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Abstract

Selenium (Se) is an essential trace element involved in antioxidant defense, immune regulation, and
physiological processes in aquatic organisms; however, conventional inorganic Se supplementation has limited
safety margins. This study developed phytogenic selenium nanoparticles (SeNPs) using sodium selenite
(Na2SeOs) and extract derived from Gracilaria vermiculophylla processing byproducts as a natural reducing and
stabilizing agent. The physicochemical properties of SeNPs were characterized using UV-Vis spectroscopy,
Fourier transform infrared spectroscopy (FTIR), particle size analysis (PSA), field-emission scanning electron
microscopy (FESEM), energy dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD). Biological
toxicity was evaluated using the rotifer, Brachionus plicatilis. Liquid chromatography coupled with high
resolution mass spectrometry (LC-HRMS) profiling revealed putative phenolic, terpenoid, and steroid-like
metabolites potentially involved in SeNP formation. The optimal synthesis condition occurred at 30 °C,
producing brick-red colloids with a characteristic absorption peak at 320-330 nm. The synthesized SeNPs
exhibited spherical morphology, an average particle size of approximately 50 nm, and a hexagonal selenium
crystalline structure. Acute toxicity increased with exposure duration, reaching 22.22-57.78% mortality after 48
h with an LCso value of 3.76 mg L™'. CLSM confirmed SeNP localization mainly in the digestive and internal
regions of B. plicatilis. These findings demonstrate the feasibility of G. vermiculophylla-derived SeNPs as a
sustainable selenium source for further aquaculture applications.

Keywords: Acute toxicity, Brachionus plicatilis, Gracilaria vermiculophylla, Phytogenic synthesis, Selenium
nanoparticles
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1 Introduction

The rapid expansion of the seaweed cultivation and
processing industry has produced large amounts of
residual biomass that has not been utilized optimally,
even though this biomass contains valuable bioactive
compounds. Previous studies showed that processing
residues of Gracilaria sp. have an estimated potential
of 52 metric tons per year from biomass waste [1].
Indonesia is one of the world’s largest seaweed-
producing countries, with annual production
exceeding 9.2 million tons, resulting in considerable
biomass residues from harvesting and processing
activities [2]. In the processing sequence for
Gracilaria spp., which includes sorting, drying,
pressing, and product preparation, by-products are
generally discarded [3]. These materials may retain
functional biomolecules, such as polysaccharides,
proteins, phenolic compounds, pigments, and other
secondary metabolites [4]. By reducing biomass
waste and generating sustainable sources for
biotechnological applications, the conversion of
seaweed processing residues into value-added
functional materials represents an important strategy
within circular bioeconomy strategies [5].

Selenium (Se) is a crucial trace element that
enters the body via selenoproteins, playing a role in
redox  control, immunological modulation,
antioxidant defense, thyroid hormone metabolism,
and physiological development in aquatic species [4].
Se supplements are used in aquaculture to improve
physiological resilience and nutritional condition.
Inorganic Se sources such as sodium selenite exhibit
several drawbacks, including oxidative instability, a
narrow margin between beneficial and toxic dosages,
fluctuating bioavailability, and potential
environmental issues [6].

These limitations underscore the need for
alternative selenium delivery methods that offer
greater effectiveness and improved biological
compatibility. Because of their enormous surface
area, adjustable surface properties, and nanoscale
dimensions, SeNPs have been identified as a viable
selenium delivery mechanism [6]. According to
earlier studies, if the dosage and exposure conditions
are suitable, SeNP supplementation can improve
growth performance, immune related indicators, and
antioxidant responses in a variety of aquaculture
species [7]. However, the size of the nanoparticles,
surface chemistry, aggregation behavior, length of
exposure, and species-specific reactions all have a
major impact on these biological consequences [8].

Understanding the physicochemical
characteristics of SeNPs and their biological
interactions as useful selenium delivery agents is
necessary for broader use in aquaculture systems. Fresh
plant extracts, pure biomolecules, or traditional
biological sources are of great interest in green
synthesis, or ecologically friendly synthesis [8].
Particularly with regard to the connections between
extract-derived metabolites, SeNPs physicochemical
properties, and biosafety responses, the potential of
seaweed processing by-products as sustainable sources
of reducing and surface-associated biomolecules is yet
mainly unexplored [9]. Therefore, it is essential to
comprehend how metabolites formed from byproducts
affect the creation of nanoparticles and biological
performance in order to advance circular biobased
nanotechnology [10]. Their abundance and varied
chemical composition, which includes proteins,
pigments, polysaccharides, and phenolic compounds,
make macroalga extracts excellent biological platforms
for SeNPs production [11].

