification, and (g) zeta potential of biogenic FeNPs.

3.3.Optimizing conditions for biogenic synthesis of FeNPs 

Twenty experiments optimized the phyco-synthesis of FeNPs from 

Laurencia papillosa, quantified by SPR intensity (Table 2). The optimal 

conditions (Run No. 16) were pH 7.0, 20 g algae/100 mL water, and 24 

hours, yielding a maximum absorbance of 1.30 at 300 nm. ANOVA 

confirmed a significant quadratic model (P < 0.05), with pH and 

concentration as key factors, while time was non-significant (Table 3).

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Table 2. Specifics of the 20 runs that were carried out utilizing CDD to improve 
the biogenic synthesis of FeNPs using Laurencia papillosa extract.

Variables
Respon
ses

Run
s

pH
The concentration of algal 

extract (g/100 mL)
Incubation 
time (h)

SPR300

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

4.6

9.4

4.6

9.4

4.6

9.4

4.6

9.4

7

7

7

7

3

11

7

7

7

7

7

7

4.9

4.9

16.1

16.1

4.9

4.9

16.1

16.1

10.5

10.5

10.5

10.5

10.5

10.5

1.0

20.0

10.5

10.5

10.5

10.5

10

10

10

10

38

38

38

38

24

24

24

24

24

24

24

24

1

48

24

24

0.64

1.08

0.76

0.78

0.58

0.64

0.85

1.14

1.04

0.54

0.80

0.91

0.77

0.69

0.84

1.30

0.78

0.90

0.95

0.7

Table 3. The full quadratic model's ANOVA and model performance of biogenic 
synthesis of FeNPs using Laurencia papillosa extract.

Source
Sum of 

Squares
d

f
Mean 

Square
F-

value
p-

value

Model 0.6081 9 0.0676 4.51
0.013
8

significant

A-pH 0.0807 1 0.0807 5.39
0.042
7

B-Conc 0.1565 1 0.1565 10.44
0.009
0

C-Time 0.0005 1 0.0005
0.032
1

0.861
4

AB 0.0023 1 0.0023
0.154
3

0.702
7

AC 0.0039 1 0.0039
0.258
4

0.622
3
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BC 0.1280 1 0.1280 8.54
0.015
2

A² 0.1627 1 0.1627 10.86
0.008
1

B² 0.0594 1 0.0594 3.96
0.074
5

C² 0.0043 1 0.0043
0.285
9

0.604
5

Residu
al

0.1499
1

0
0.0150

Lack of 
Fit

0.0890 5 0.0178 1.46
0.343
7

not 
significant

Pure 
Error

0.0609 5 0.0122

Cor 
Total

0.7580
1

9

Figure 5 shows the 3D response surface plots that represent the 

effect of pH, Conc, and time on the SPR intensity of FeNPs. Figures 5a and 

b show that concentration and pH have a higher impact on SPR intensity 

than time. In addition, concentration had the greatest impact on the 

synthesis of AgNPs (Figure 5c). The assumption of normal data is shown 

in Figure 5d. The data were almost normal, and the graph showed the 

normal probability of how the residues followed a normal 

distribution.  Figure 5e presents the relation of residual vs. predicted SPR 

intensity. It shows that the residual is randomly distributed on both sides 

of the zero line and also lies in a range less than the allowable range of 
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Fig. 5. (a) Three-dimensional response surface plots illustrating the effects of 
independent parameters: [concentration–pH], (b) [pH–time], and (c) [time–
concentration] on SPR intensity under optimal conditions for the biogenic 
synthesis of FeNPs using Laurencia papillosa extract. (d) Normal probability plot 
of internally studentized residuals for the quadratic model of SPR intensity. (e) 
Residuals versus predicted SPR intensity for the biogenic synthesis of FeNPs 
using Laurencia papillosa extract.

3.4.Effectiveness of FeNPs in Heavy Metal Removal

As illustrated in Figure 6a, treating aquaculture wastewater effluent 

with biogenic FeNPs significantly reduced iron concentrations, achieving 

a removal efficiency of 96.4%. The treatment also decreased manganese 

and zinc levels, with removal efficiencies of 58.3% and 23.1%, respectively. 

