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Abstract
This study focused on the characterization and development of electrospun nanofibres composed of gelatin and Padina
pavonica seaweed extract. Phytochemical analysis of the extract revealed the presence of flavonoids, terpenoids,
tannins, and phenols, all of which are known for their biological activity. The antibacterial properties of the nanofibres
were assessed against E. coli and S. aureus, demonstrating greater inhibition against the Gram-positive strain. Scanning
electron microscopy (SEM) revealed the formation of uniform, bead-free nanofibres with diameters ranging from 200 to
800 nm, indicating effective electrospinning and good compatibility between gelatin and the extract. Fourier-transform
infrared spectroscopy confirmed the presence of functional groups such as hydroxyl, carboxyl, and amine groups,
validating the successful incorporation of the extract within the polymer matrix. A 96-hour exposure study using
Poecilia sphenops larvae showed a concentration-dependent decrease in survival, with higher nanofibre concentrations
leading to increased mortality. These findings suggest that while the nanofibres offer beneficial antimicrobial properties
and structural integrity, their use in aquatic environments requires careful dose regulation to avoid potential toxicity.
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Introduction Seaweed extracts are utilised as biofertilizers in
Integrating  natural
nanomaterials  is

bioactive  compounds into agriculture to enhance plant growth and stress tolerance
increasingly being explored in [3]. They provide natural compounds for drug

aquaculture to improve fish health and survival. Seaweed
extracts, which are rich in antioxidants, polyphenols, and
other bioactive compounds, have shown antimicrobial and
larvicidal properties, making them promising agents in
aquatic applications [1]. These extracts are derived from
marine macroalgae, typically brown, red, or green
seaweeds. They contain different bioactive substances
such as polyphenols, flavonoids, vitamins, minerals,
proteins, and polysaccharides. Because of their diverse
composition, seaweed extracts are extensively studied for
their antimicrobial, antiviral, anti-inflammatory, and
antioxidant properties [2].Meanwhile, electrospun gelatin
nanofibres serve as excellent delivery systems due to their
biocompatibility,  biodegradability, and structural
similarity to natural extracellular matrices [1].

development and skin healing in biotechnology and
medicine. Seaweed extracts are also showing promise in
aquaculture, as research indicates that they can boost fish
immunity, growth, and survival rates by lowering stress
and improving water quality [4]. Gelatin is versatile in its
processing and has promising biocompatibility and
biodegradability. In biological applications, seaweed
extracts can promote healing, enhance immune responses,
and improve the survival of aquatic organisms by
reducing oxidative stress and supporting cellular function.
When seaweed extract is combined with gelatin
nanofibres, the result is a biofunctional material that
leverages both the structural benefits of gelatin and the
therapeutic effects of seaweed compounds. This
combination is auspicious in aquaculture, where nanofibre
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systems can serve as delivery platforms to boost fish
larvae survival, reduce disease susceptibility, and support
healthy development [5].

Electrospinning is a commonly employed technique
for multifunctional encapsulation, capable of generating
nanofibers by applying an electric field to stretch natural
or synthetic polymers [6—8]. Electrospinning uses a high-
voltage electric field to draw fibres from a polymer
solution, which lowers the surface tension and causes the
solution to form fine nanofibres as it is ejected from the
tip of the spinneret. Nanofibers generated through
electrospinning exhibit a large surface area to volume
ratio, enhanced porosity, and strong encapsulation
efficiency without the need for heat, thereby improving
the stability of the encapsulated substances [6].

Recent studies have explored how combining
seaweed extracts with nanofibrous scaffolds can improve
the health status and survival rates of aquatic species. For
instance, seaweed bioactives have shown promise in
enhancing survival and reducing stress-induced mortality
in fish larvae such as Poecilia sphenops [5]. A wide range
of polymers has been explored for the fabrication of
nanostructures through the -electrospinning technique.
This study aims to fabricate and characterize nanofibers
embedded with seaweed extract using a gelatin matrix
and assess their effect on the survival rate of Poecilia
sphenops larvae. The findings are expected to offer new
insights into eco-friendly and effective strategies for
larval health management in aquaculture.

Experimental
Collection of seaweed samples

to separate insoluble materials (d). The resulting filtrate was
then centrifuged at 3000 rpm for 10 minutes to remove
residual particulates. The supernatant was further purified by
filtration through a 0.45 um syringe membrane filter. The
solvent was evaporated under reduced pressure using a
vacuum rotary evaporator, yielding the crude extract Fig.1
(e), which was then stored at 4 °C for further use.