The marine rotifer Brachionus plicatilis
represents an important biological model for evaluating
nanoparticle interactions in aquaculture because of its
ecological relevance, short life cycle, sensitivity to
environmental stressors, and extensive use as live feed
for marine fish larvae [12]. Beyond its role as a
nutritional organism, B. plicatilis can function as a
biological nutrient carrier capable of accumulating and
potentially delivering enriched nutrients to early stage
fish larvae [13]. Previous studies have investigated
nanoparticle toxicity in rotifers using materials such as
Ag, ZnO, Fe3;04 and TiO: nanoparticles [14]-[17].
However, information regarding the biological
responses of rotifers exposed to phytogenic SeNPs
remains limited. In particular, the influence of SeNP
synthesis conditions and resulting physicochemical
characteristics on acute toxicity responses and
fluorescence associated distribution patterns in B.
plicatilis has not been fully -elucidated [18].
Physicochemical characterization alone cannot predict
biological responses, whereas toxicity assessment
without nanoparticle characterization provides limited
interpretation of nanoparticle biological interactions
and potential application for aquaculture.

Accordingly, this study hypothesized that
bioactive compounds present in  Gracilaria
vermiculophylla  processing byproducts facilitate
phytogenic SeNP formation and influence the
physicochemical properties and biological responses of
the resulting nanoparticles. This study aimed to
synthesize SeNPs using G. vermiculophylla processing
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byproduct extract and characterize the
physicochemical properties and their toxicity against
the marine rotifer B. plicatilis.

2 Materials and Methods
2.1 Materials

Gracilaria seaweed processing by-products were
collected from a seaweed processing facility in
Karawang, Indonesia. The marine rotifer Brachionus
plicatilis, and sodium selenite (NaSeOs, 99% purity;
Sigma Aldrich) were used as a selenium precursor in
the synthesis of SeNPs. 99% ethanol, 37%
hydrochloric acid (HCl), 1 N sodium hydroxide
solution (NaOH), and distilled water were used for
extraction, synthesis, washing, and sample preparation.
All reagents were of analytical grade. For fluorescence
tracking, SeNPs were labeled with Rhodamine B
suitable for fluorescence (Sigma Aldrich).

2.2 Methods

2.2.1 Collection and mechanical sorting of G.
vermiculophylla by-products

G. vermiculophylla by-products are collected during
the initial mechanical cleaning stage of seaweed
processing. The collected biomass consists of small
seaweed fragments separated from commercial raw
materials. The mechanically sorted biomass is then
collected as a raw material for extract production and
phytogenic SeNP synthesis.

2.2.2 Extraction of Gracilaria vermiculophylla by-
product

G. vermiculophylla by-products (2 Kg) were dried
at 50°C for 2 hours to remove humidity. Dried
biomass was ground into a fine powder. 10 g of
dried biomass powder was diluted with 100 mL of
absolute ethanol (1:10, w/v). The UCD-950
ultrasonic processor (Biobase, China) was used to
assist in the extraction with a power rate setting of
50% for 20 minutes with a 5-second pulse interval,
a frequency of 20 kHz, and a temperature
maintained below 40°C. The extract was filtered
using Whatman No. 1 filter paper and concentrated
using a rotary vacuum evaporator. The obtained
extract was stored at -20°C until further analysis
[10].

2.2.3 LC-HRMS-based metabolite profiling

LC-HRMS analysis was performed to characterize
putative metabolites present in the G. vermiculophylla
byproduct extract. Analysis was conducted using a
Dionex Ultimate 3000 RSLC nano system coupled with
a Q Exactive Orbitrap high-resolution mass spectrometer
(Thermo Fisher Scientific, USA). Chromatographic
separation was performed using an Accucore CI18
column (50 x 2.1 mm, 2.6 pm particle size) with a
mobile phase consisting of LC-MS grade water
containing 0.1% formic acid (A) and acetonitrile
containing 0.1% formic acid (B). Gradient elution was
carried out at a flow rate of 0.2 mL min!, with the
proportion of phase B ranging from 5% to 95% over 30
minutes. Metabolite annotation was based on accurate
mass, retention time, and database matching.