In support of these findings, the concentration table (Figure 6b) displays 

the exact values of Fe, Mn, and Zn before and after treatment, confirming 

a substantial decline in heavy metal concentrations post-treatment.
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Fig. 6. (a) Histogram showing the removal percentage of Fe, Mn, and Zn from 
aquaculture wastewater effluent after treatment with biogenic FeNPs. (b) 
Concentration table of Fe, Mn, and Zn in aquaculture wastewater effluent before 
and after biogenic FeNPs treatment.

3.5.Cell viability of HepG2 and MDA-MB-231 cell lines treated with 

biogenic FeNPs 

Treatment with biogenic FeNPs resulted in a dose-dependent 

decrease in cell viability for both HepG2 and MDA-MB-231 cell lines. In 

HepG2 cells (Figure 7a), cell viability remained high at lower 

concentrations (0.5–  with only a slight reduction from 99.3% to 

97.2 %. However, as the concentration increased from 4 to  a 

noticeable decline in viability was observed, reaching approximately 

91.6% at the highest concentration. The calculated  value for HepG2 

cells was 6.338 mM, indicating low cytotoxicity within the tested 

concentration range.

A more pronounced cytotoxic effect was observed in MDA-MB-231 

cells (Figure 7b). While cell viability remained above 90% at 0.5 and 

 a sharper reduction was evident at higher concentrations. At 

 viability dropped to around 89.1%; at  it further 
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decreased to approximately 87.5%. The  values were 2.538 mM, 

confirming a similarly low level of cytotoxicity.

Fig. 7. Cell viability of (a) Human liver (HepG2) cells and (b) Human Breast 
Cancer (MDA-MB-231) cell lines treated with different concentrations of biogenic 
FeNPs (from 0.5 to 16  Error bars represent standard deviation [14].

Figures 8 and 9 illustrate the dose-dependent cytotoxic effects of 

biogenic FeNPs on HepG2 and MDA-MB-231 cell lines, respectively. In 

both cell types, the untreated controls (Figures 8a and 9a) displayed 

healthy morphology with well-spread, adherent cells and intact 

monolayers. After treatment with  of FeNPs (Figures 8b and 9b), 

early morphological alterations such as slight rounding and reduced cell 

density appeared. These changes became more pronounced at  

(Figures 8c and 9c), where a clear increase in cell detachment and 

shrinkage was observed, indicating loss of membrane integrity and 

initiation of cell death pathways. At the highest concentration  

both HepG2 and MDA-MB-231 cells (Figures 8d and 9d) showed significant 

morphological damage, including cell rounding, fragmentation, and sparse 

adherence, suggesting advanced cytotoxic effects likely due to apoptosis 

or necrosis. 
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Fig. 8. Morphological changes of Human liver (HepG2) cells after treatment with 
biogenic FeNPs at different concentrations: (a) Control (untreated), (b)  
(c)  and (d) 

Fig. 9. Morphological changes of Human Breast Cancer (MDA-MB-231) cell lines 
after treatment with biogenic FeNPs at different concentrations: (a) Control 
(untreated), (b)  (c)  and (d) 
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4. Discussion

The present study demonstrates the successful biogenic synthesis of 

FeNPs using the red macroalga Laurencia papillosa, highlighting their 

dual environmental and biomedical applications. This green synthesis 

approach is environmentally friendly and cost-effective, as it relies on 

natural, non-toxic biomolecules, reduces chemical waste, and requires 

minimal energy input, supporting sustainable and scalable nanoparticle 

production [15]. The XRD pattern of the biogenic FeNPs revealed an 

amorphous nature, which aligns with several earlier reports on 

biogenically synthesized nanoparticles using algal or plant extracts [33,34]. 

The absence of sharp diffraction peaks is likely attributed to the strong 

organic capping provided by the bioactive compounds present in the L. 

papillosa extract. These biomolecules, such as polysaccharides, phenolics, 

and halogenated metabolites, can bind to the nanoparticle surface, 

hindering the formation of long-range crystalline order and thereby 

resulting in an amorphous structure [16]. The broad peak shown around  

of  could correspond to the coated organic materials from L. 

papillosa, which are responsible for stabilizing the phyco-synthesized 

FeNPs [36]. Amorphous nanoparticles often exhibit higher surface 

reactivity, which could enhance their interaction with heavy metals or 

biological systems, making them highly suitable for applications such as 

water purification and targeted drug delivery [35]. This increased reactivity 

arises from the presence of structural disorder, surface defects, and 

unsaturated coordination sites, which provide a greater number of active 

binding sites. Consequently, amorphous FeNPs may show enhanced 

adsorption efficiency and stronger interactions with cellular membranes, 

potentially contributing to improved cytotoxic or biological activity [17]. 