Phytochemical analysis of seaweed extract

Qualitative phytochemical tests were carried out on stock
solutions prepared using different solvents and their
respective fractions to identify various classes of
bioactive compounds in the Padina pavonica extract. The
methods used in these analyses were slightly modified
and followed [10]. These tests indicated whether specific
chemical constituents were present or absent in the crude
extracts based on characteristic reactions.

Nanofiber Fabrication: Preparation of seaweed
extract with Gelatin-Mediated Solution

Different concentrations of Padina pavonica seaweed
crude extract were incorporated into a 30% gelatin
solution to create a suitable matrix for extracting enriched
gelatin nanofibres, as adapted from [11]. The solution was
electrospun under conditions optimized through
preliminary experiments, using a flow rate of 0.3 mL/h,
an applied voltage of 12 kV, and a needle-to-collector
distance of 10 cm, with the process carried out at 37 °C.
The electrospinning process was conducted over a period
of 4 hours, during which nanofibres were deposited onto a

Padina pavonica seaweed samples were collected Fig.1 (a)rotating drum collector. The collected fibres were then
from the coastal area of the Gulf of Mannar, situated alongstored for further characterization, following a modified
the south-eastern coast of India [9]. Dr Pitchiah Sivaperumalprotocol adapted from [7, 12].

identified the specimens and manually confirmed their
accuracy. The voucher specimens were deposited andBacteriological Experiment

maintained at the Centre for Marine and Aquatic Research,E. coli (a Gram-negative bacterium) and S. aureus (a Gram-
Saveetha Institute of Medical and Technical Sciences,positive bacterium) were cultured in nutrient broth at 35 °C for
Chennai. Under the ID number SIMATS/CMAR/SW/PP-04.24 hours. A bacterial suspension adjusted to a 0.5 McFarland
The collected samples were placed in polythene bags andstandard was prepared and evenly spread onto nutrient agar
transported to the lab. After arrival, the samples wereplates [11]. The antibacterial activity was assessed by measuring
carefully rinsed using tap water to remove any impurities andthe diameter of the inhibition zones using a standardized zone of
distilled water to remove debris and salt. The samples wereinhibition scale [13].

then shade-dried for two to three weeks. Once dried, they

were ground into a fine powder for further analysis. Characterization
Fibre morphology is a key property of electrospun fibres.
Extraction and Preparation of Seaweed Sample (SEM) Scanning electron microscopy was used to analyze

20g of dried, finely powdered Fig.1 (b) seaweed was mixedthe fibres [14]. Fourier Transform Infrared spectroscopy
with 70% of ethanol and placed on an orbital shaker forwas utilized to characterize the gelatin-mediated
overnight extraction at 37°C(c). After incubation, the mixturenanofibres incorporated with seaweed extract. The FT-IR
was passed through Whatman No. 1 filter paper for filtrationspectra were recorded using a Bruker Alpha II
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spectrophotometer, covering a spectral range of 1000 to
3500 cm™ with a scanning speed of 1 um/min. The
morphological features, including the size and shape of
the nanofibres, were examined via Scanning Electron
Microscopy (SEM) analysis was carried further analysis.

Experimental setup

Poecilia sphenops (Black molly) larvae were maintained
under standardized laboratory conditions to ensure
consistency in health and size. The rearing environment
was regulated to sustain a stable temperature ranging
from 26°C to 28°C, with the pH maintained between 7.0
and 8.0[5]. Test solutions were prepared by dissolving the
test substance in D.W to obtain conc. of 25 pug/mL,
50 pg/mL, 75 pg/mL and 100 pg/mL. A control group was
included, containing only distilled water, to evaluate any
effects not related to the test substance. For each
concentration, ten larvae were placed in separate sterile
Petri dishes containing the respective test solutions. The
control group was similarly treated. All groups were
maintained in triplicates to ensure the reliability of the
results. The Petri dishes were kept under optimal
environmental conditions suitable for larval development
throughout the experiment. Larval survival and any
morphological changes were monitored at 24-hour
intervals for a total duration of 96 hours. Mortality rates
were recorded, and any visible abnormalities were noted.
Data collected were used to calculate the percentage
mortality for each test group and to analyze any
concentration-dependent developmental effects compared
to the control. Ethical approval was obtained from the
Institutional Animal Care and Use Committee at Saveetha
Dental College and Hospitals under reference number
BRULAC/SDCH/SIMATS/IAEC/04-2025/08.