2.2.4 Phytogenic synthesis of SeNPs

A modified method for the phytogenic synthesis of
SeNPs was developed based on previous techniques
[19], [20]. Sodium selenite (NaSeOs) was used as the
selenium precursor for the phytogenic production of
SeNPs. Briefly, a Na2SeOs solution (20 mM) prepared
with distilled water was mixed with 5 mL of G.
vermiculophylla by-product extract. A magnetic stirrer
was used to continuously stir the reaction mixture at 400
rpm until the final volume reached 50 mL. To assess the
effect of temperature on SeNPs production and
physicochemical properties, nanoparticle synthesis was
conducted at three different temperatures (30°C, 35°C,
and 45°C). The observed color change from greenish-
brown to brick red indicated that the reaction was
proceeding.  Following synthesis, the colloidal
suspension was centrifuged at 12,000 rpm for 15 minutes
to remove residual extract components. The resulting
SeNP suspension was stored at 4°C prior to
physicochemical characterization.

2.2.5 Nanoparticle characterization

To analyze the optical characteristics, chemical
structure, and constituent components of the selenium
nanoparticles, this study employed various analytical
instruments as follows.

UV-Vis spectrophotometer

The optical characteristics of the produced SeNPs
were evaluated using a UV-Vis spectrophotometer
(Shimadzu, Japan). Prior to analysis, the SeNP
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colloidal suspension was gently homogenized, and 1
mL of each sample was transferred into a quartz
cuvette (1 cm optical path length), using pure water as
a blank reference. Absorption spectra were observed
within the 200 to 700 nm wavelength range at room
temperature. The formation and optical behavior of
the phytogenic SeNPs were assessed based on
changes in absorption intensity, the wavelength of
maximum absorption (Amax), and spectral broadening
associated with nanoparticle synthesis, dispersion
characteristics, and aggregation potential. The UV-
Vis data were interpreted with the aid of various
supplementary analyses, including FESEM, PSA,
FTIR, and XRD.

Functional group analysis

Functional groups involved in SeNP synthesis and
surface stability were investigated using Fourier-
transform infrared (FTIR) spectroscopy (Shimadzu,
Japan). The SeNP suspension was centrifuged for 15
minutes at 4 °C and 12,000 rpm, washed twice with
ultrapure water, and then resuspended to form a
concentrated colloid. A 20 pL aliquot was placed
directly onto the ATR crystal to record spectra in the
4000-400 cm! range, using 50 scans at a resolution of
8 cm™! after subtracting the water background. The
obtained spectra were evaluated based on
characteristic absorption bands associated with
hydroxyl, carbonyl, amide, and carboxylate groups
following baseline correction.

Particle size analysis (PSA)

Particle size analysis using the laser diffraction
method (SALD-7500nano, Shimadzu, Japan) was
performed to determine the size distribution of the
produced SeNPs. For sample preparation, ultrapure
water was added to a 1.0 mL aliquot of the initial
SeNP colloidal suspension, resulting in a tenfold
dilution to a final volume of 10.0 mL. To enhance
sample homogeneity and minimize weak
agglomerates, the diluted suspension was treated for
two minutes at a frequency of 40 kHz and a nominal
power of 100 W using an external ultrasonic bath.
Subsequently, the suspension was loaded into the
measurement cell, ensuring no air bubbles formed and
the particle size distribution was calculated based on
volume.

Morphology observation

Field emission scanning electron microscopy
(FESEM; FEI Quanta FEG 650, USA) was used to
analyze the shape and surface properties of the SeNPs.

Prior to analysis, dry SeNP powder was sputter-
coated onto an aluminum stub using a QUORUM
QI50R Plus coating instrument. The shape, size
distribution, and aggregation characteristics of the
nanoparticles were evaluated via FESEM observation
at 100,000x magnification at the Integrated Research
Laboratory of Universitas Brawijaya (LRT-UB).
Particle size estimation was performed using
representative FESEM micrographs.

Energy dispersive X-ray spectroscopy (EDS)

Using an energy-dispersive X-ray spectroscopy
(EDS) detector (X-act, Oxford Instruments, UK)
integrated with the FESEM, the -elemental
composition of the produced SeNPs was assessed
during FESEM observation. Aztec One software was
used for spectrum acquisition and elemental analysis
during the EDS study under high-vacuum conditions
with an accelerating voltage of 20 kV.