The color change from yellowish-brown to deep brown upon the addition 

of FeCl3 offers a visual indication of nanoparticle formation, as a result of 

the reduction of  ions by bioactive compounds present in the algal 

extract. This observation is consistent with the general principle of green 

nanoparticle synthesis, where phytochemicals such as phenolics, 
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flavonoids, terpenoids, and polysaccharides act as both reducing and 

stabilizing agents [37]. 

FTIR analysis further confirmed the involvement of functional 

groups in the synthesis and stabilization of FeNPs [38]. The prominent peak 

at 3421 cm-¹ corresponds to O-H and N-H stretching vibrations, indicating 

the presence of hydroxyl and amine groups, which are known to play a key 

role in metal ion reduction and nanoparticle stabilization [39]. The peaks at 

1598 and 1384 cm-¹ are likely associated with C=O stretching and 

symmetric  vibrations, respectively, suggesting the involvement of 

carboxyl-containing biomolecules in capping the nanoparticles [40]. The 

band at 1035  may correspond to C-O stretching, while the peak at 

865 cm-¹ could be attributed to Fe-O vibrations, confirming the presence 

of iron in the synthesized nanoparticles [41]. Although the FTIR spectra of 

L. papillosa extract and FeNPs showed similar overall patterns, the 

observed differences in peak intensity indicate the participation of these 

functional groups in the reduction and stabilization processes. Similar 

spectral shifts and intensity changes have been reported by other 

researchers using marine algae and plant-based systems for nanoparticle 

synthesis, further validating the active role of biomolecules in nanoparticle 

formation [42,43].

The TEM analysis confirmed that the FeNPs were nearly spherical 

and polydispersed, with particle sizes ranging between 10.17 and 19.99 

nm. This size range is consistent with earlier reports of biogenic FeNPs 

synthesized using algal or plant extracts [44,45]. Compared to previous 

similar studies, the nanoparticles in this study were smaller in size than 

other iron NPs, which have a size between 50–100 nm [18]. This variation 

may be attributed to differences in pH, temperature, incubation duration, 

as well as the nature and concentration of the precursors, all of which can 

significantly affect nanoparticle biosynthesis [19].  The SAED pattern, 

showing distinct concentric rings and discrete spots, confirmed the 

polycrystalline nature of the synthesized FeNPs. Such patterns have also 
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been reported in other studies involving biologically mediated synthesis of 

metal nanoparticles [46].

The EDAX analysis further supported the elemental composition of 

the FeNPs, where prominent peaks corresponding to Fe were detected at 

0.5, 6.0, and 6.6 keV. This finding is in agreement with previously 

published EDAX spectra of biosynthesized FeNPs [23]. The minor peaks 

corresponding to C, O, Na, Mg, Al, Cl, K, Cu, and Zn likely originate from 

residual biomolecules and trace salts present in the Laurencia papillosa 

extract, which act as natural capping and stabilizing agents for the FeNPs 

[20]. Their presence contributes to nanoparticle stability and surface 

reactivity but does not interfere with the overall composition or 

functionality of the FeNPs [21]. The absence of strong peaks for other 

elements also supports the high purity of the synthesized particles.SEM 

imaging revealed a spherical and highly polydispersed morphology, 

aligning with the TEM observations. Similar FeNPs were also reported 

[47]. 

The positive zeta potential value of +7.4 mV indicates moderate 

colloidal stability, which is attributed to the capping effect of negatively 

charged functional groups from the Laurencia papillosa extract. While 

higher absolute zeta potential values typically suggest better stability, 

previous studies have shown that even moderately positive zeta potentials 

can be sufficient to prevent significant aggregation, especially when 

natural stabilizers are present [48]. Earlier reports on nanoparticles 

synthesized via L. papillosa indicate stability patterns that align with those 

observed in this study [22]. This moderate positive charge also suggests 

that the FeNPs may exhibit favorable interactions with negatively charged 

contaminants or biomolecules, enhancing their adsorption capacity and 

biological activity [23].