Results and Discussion

Phytochemical analysis of Padina pavonica crude extract
has revealed Table.1 the presence of several key bioactive
compounds. Studies have consistently shown that
flavonoids, terpenoids, tannins, and phenols are present in
the extract, suggesting strong antioxidant and
antimicrobial potential.

Bacteriological analysis

The antibacterial assay demonstrated Fig.2 that the
extract alone exhibited inhibition zones of 14% against E.
coli and 22% against S. aureus. When the extract was
combined with gelatin fiber, a slight increase in
antibacterial effectiveness was observed, with inhibition

zones measuring around 18% for E. coli and 26% for S.
aureus. These findings indicate that S. aureus a Gram-
positive bacterium was more susceptible to the treatments
than a Gram-negative E. coli bacterium. Additionally, the
incorporation of the extract into gelatin fibers appeared to
enhance the antibacterial response, particularly against S.
aureus, suggesting that the fiber matrix may support
sustained or improved release of active compounds. The
difference in susceptibility may be attributed to the
structural differences in bacterial cell walls, where the
thicker peptidoglycan layer in Gram-positive bacteria may
allow for greater interaction with the bioactive
compounds in the nanofiber mat. According to [15], the
antibacterial and antibiofilm activities of PLA-Gel-CA
nanofibers were assessed against Staphylococcus aureus
and Pseudomonas aeruginosa. The fibre diameters
recorded for the three formulations PLA-Gel-CA1, PLA-
Gel-CA2, and PLA-Gel-CA3 were approximately
294.9+46.8 nm, 254+58.3 nm, and 728.5+98.3 nm,
respectively. In another study, [16] investigated nanofiber
hydrogels synthesized from marine-based materials such
as fish scales and gelatin, which displayed antibacterial
efficiency of 51.32% against S. aureus and 49.96%
against E. coli. [17] Further reported antibacterial
screening of various nanofiber samples using the disc
diffusion technique. The H. Fu-3 CANF sample exhibited
strong antibacterial activity, with inhibition zone
diameters of 35 + 0.25 mm against Pseudomonas
aeruginosa, 32 =+ 0.65 mm against Acinetobacter
baumannii, 28 + 0.14 mm against Staphylococcus aureus,
and 27.6 = 0.48 mm against Staphylococcus epidermidis.
Likewise, the H. Fu-2 CANF sample showed considerable
antimicrobial efficacy, producing inhibition zones of 32 +
0.56 mm, 29 £+ 0.81 mm, 26 + 0.27 mm, and 25.4 + 0.28
mm against the same bacterial strains, respectively.

Characterization of SEM and Fourier-transform
infrared (FTIR) spectroscopy of Padina pavonica
crude extract and its gelatin-mediated nanofiber

Scanning electron microscopy is widely used to
investigate the surface characteristics and morphology of
fibres. This technique employs a focused beam of
electrons that scans across the surface of a sample,
generating detailed images by detecting signals resulting
from the interaction between the electrons and the
sample’s atomic structure. SEM is especially useful for
analysing features, including factors such as fibre
diameter, surface morphology, pore size and distribution,
structural consistency, and the occurrence of bead-like
structures. In the case of nanofibres used in biomedical
applications, SEM also allows researchers to observe how
cells interact with the fibre scaffold, providing insights
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into cell attachment, growth, migration, and
differentiation [18]. The SEM analysis of gelatin-
mediated nanofibres incorporated with Padina pavonica
extract at two different magnifications (24,000% and
12,000x) demonstrated consistent formation of smooth,
continuous, and bead-free nanofibres, indicating efficient
electrospinning and good compatibility between the
gelatin - polymer and seaweed extract. At higher
magnification (24,000%), the nanofibres appeared more
distinct and isolated, with finer diameters ranging
approximately from 200 to 500 nm, allowing for detailed
observation of surface morphology, which showed no
signs of roughness, agglomeration, or structural defects.
In contrast, the lower magnification image (12,000x)
revealed a denser, highly entangled fibrous mat with fibre
diameters in the range of 300 to 800 nm, providing a
broader view of the scaffold's porous and interconnected
architecture. This denser network structure is beneficial
for enhancing mechanical stability and promoting cell
infiltration in biomedical applications. Both images
consistently confirm the formation of a uniform, non-
woven nanofibrous scaffold with high porosity and
nanoscale fibre dimensions, essential for applications
such as wound healing, tissue engineering, and controlled
drug delivery. The comparative morphology validates the
successful incorporation of Padina pavonica extract
without compromising the structural integrity or
uniformity of the nanofibres. Scale. According to [19],
scanning electron microscopy (SEM) revealed that
nanofibers composed of PLA, PCL, and their blend
(PLA/PCL) displayed smooth, uniform structures without
noticeable defects. The diameters of these fibres were
found to range between 200 and 500 nanometres. A
comparison between fibres of 5 pm and 10 um Fig.3 (a)
and (b) diameters indicated that those with smaller
diameters formed a denser fibrous network with greater
porosity. Similar observations were reported by [20], who
noted that decreasing fibre diameter typically results in
increased surface area and porosity, thereby enhancing the
functional properties of the material. The presence of
visible gaps and inter-fibre spaces in the SEM images
further confirmed the porous nature of the nanofibre
network, a key feature for applications involving
permeability and diffusion. These findings are consistent
with the conclusions of [21], who emphasized that
nanofibres with tailored porosity offer significant
advantages in fields such as filtration and targeted drug
delivery, due to their ability to support efficient fluid
transport and mass exchange.