Crystalline analysis

The crystal structure of the synthesized SeNPs was
analyzed using an X-ray diffractometer (PANalytical
X’Pert3 Powder, Netherlands). The dry SeNP powder
was evenly placed on a sample holder with an analysis
area of approximately 10 x 10 mm?. The XRD pattern
was recorded using CuKo radiation (A = 1.542 A) at
40 kV and 30 mA over a diffraction angle range of 5—
50° (20), with an angular accuracy of 0.001°.

To determine crystalline selenium phases and
assess crystallite properties at various synthesis
temperatures, the diffraction patterns were examined.
The Debye-Scherrer equation (1) [21], was used to get
the mean crystallite size (L), and the Segal formula

[Eq. )] [22]:

_KA
L = fcost (1)

where L is the average crystallite size, K is the
Scherrer constant (0.89), A is the X-ray wavelength,
is the diffraction peak's full width at half maximum
(FWHM) in radians, and 0 is the Bragg diffraction
angle. The ratio of integrated crystalline peak areas to
the entire diffracted area, which includes
contributions from crystalline reflections and
amorphous backgrounds, was used to compute the
crystallinity index (CI).

Cl = X Area Crystalline Peaks X100% (2)

2 Area Crystalline Peaks + Area Amorphous
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2.2.6 Toxicity assessment and fluorescence-associated
distribution analysis of SeNPs in Brachionus plicatilis

Brachionus  plicatilis from BPBAP Situbondo,
Indonesia, was used to evaluate the acute toxicity of
SeNPs. In saltwater (32 ppt, pH 7.5, 28 °C) with
aeration and Nannochloropsis sp. as feed, rotifers
were acclimated for 48 hours. Using 30 rotifers in 25
mL SeNP solutions (0.5-4 mg L) with three
replicates per concentration, toxicity tests were
carried out under static, non-feeding circumstances.
The positive control was sodium hypochlorite (150
mg L), while the negative control was sterilized
seawater. Abbott's formula was used to correct
mortality at 24 and 48 hours, and log' transformed
concentrations were used in probit regression to
estimate LCzo values with 95% confidence intervals.
Additionally, a binomial GLM with a logit link in R
was used to evaluate mortality responses (p-value <
0.05) [17].

CLSM was used to analyze the distribution of
SeNPs associated fluorescence in B. plicatilis
following enrichment with Rhodamine B labeled
SeNPs. An Olympus IX81 microscope fitted with an
Olympus Fluoview FV1000 confocal system was
used to wash the rotifers prior to imaging. Olympus
FV1000 system with 560-600 nm emission and 543
nm excitation, using the same acquisition parameters.
Controls included untreated rotifers, unlabeled
rotifers subjected to SeNP, and free rotifers exposed
to Rhodamine B. SeNPs associated fluorescence
distribution was deduced from fluorescence patterns.
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3 Results and Discussion

3.1 Potential metabolite profiling of gracilaria
vermiculophylla byproduct extract and its potential
role in SeNP production

To describe the metabolite composition of the G.
vermiculophylla  byproduct extract and find
substances that might be connected to the production
of phytogenic SeNPs, LC-HRMS profiling was used.
The promise of this underutilized biomass as a source
of chemically diverse chemicals for the synthesis of
green nanomaterials was supported by the total ion
chromatogram (TIC), which showed a complex
metabolite profile (Figure 1). Numerous metabolite
classes, such as phenolic related chemicals, nitrogen
containing metabolites, terpenoid, and steroid like
metabolites, were discovered by accurate mass based
annotation (Table 1).

The current study emphasizes the potential use
of seaweed-processing leftovers as a chemically
varied biomolecular resource for SeNP synthesis in
contrast to traditional green synthesis methodologies
based on fresh biomass or purified chemicals. A
favorable chemical environment for the production of
nanoparticles and surface-associated interactions may
be created by such complexity [23]. Using extracted
ion chromatograms (EIC), the presence and
distribution of typical metabolites, such as agmatine
Figure 2(a), 4-hydroxybenzaldehyde Figure 2(b), (+)-
ar-turmerone Figure 2(c), and B-estradiol Figure 2(d),
were further assessed (Figure 2). Nevertheless, the

16.68 17.42
i 1815 2027 9180
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Figure 1: Total ion chromatogram of G. vermiculophylla extract.
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Table 1: LC-HRMS based putative annotation of metabolites detected in G. vermiculophylla by-product extract.