The optimization study revealed that pH and algal concentration 

were the most significant factors affecting FeNPs synthesis, while 

incubation time had a minimal effect. These findings are consistent with 

previous studies [49]. The effect of pH and algal concentration directly 
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controls the reduction kinetics of  ions and the availability of active 

biomolecules responsible for reduction and capping [24]. Variations in pH 

alter the ionization state of phenolic, polysaccharide, and protein 

functional groups, thereby affecting their reducing capacity and binding 

efficiency [25]. Similarly, increasing algal extract concentration increases 

the number of bioactive compounds available to reduce and stabilize iron 

nanoparticles, leading to more efficient nanoparticle formation [26]. In 

contrast, incubation time exhibited a minimal effect, likely because the 

reduction of  and nucleation of FeNPs occur rapidly once optimal 

biochemical conditions are present. Most of the nanoparticle formation 

appears to occur in the early stages of the reaction, and extending the time 

does not significantly alter the particle yield or properties [26]. 

Furthermore, the model's accuracy, validated by ANOVA and normal 

distribution of residuals, aligns with statistical approaches used in recent 

biosynthesis studies for predictive optimization [50]. The P value was found 

to be significant, and the assumption of standard data was almost normal. 

The proposed linear model is acceptable as it is lower than the permitted 

range of  [51].

The high removal efficiency of Fe (96.4%) observed in this study 

highlights the strong potential of biogenic FeNPs, consistent with earlier 

studies that reported efficient heavy metal adsorption using green-

synthesized nanoparticles [52,53]. The moderate removal of Mn (58.3%) and 

Zn (23.1%) also aligns with previous findings indicating variable affinity of 

FeNPs toward different metal ions depending on their ionic radii, charge, 

and binding behavior [54]. The high removal efficiency of FeNPs is 

attributed to their small size and large surface area, enabling effective 

surface adsorption, electrostatic attraction, and complexation with 

functional groups from the Laurencia papillosa extract [27]. The moderate 

positive surface charge enhances interaction with metal ions, improves 

removal efficiency [23]. The observed trend-greater affinity for Fe than Mn 

and Zn, may be attributed to the redox reactivity of FeNPs and their strong 

binding with iron species in solution. Similar outcomes have been reported 

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



in studies using algae-based or plant-extract-mediated FeNPs, where the 

surface functional groups contribute to metal chelation and reduction [55].

Numerous studies have demonstrated that the bioactive compounds 

derived from algae and marine plants exhibit anticancer activity against 

various cancer cell lines [56,57]. The observed dose-dependent 

morphological alterations in HepG2 and MDA-MB-231 cells following 

exposure to biogenic FeNPs are consistent with earlier findings that 

highlight the cytotoxic potential of iron-based nanoparticles against cancer 

cells [58,59]. Studies using green-synthesized FeNPs, such as those derived 

from algae or plant extracts, have similarly demonstrated selective 

cytotoxic effects on cancerous cells while sparing normal cells to a greater 

extent [60,61]. The observed dose-dependent cytotoxicity of the synthesized 

FeNPs against HepG2 and MDA-MB-231 cells may be attributed to their 

small size, positive surface charge, and bioactive compounds from 

Laurencia papillosa. These properties facilitate cellular uptake and can 

induce reactive oxygen species (ROS) generation, leading to oxidative 

stress, mitochondrial dysfunction, and apoptosis in cancer cells [28]. The 

results suggest that biogenic FeNPs exhibit selective cytotoxicity, with a 

stronger inhibitory effect on MDA-MB-231 compared to HepG2, especially 

at higher concentrations. The stronger response of MDA-MB-231 cells may 

reflect the higher metabolic activity and sensitivity of breast cancer cells 

to oxidative stress, as previously noted by Nasrollahzadeh, et al. [29]. In 

comparison with standard anticancer drugs, the biogenic FeNPs evaluated 

in this study demonstrated markedly lower cytotoxicity toward both 

HepG2 and MDA-MB-231 cells [30]. The high  of the biogenic FeNPs 

compared to conventional chemotherapeutic agents such as doxorubicin 

and cisplatin reflects their lower cytotoxic potency but also their greater 

safety [31]. Similar low-to-moderate cytotoxicity has been reported for other 

biosynthesized iron nanoparticles, likely due to organic capping by algal 

biomolecules, aligning our findings with previous studies and supporting 

the safe biomedical potential of these FeNPs [32,33]. Additionally, the 

presence of bioactive capping agents from Laurencia papillosa likely 

enhanced cellular uptake and internal disruption, supporting the dual 
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therapeutic and environmental applications of such biogenic 

nanoparticles. Overall, these findings demonstrate that the eco-friendly 

synthesis and applications of the FeNPs contribute to several SDGs. 

