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Abstract

Fish and seafood are highly perishable commodities, necessitating innovative packaging solutions to mitigate
microbial spoilage and extend shelf life. This study developed a bioactive nanocomposite biosensor incorporating
phycocyanin (PC) a pigment extracted from Neowestiellopsis persica and functionalized under 30 and 60 Millitesla
(mT) magnetic fields (MF) coated with nanochitosan (NCT)- Sodium Alginate (SA). Reaults showed that MF
exposure enhanced PC purity and concentration by 1.04- and 1.12-fold, respectively (p <0.05), compared to
non-MF controls. Agar disk diffusion assays revealed a 1.12-fold (30 mT) and 1.15-fold (60 mT) increase in
antibacterial activity against Staphylococcus aureus. Films containing 2% PC (T4) extended shelf life by 8 days under
refrigeration, reducing thiobarbituric acid (TBA) and total volatile nitrogen (TVN) levels to 18.85+0.39 mg MDA/

kg and <30 mg/100 g, respectively, over 15 days. Furthermore, T4 significantly suppressed microbial proliferation
relative to lower-concentration treatments and controls (p < 0.05). These results demonstrate that MF-enhanced,
2% PC nanocomposites provide a sustainable, biodegradable solution for seafood preservation, effectively delaying
spoilage and advancing innovative packaging technologies.
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Introduction

The worldwide need for premium food products is grow-
ing, making advanced packaging systems essential for
maintaining freshness and safety. Third-generation pack-
aging employs innovative materials that track spoilage
processes while offering protective, communicative, con-
tainment, and user-friendly features. In contrast, second-
generation solutions prioritize reducing environmental
footprints. The latest innovative packaging technologies,
such as those used in seafood, continuously assess prod-
uct integrity and provide real-time alerts about quality
concerns. These advancements aim to extend shelf life,
bolster food safety, and ensure standards in hygiene,
traceability, and freshness are met [1]. By slowing oxida-
tion and microbial growth, these innovations extend the
shelf life of perishable items, particularly fishery prod-
ucts like fish, which are highly prone to spoilage. This
approach not only reduces reliance on conventional plas-
tics but also improves food safety and quality through
advanced preservation techniques [2].

Foodborne illnesses and food poisoning are frequently
attributed to contamination by pathogenic bacteria.
Among these, Staphylococcus aureus is one of the most
prevalent bacterial pathogens. Studies indicate that S.
aureus is responsible for more fatalities than acquired
immune deficiency syndrome (AIDS), tuberculosis, and
viral hepatitis combined [3]. The clinical significance
of methicillin-sensitive Staphylococcus aureus (MSSA)
strains has risen substantially [4].

Cyanobacteria are Gram-negative bacteria with a pro-
found evolutionary history, being the only prokaryotes
capable of oxygenic photosynthesis [5]. The remarkable
diversity within this group of microorganisms is reflected
not only in their morphological variability and adapt-
ability to diverse habitats (freshwater, marine, and ter-
restrial) but also in their extensive chemical repertoire
of bioactive natural products [6]. This metabolic versa-
tility facilitates their survival in highly competitive eco-
logical niches [7]. The genus Neowestiellopsis, originally
described by Kabirnataj et al. (2018) from Mazandaran,
Iran, belongs to the order Nostocales and family Hapalo-
siphonaceae [8].

Phycocyanin (PC), a dominant pigment in the cyano-
bacterial genus Neowestiellopsis, exhibits a blue hue with
a light absorption range of 560—600 nanometers. During
algal photosynthesis, light energy absorbed by phycoery-
thrin (PE) is transferred sequentially to PC and then to
chlorophyll, underscoring PC’s critical role in light-har-
vesting processes [9].

The stability of PC is influenced by multiple extrin-
sic and intrinsic factors, including temperature, light
intensity, pH fluctuations, pressure, exposure to heavy
metal cations, denaturants, water activity, glass transi-
tion temperature, and the rheological properties of the
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surrounding medium [10]. To mitigate these destabilizing
effects, encapsulation technologies have been employed
to entrap PC within micro or nanoscale particles [11].
Encapsulation typically involves the binding of PC to
polysaccharides such as alginate, chitosan, or pectin via
functional groups, forming a stabilized matrix through
intermolecular interactions [12].

Nanoencapsulation has recently emerged as a criti-
cal advancement in enhancing the efficacy of bioactive
and therapeutic supplements within the food industry
[13]. The antibacterial mechanism of chitosan nanopar-
ticles is multifaceted and varies between Gram-negative
and Gram-positive bacteria due to structural differences
in their cell walls and membranes. While chitosan
nanoparticles generally exhibit stronger antibacterial
activity against Gram-negative bacteria, some studies
report heightened sensitivity in Gram-positive strains.
This discrepancy may arise from the lipopolysaccharide-
rich outer membrane of Gram-negative bacteria, which
contains anionic groups (e.g., phosphate and pyrophos-
phate) that impart a more negatively charged cell surface
compared to the peptidoglycan and teichoic acid layers
of Gram-positive bacteria. This structural distinction
explains why chitosan nanoparticles induce more pro-
nounced leakage of intracellular contents in Gram-nega-
tive bacteria than in Gram-positive species [14].