Groups Compounds Formula Annot. Calc. m/z RT Area
Delta Mass MW [min] (Max.)
[ppm]

Phenolic 4-Hydroxybenzaldehyde C;H O, -2.72 122.0364 123.0437 4.561  6.05E+07
5-hydroxy-4-methoxy-5,6-  CgHs O4 -3.75 144.0417  127.0385 0.874  1.64E+08
dihydro-2H-pyran-2-one

Alkaloid/ Agmatine Cs His Ny -4.48 130.1212  131.1285 0.687 1.33E+08

Nitrogenous ~ 5'-S-Methyl-5'- C11HsNsOsS -3.71 297.0884  298.0957 2440 4.30E+07

compounds  thioadenosine
D-(+)-Pipecolinic acid CsHiIN O, -4.66 129.0783  130.0856 0.730  7.58E+07

Steroid f-Estradiol CisH240; -4.94 272.1762  273.1836 10.730  5.66E+06

Cholecalciferol Cy; HyiO -4.92 384.3373  385.3445 24.540  6.04E+07
Terpenoid (-)-ar-Turmerone CisHy O -4.68 216.1504  217.1590 11.500  4.00E+07
Muscone CisH3 O -4.92 238.2284  239.2357 22.014  4.58E+07

precise role of each metabolite in selenium SeNPs produced at 30°C Figure 3(a) showed a

transformation or nanoparticle stability cannot be
ascertained by LC-HRMS profiling alone. Therefore,
complementary physicochemical characterization,
such as FTIR, FESEM, EDS, PSA, and XRD

relatively defined absorption maximum at about 320
nm, and all samples displayed absorption features
within the wavelength range typically described for
biogenic selenium nanostructures. Spectral widening,

analyzes, was used to interpret the possible
participation of extract-derived biomolecules.

peak position, and absorption intensity all changed as
the synthesis temperature rose. With increased
intensity, the absorption maximum moved slightly to
about 322 nm at 35°C Figure 3(b), indicating

— Sample — Sample

@
g
s

4.550 0

s (et PP modifications in the behavior of nanoparticle
g . \Nr Tog’ production during synthesis. The absorption maxima
g:: S e é* R further shifted to about 329 nm at 45°C Figurg 3(0),
i £ e along with broader spectral features, indicating

s @

possible decreased colloidal stability and increased

S ®) particle development. UV-Vis spectroscopy was used

soytE to assess the temperature-dependent optical
£ £, “ characteristics of SeNPs. Within the wavelength
] § Be0 TS0 range typically observed for biogenic selenium
& %“‘ g s nanostructures, all manufactured samples showed
g Fos| aa | WUN® ) | distinctive absorption bands (Figure 4).

7.575

.0
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Figure 2: LC-HRMS chromatograms and chemical
structures of four standard compounds: (a) Agmatine,
(b) 4-Hydroxybenzaldehyde, (c) (+)-ar-Turmerone,
and (d) B-Estradiol. Retention times (RT in minutes)
are labeled at the corresponding major peaks.

3.2 Temperature Related Phytogenic Selenium
Nanoparticle Formation

The color change from greenish-brown to brick-red
upon reaction with sodium selenite shows that the
synthesis temperature had an impact on the generation
of SeNPs utilizing G. vermiculophylla byproduct
extract. The optical properties of the produced SeNPs
changed with temperature, according to UV-Vis
spectroscopy (Figure 3).

Figure 3: G. vermiculophylla byproduct extract forms
phytogenic selenium nanoparticles (SeNP) at three
distinct synthesis temperatures: (a) 30 °C, (b) 35 °C,
and (c) 45 °C. The production of SeNP is indicated by
the emergence of a reddish colloidal solution.
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Figure 4: UV-vis spectrum analysis of SeNPs using

G. vermiculophylla extract at 30°C, 35°C, and 45°C.

The temperature dependent optical changes show that
the synthesis temperature affected the aggregation tendency
and particle development of SeNPs. While higher synthesis
temperatures were linked to greater particle heterogeneity,
the comparatively defined spectrum profile at 30°C was
consistent with the smaller particle size distribution and
decreased apparent agglomeration propensity shown from
PSA and FESEM analyzes [7], [11].