Specifically, SDG 6 (Clean Water and Sanitation) is addressed through 

potential water remediation applications, SDG 3 (Good Health and Well-

Being) is supported via prospective biomedical and targeted cancer 

treatments, and SDG 12 (Responsible Consumption and Production) is 

promoted by employing sustainable and green nanotechnology practices. 

Finally, Table 4 summarizes and compares the present study with 

previously reported biogenic FeNPs synthesized using different biological 

sources. The comparison highlights variations in synthesis approaches, 

particle size ranges, morphological features, and application domains. As 

shown, most earlier studies focused on single-purpose applications, either 

environmental or biomedical, whereas the present work demonstrates 

dual functionality using a marine algal source. This comparison 

underscores the relevance of Laurencia papillosa-mediated FeNPs and 

supports their potential as multifunctional nanomaterials. 

Table 4. Comparative overview of biogenic iron nanoparticles (FeNPs) 
synthesized using different biological sources, showing synthesis method, 
particle size, shape, applications, and references.

Biological 
Source

Synthesis 
Method

Particle 
Size 
(nm)

Shape Application(s) Reference

Laurencia 
papillosa (red 
marine alga)

Biogenic, 
RSM-
optimized

10.17-
19.99

Spherical

Heavy metal 
removal, 
anticancer 
activity

Present 
Study

Azadirachta 
indica (leaf 
extract)

Biogenic 12-25
Spherical / 
Polydispersed

Anti-bacterial 
activity

[34]

Ficus carica 
(fruit extract)

Biogenic 15-30 Spherical Anticancer [35]

Bacillus 
subtilis 
(bacteria)

Biogenic 8-20 Spherical
Heavy metal 
removal

[36]

Pleurotus 
citrinopileatus 
(fungus)

Biogenic 20-40
Spherical / 
Irregular

Biomedical 
application

[37]

5. Limitations and Strengths of the Study
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This study demonstrates an eco-friendly and cost-effective synthesis of 

FeNPs using Laurencia papillosa, with comprehensive characterization 

confirming their structural, morphological, and functional properties. The 

dual applications in environmental remediation and biomedical contexts 

represent a major strength, highlighting the multifunctional potential of 

these biogenic nanoparticles. However, the study has some limitations, 

including: reliance on in vitro assessments without in vivo validation, 

limited mechanistic insights into cytotoxicity and heavy metal adsorption, 

and absence of scale-up studies and long-term stability evaluations under 

diverse environmental conditions. Future studies addressing these aspects 

would further validate the practical applications of the synthesized FeNPs 

and expand their utility in both environmental and biomedical fields.

6. Conclusions

This study successfully demonstrated the biogenic synthesis of iron 

nanoparticles (FeNPs) using the red marine alga Laurencia papillosa, 

providing a sustainable and eco-friendly approach to nanoparticle 

production. The synthesized FeNPs were small, spherical, and 

polycrystalline with favorable surface properties, and optimization showed 

that pH and algal concentration significantly influenced nanoparticle 

formation. The FeNPs exhibited high efficiency in removing heavy metals 

(Fe, Mn, and Zn) from aquaculture wastewater, highlighting their 

environmental application. Additionally, they showed dose-dependent 

cytotoxicity against HepG2 and MDA-MB-231 cancer cell lines, suggesting 

potential utility in cancer therapy. The study is limited by the number of 

replicates, the lack of detailed adsorption modeling, and the absence of in 

vivo validation. Future work will focus on mechanistic studies, adsorption 

modeling, in vivo biodistribution, toxicity, and biocompatibility to further 

establish the multifunctional potential of these eco-friendly FeNPs in both 

environmental remediation and biomedical applications.
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