The chemical structure of fibres plays a vital role in
determining their properties, and one of the most
commonly used techniques to study this is Fourier-

transform infrared spectroscopy. This method is valued
for being fast, accurate, non-destructive, and capable of
providing detailed molecular information. FTIR works by
measuring how infrared radiation interacts with molecular
vibrations within a material, producing a spectrum that
reveals the presence of specific functional groups and
chemical bonds. By analysing absorption peaks at
different wavenumbers, one can identify different
functional groups present in electrospun fibres, Functional
groups such as hydroxyl, carboxyl, ester, and amino
groups were identified. This makes it possible to confirm
the presence of both polymers and incorporated drugs, as
well as any interactions between them. FTIR is also
useful for assessing how the electrospinning process
affects the molecular structure of the materials involved.
When spectra taken before and after electrospinning are
compared, it becomes possible to detect changes in
chemical bonds, shifts in crystallinity, or structural
modifications caused by processing. Additionally, this
technique helps in evaluating the stability and potential
degradation of the electrospun fibres under varying
conditions. Fourier-transform infrared (FTIR)
spectroscopy of Padina pavonica crude extract and its
gelatin-mediated nanofiber Fig.4 formulation revealed a
spectrum of functional groups, indicating structural
complexity in both forms. A broad and intense O-H
stretching band, characteristic of alcohols or phenols,
appeared at 3358 cm™ in the crude and 3357.31 cm™ in
the nanofiber sample. This indicates the presence of
hydroxyl-containing compounds such as polysaccharides
and polyphenols [22, 23]. The crude extract exhibited
distinct C-H stretching vibrations in the range of 2925-
2850 cm™, confirming the presence of aliphatic chains,
likely from fatty acids or lipids common in brown algae
[23]. The nanofiber sample, however, showed a more
pronounced N-H bending vibration at 1598.71 cm™,
suggesting the integration of proteinaceous components
from gelatin, which correlates with similar peaks
observed in the crude 1585-1355 cm™ [24, 25]. An O-H
bending peak at 1382.02 cm™ in the nanofiber spectrum
suggested the presence of phenolic compounds, which are
also known for their antioxidant properties in Padina
species [26]. C-N stretching vibrations seen between
1234 cm™ and 1023 cm™ in the crude and near 1035.06
cm™! in the nanofiber further indicated the presence of
amine groups, consistent with both algal proteins and
gelatin matrix components. These FTIR signatures
confirm the coexistence of alcohols, amines, phenolics,
and alkanes in both forms, with subtle structural shifts
reflecting the successful integration of gelatin and
possible enhancement of bioactivity in the nanofiber
form. Similarly, monitoring FTIR spectra over time
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allows for the detection of changes or disruptions in
chemical bonds within the fibres, providing insights into
their stability and degradation behaviour. Nonetheless,
FTIR has certain limitations, including its inability to
differentiate between various polymer configurations or
molecular orientations, as well as its limited sensitivity in
detecting residual solvents present in the fibres [27]. For
instance, a peak appearing at 1241 cm™ is associated with
N-H stretching vibrations, as well as deformation
vibrations related to C—H and carboxylic acid (COOH)
groups. A band around 1451 cm™ is linked to the
symmetric stretching of carboxylate (COO™) groups [8].
In the case of gelatin, its FTIR spectrum typically
includes a prominent broad absorption band at 1534 cm™,
which corresponds to the amide II group [28]. Another
notable peak at 1644 cm™ represents the amide I band,
indicating the presence of C=0O and C-N stretching and
bending vibrations in gelatin nanofibres. These are
considered the most defining spectral features of gelatin.
Additionally, the peak found at 2943 cm™ is often
attributed to the presence of vinylic and aromatic groups,
along with asymmetric C—H bonds and stretching
vibrations of C—H groups within the polymer matrix [28].
Survival Analysis of Poecilia sphenops Larvae
Exposed to Gelatin-Based Nanofiber