The equilibrium between selenium precursor
reactivity, particle nucleation, and interactions between
evolving selenium structures and extract-derived proteins
could be the cause of these variations. While high
temperatures may accelerate particle development and
collision frequency, encouraging aggregation, moderate
temperature settings may favor the production of relatively
smaller and more homogeneous nanoparticles. All of these
results suggest that the physicochemical evolution of
phytogenic SeNPs produced from G. vermiculophylla
byproduct extract was impacted by synthesis temperature.

3.3 Integrated physicochemical characterization of
SeNPs

3.3.1 Functional group characteristics and biomolecular
association

FTIR analysis was conducted to evaluate functional
groups associated with phytogenic SeNPs synthesized
using G. vermiculophylla byproduct extract and to assess
surface-associated biomolecules within the nanoparticle
fraction (Figure 5).

FTIR analysis was conducted to characterize
functional groups present in the SeNP fraction and to
evaluate the association of extract-derived biomolecules
after phytogenic synthesis. The FTIR spectrum showed
characteristic bands at approximately 3339-3349, 1642,
870, 704, and 600 cm™ (Table 2).

—— Na25e03
—— SeNPs 30°C

4000 3500 3000 2500 2000 1500 1000 500
cm?

Figure 5: Comparison of FTIR spectra of Na.SeOs
and SeNPs synthesized at 30°C. The main absorption
peaks were observed at wavenumbers 3339 cm™’,
1642 cm™!, and 600 cm™ for SeNPs.

Table 2: FTIR assigned functional groups associated
with biogenic SeNPs.

Wavenumber Assignment Putative ligand class
(cm™)

3349-3339 O-H stretching Polyphenols, alcohols,
polysaccharides,
proteins/peptides

1642 C=0 stretching,  Proteins, peptides,
amide I, C=C phenolics, conjugated
aromatic, or H-O-H  carbonyl compounds
bending

870 Se-O stretching of Inorganic  selenium
selenite precursor, Na:SeOs

704 Se-O Inorganic selenium
bending/stretching precursor, Na2SeOs
of selenite

600 Low-frequency Se- SeNPs surface
related  vibration; complex; putative Se
residual Se-O, Se- biomolecule
Se, or Se interaction
biomolecule
interaction

The spectrum showed characteristic bands at 3339-
3349 cm™? and 1642 cm’, corresponding to O-H
stretching and C=0 amide related vibrations, respectively,
indicating the presence of oxygen and nitrogen containing
organic compounds. Additional bands at approximately
870 and 704 cm™ may represent selenium related
vibrations or interactions between selenium containing
species and residual organic compounds. The detected
hydroxyl, carbonyl, and amine-related functional groups
were consistent with the oxygenated and nitrogen-
containing metabolites identified by LC-HRMS,
indicating that extract derived biomolecules remained
associated with the SeNP fraction after synthesis. These
functional groups may affect dispersion behavior and
contribute to surface interactions of nanoparticles [9].
Nevertheless, individual reducing agents, capping
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compounds, or reaction processes cannot be explicitly
confirmed by FTIR analysis alone, nor can it identify
particular molecules. These results are regarded as
evidence of biomolecular connection and surface
interaction [8], [24].

3.3.2 Morphology and particle size distribution of
SeNPs

The temperature at which SeNPs were synthesized
affected their shape and particle size distribution.
SeNPs produced at 30 °C  Figure 6(a) had a
comparatively spherical shape and less obvious
aggregation than those produced at higher
temperatures, according to FESEM analysis (Figure 6).
Particle morphology was observed by FESEM, and
particle size distribution was determined by PSA. PSA
analysis further showed an average particle size of
approximately 50 nm at 30 °C, whereas samples
synthesized at 35 °C Figure 6(b) and 45 °C Figure 6(c)
exhibited broader size distributions with a shift toward
larger particle populations. These changes were
accompanied by broader UV-Vis absorption profiles at
higher synthesis temperatures, suggesting greater
particle heterogeneity. Overall, the results indicate
temperature-dependent differences in particle growth
and aggregation behavior.

The smaller particle size observed at 30 °C may
reflect more favorable interactions between selenium
species and extract derived biomolecules during
nanoparticle formation [25]. FTIR analysis indicated
functional groups potentially associated with
biomolecules involved in SeNP formation and surface
stabilization, while LC-HRMS revealed several
metabolite classes in the G. vermiculophylla byproduct

extract. However, these analyses do not establish the
direct molecular mechanisms of nanoparticle
stabilization. Collectively, the characterization results
suggest that extract composition and synthesis
temperature were associated with the observed
differences in SeNP morphology and particle size
distribution.

3.4 Elemental Composition
Characteristics of SeNPs

and Crystalline

3.4.1 Elemental confirmation by EDS analysis

Energy dispersive X-ray spectroscopy (EDS) was
performed to evaluate the elemental composition of
SeNPs synthesized using G. vermiculophylla by-product
extract under different synthesis temperatures (Figure 7).
Selenium was detected as the dominant element in all
analyzed nanoparticle regions, with a characteristic
selenium signal observed at approximately 1.4 keV. The
selenium composition varied among synthesis conditions,
ranging from 22.96% to 78.15% (atomic composition),
with the highest selenium proportion detected in SeNPs
synthesized at 30°C Figure 7(a), followed by 35°C Figure
7(b) and 45°C Figure 7(c). The variation in selenium
composition indicates that synthesis temperature
influenced the elemental characteristics of the resulting
nanoparticle fraction [11], [15]. However, EDS analysis
provides elemental composition information only and
cannot determine selenium oxidation states or directly
confirm the conversion of Se*" to elemental selenium
(Se%). Therefore, the formation of selenium nanostructures
was interpreted based on the combined evidence obtained
from UV-Vis spectroscopy, FTIR, and XRD analyses
rather than EDS data alone.

Figure 6: FESEM images and particle size dirbution of phytogenic selenium nanoparticles (SeNPs)

mag B
07: 40000x ) LFD 10.

_—%0m—
FEI Quanta FEG 650 Brawi

synthesized at different temperatures: (a) 30 °C, (b) 35 °C, and (c) 45 °C. Insets show the cumulative
particle size distribution (Qs, %) profiles. Scale bars represent 500 nm.
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Figure 7: EDS element maps for synthesized samples demonstrate the findings of the EDS investigation of
nanoparticle synthesis and the dominance of Se: (a). SeNPs 30°C (b). SeNPs 35°C, (c). SeNPs 45°C.

In SeNPs made at 30°C and 35°C, sodium was
found as a small elemental component (0.60—0.86
wt%). On the other hand, samples synthesized at 45°C
showed a smaller contribution of selenium (55.14%)
and a higher quantity of sodium (24.19 weight
percent). This discrepancy probably results from
differences in the nanoparticle fraction's elemental
makeup under various production conditions [15].
Reaction temperature affects the creation of
nanoparticles, as evidenced by the reported elemental
variances across the different synthesis temperatures
and the variations in particle properties found by
FESEM and PSA analyzes. Further research utilizing
complementary methods like XPS is necessary to
understand  elemental  composition,  particle
development, and surface chemistry. EDS analysis
shows that synthesis temperature affects the elemental
makeup of the final nanoparticle fraction and offers
elemental evidence of selenium incorporation into the
produced nanoparticles.

3.4.2 Crystalline analysis

The crystalline structure and phase composition of
phytogenic SeNPs made using G. vermiculophylla
byproduct extract were assessed by XRD analysis. The
diffraction patterns of SeNPs synthesized at 30, 35, and
45°C showed characteristic reflections at approximately
20 = 23.5°, 29.7°, 41.3°, 43.7°, 45.4°, and 51.7°
According to JCPDS references (No. 01-086-2246, 01-
086-2244, and 00-006-0362), the diffraction pattern was
compatible with hexagonal selenium phases, and the main
peak at 29.7° matched the (101) crystallographic plane of
selenium. No discernible secondary crystalline phases
were found within the XRD detection limit, according to
the lack of additional significant peaks (Figure 8).

Crystallite size was estimated using the Debye-
Scherrer equation based on the (101) diffraction peak. The
calculated crystallite domains increased with synthesis
temperature, with approximate values of 20, 30, and 55
nm for SeNPs synthesized at 30, 35, and 45°C,
respectively. This increase points to better crystal
formation at higher temperatures. These figures, which
represent crystallite domains rather than precise
nanoparticle sizes, can account for the differences in
crystallite size as reported by XRD and particle size as
determined by PSA and FESEM  [25].
The smaller crystallite size at 30°C was consistent with the
narrower UV-Vis spectral profile, lower aggregation
tendency, and smaller particle distribution observed in
previous analyzes. These findings imply that synthesis
temperature affects the structural characteristics of
phytogenic SeNPs and the formation of selenium crystals.