Survival Analysis of Poecilia sphenops Larvae Exposed
to Gelatin-Based Nanofibers Enriched with Seaweed
Extract. A 96-hour survival analysis of Poecilia sphenops
larvae exposed to different concentrations Fig.5 of
electrospun nanofiber solutions (25, 50, 75, and 100
pg/ul) revealed a clear concentration- and time-dependent
decline in survival rates. Initially, at 24 hours, all groups,
including the control and those treated with nanofibres,
exhibited 100% survival, indicating no immediate acute
toxicity. However, by 48 hours, a slight reduction in
survival was noted at higher concentrations, particularly
at 75 and 100 pg/pl, where survival declined to
approximately 80%, while the control and 25 pg/ul
groups remained above 90%. This trend became more
evident at 72 hours, with survival at the highest
concentration dropping to around 70%, pointing toward
emerging sub-lethal stress effects. By the end of the 96
hours, survival in the 100 pg/pl group had fallen below
65%, while the control group maintained close to 100%
survival and the 25 pg/ul group remained between 85 and
90%. These findings suggest that prolonged exposure to
higher concentrations of electrospun nanofibers can
negatively affect larval viability, potentially due to the
release of bioactive components from the fibers or
harmful physical interactions with the larvae. Comparable
outcomes have been observed in other ornamental fish

species exposed to various nanomaterials. For instance, in
P. sphenops, silver nanoparticles (Ag-NPs) were shown to
reduce larval survival in a dose-dependent manner, with
an LC50 value of 6.22 mg/L over 96 hours, along with
significant effects on reproduction and haematological
parameters. Vali [5]. In Poecilia reticulata, exposure to
copper oxide nanoparticles resulted in a 96-hour LC50 of
5.65 mg/L, and chronic exposure above 10 mg/L led to
delayed parturition and reduced reproductive output [29].
Additionally, green-synthesised Ag-NPs using Camellia
sinensis leaf extract caused complete mortality in guppy
larvae at 30 pg/mL and led to tissue abnormalities and
DNA damage [30]. In comparison, zebrafish (Danio
rerio) embryos exposed to the pesticide rotenone
experienced developmental deformities and enzyme
inhibition at concentrations as low as 1 pg/L, indicating a
heightened sensitivity to chemical stressors [31]. Overall,
these studies emphasize that while P. sphenops and P.
reticulata exhibit similar vulnerability to nanoparticle-
induced toxicity, interspecies differences must be
considered when evaluating the ecological risks of
nanomaterials in aquatic environments.

Conclusion

The integration of Padina pavonica extract into gelatin-
based nanofibres resulted in a stable, uniform material
with effective antibacterial properties. Structural analysis
confirmed successful fabrication, while biological tests
revealed selective antimicrobial activity. However,
elevated concentrations posed a risk to fish larvae,
indicating the need for controlled application. These
results underscore the importance of balancing bioactivity
with environmental safety in the development of
seaweed-based nanomaterials for biomedical and
ecological use.
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Fig.1 (a) Collection (b) Powdered sample (c) and (d) Extraction and preparation of (e) crude extract of Padina pavonica
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Fig. 3 (a) and (b) SEM image 5 um and 10 um of Padina pavonica crude extract and its gelatin-mediated nanofiber
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Fig.4 Functional groups analysis by Fourier-transform infrared (FTIR) spectroscopy of Padina pavonica crude extract
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Fig.5 Survival Analysis of Poecilia sphenops Larvae Exposed to Gelatin-Based Nanofibers

Table. 1 Phytochemical analysis

Test Result
Flavonoids +
Terpenoids +
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