3.5 Acute toxicity and fluorescence-related distribution
of se nanoparticles in brachionus plicatilis

Brachionus  plicatilis is a suitable marine
ecotoxicological model due to its small body size,
short life cycle, ecological relevance, and sensitivity
to environmental contaminants, including engineered
nanoparticles. Previous studies using ZnO and AgNP
nanoparticles have demonstrated the applicability of
rotifers for nanoparticle toxicity assessment;
however, differences in nanoparticle composition,
physicochemical properties, and exposure conditions
require these studies to be considered as
methodological references rather than direct
comparisons of SeNPs toxicity [16], [26]. Exposure
of B. plicatilis to phytogenic SeNPs resulted in a
concentration- and time-dependent mortality pattern
(Figure 9).
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Figure 8: XRD patterns of samples synthesized at
30°C, 35°C, and 45°C; variations in peak intensity
and sharpness indicate temperature dependent
changes in SeNP crystallinity.
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Figure 9: Analysis of the effect of concentration

and exposure time on the percentage of mortality
of test ohiects

Brachionus plicatilis is a suitable marine
ecotoxicological model because of its short life cycle,
ecological relevance, and sensitivity to environmental
contaminants, including engineered nanoparticles
[16]. In the present study, mortality increased with
exposure duration, from 1.11-13.33% after 24 h to
22.22-57.78% after 48 h across 0.5-4.0 mg L' SeNPs.
While the positive control generated roughly 95.56%
mortality, indicating sufficient assay performance, the
negative control mortality stayed low. Probit regression
estimated a 48 h LCso of 3.76 mg L™ (95% CI: 3.08-
444 mgL™).

The synthesized SeNP formulation and
experimental circumstances should be taken into
consideration when interpreting this LCso. Particle
composition, size, aggregation, surface characteristics,
colloidal stability, exposure time, and organism-
specific sensitivity all affect nanoparticle toxicity [27].
Therefore, toxicity values reported for other

nanoparticle systems or selenium forms should be
considered contextual rather than direct benchmarks.
Although  SeNP-enriched rotifers have been
investigated for nutritional applications in aquaculture
[28], quantitative information on acute SeNP toxicity
in B. plicatilis remains limited. CLSM revealed SeNP-
associated fluorescence predominantly within internal
body regions, particularly near the digestive tract,
consistent with the particle feeding behavior of rotifers
(Figure 10).

Previous fluorescence based studies have
similarly detected nanoscale suspended particles within
the digestive tract of B. plicatilis [29]. These
observations confirm the localization of selenium
driven by the feeding process. These findings provide
preliminary data on acute toxicity and evidence of
localization to support the determination of exposure
ranges for future SeNP enrichment studies utilizing
marine live feed organisms. Integrating toxicity
assessment with fluorescence based localization
provides Dbiosafety information for evaluating
phytogenic SeNPs as candidates for a sustainable
selenium supply. This study establishes a preliminary
framework linking the utilization of seaweed by-
products, green nanotechnology, and rotifer-based
safety assessment to support the development of future
selenium enrichment strategies for marine aquaculture
live feed systems [30].

SeNPs
accumulation

(c) (d)

Figure 10: Flourescence associated distribution of
SeNPs in Brachionus plicatilis. (a-b) Light microscopy
images showing rotifer morphology in internal regions.
(c) CLSM image showing SeNP associated fluorescence
signals in internal body regions. (d) Corresponding
bright field CLSM image without fluorescence signal.
Scale bars: 100 um (a-b) and 50 pm (c-d).
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4 Conclusions

This study demonstrates the potential of
G. vermiculophylla processing by-products as a
sustainable biomolecular resource for phytogenic
SeNPs synthesis. Seaweed-derived biomolecules
supply components linked to SeNPs production and
surface contacts, while synthesis temperature affects
nanoparticle properties, according to the combination
of metabolite profiling and physicochemical
characterization. Among the tested conditions, SeNPs
synthesized at 30°C exhibited the most favorable
physicochemical profile, with relatively smaller
particle  size, spherical ~morphology, lower
aggregation observed by FESEM analysis, and
crystalline selenium characteristics. Acute toxicity
evaluation using B. plicatilis revealed concentration
and exposure duration dependent responses, with a 48
h LCso value of 3.76 mg L' SeNPs. Fluorescence
associated localization indicated that SeNPs
associated signals mainly in internal body regions,
particularly the digestive tract, providing preliminary
insight into nanoparticle—rotifer interactions.
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