Recent studies demonstrate the superior efficacy of
chitosan nanoparticles over unmodified chitosan. For
instance, a two-hour incubation with chitosan nanoparti-
cles significantly reduced S. aureus colony-forming units
(CFUs), whereas four hours were required to achieve
comparable results with chitosan alone. Similar trends
were observed for S. wxylosus. Furthermore, increasing
chitosan nanoparticle concentrations markedly reduced
the survival of S. mutans cells after 3 and 18 h of incu-
bation. Most antibacterial assays involving chitosan and
its derivatives are conducted during the late logarithmic
growth phase of bacterial cultures [15].

MFs promote microalgal growth and modulate anti-
oxidant defense systems, thereby enhancing cellular pro-
tection. For instance, exposure to a static MF (37.7-44.3
mT) induced structural reorganization of the thylakoid
network in the cyanobacterium Synechocystis aquati-
lis, altering thylakoid membrane distribution and inter-
thylakoid spacing. These effects are contingent on the
specific parameters of the applied MF (e.g., static vs.
oscillating, intensity, duration) [16].

Although MF applications in biological systems are
regarded as novel, non-toxic, cost-effective, and easy-to-
implement technologies, their underlying mechanisms
remain incompletely characterized. Observed biological
responses exhibit nonlinear dependencies on cultivation
parameters, such as field intensity, frequency, and expo-
sure duration [17]. Growing global consumer awareness



Nowruzi et al. BMC Microbiology (2025) 25:263

of food safety, nutritional value, and compositional integ-
rity has driven a marked preference for natural preser-
vatives. Research demonstrates that bio-based sensor
packaging functionalized with PC, a bioactive compound
extracted from the cyanobacterium Neowestiellopsis
persica exerts beneficial antioxidant and antimicrobial
effects on fresh fish fillets. These properties position PC
-enriched packaging as a cost-effective, scalable, and sus-
tainable alternative to synthetic preservatives.

While prior research has investigated the antimicrobial
properties of PC, this study introduces two key advance-
ments absent in existing literature. First, it is the first to
incorporate PC into bio-based, sensor-enabled packaging
designed for refrigerated storage a critical gap in current
applications. Second, we pioneer a MF assisted extrac-
tion method for PC, synergistically combined with active
sensor packaging to simultaneously enhance food preser-
vation efficacy and enable real-time shelf-life monitoring.
This dual innovation represents a novel strategy to opti-
mize both extraction efficiency and intelligent packaging
functionality.

This study investigated the efficacy of bio-based sen-
sor packaging integrated with magnetically extracted
PC, a bioactive pigment derived from the cyanobacte-
rium Neowestiellopsis persica, to extend the shelf life of
S. aureus contaminated fish fillets under refrigerated
storage conditions (4+ 1 °C) over 15 days. Through com-
prehensive analysis of antimicrobial, physicochemical,
mechanical, and sensory parameters, the research dem-
onstrated the viability of this innovative technology as
a sustainable alternative to conventional synthetic pre-
servatives and petroleum-based plastics. The findings
address pressing challenges in food safety and sustain-
ability by proposing an eco-friendly solution that aligns
with contemporary consumer preferences for natural,
non-toxic preservation methods. The implementation of
this technology holds promises for mitigating foodborne
illnesses, reducing post-harvest waste, and advancing
circular economy principles within the fisheries sector,
thereby contributing to enhanced public health outcomes
and environmental stewardship through reduced reliance
on non-renewable resources.

Materials and methods

Chemicals

All chemicals used in this study were of analytical grade
and purchased from the Hi-Media, Merck, and Sigma
manufacturers.

Culture conditions of the cyanobacterial strain

Cyanobacterial strains Neowestiellopsis persica isolated
from Cyanobacteria culture collection (CCC) of her-
barium ALBORZ at the Science and Research Branch,
Islamic Azad University, Tehran, were grown in modified
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liquid Z8 medium and illuminated (300 m~2 s~!) growth
rooms at 28+2 °C for 10-15 days, respectively [18]. Fig-
ure 1; Table 1 summerizs the overall Methods brifly.

Application of MFs to the cyanobacterium Neowestiellopsis
persica and PC extraction

A study of static magnetic field (SMF) in assays with
Neowestiellopsis persica was carried out with ferrite mag-
nets that were applied around the culture for 1 h daily.
Each magnet was at 180 °, 15 cm above the base of the
culture vessels. Two different models of magnetic magnets
with a mean intensity of 30 mT (150 x 50 x 10 mm) and 60
mT (50 x50 x 25 mm) were applied to the cyanobacterial
cells and then the cells were centrifuged and collected.
Then, the effects of magnetic fields were compared with
control cultures [18].

The extraction of PC was carried out as described by
Nowruzi et al. [19]. Briefly, PC was extracted from 500
mL of homogenized log-phase (14-day-old) culture. The
culture was centrifuged at 4,000 rpm to pellet the cells,
and the pellet was subsequently washed with phosphate
buffer (pH 7.2) and lyophilized. PC was extracted from
freeze-dried algal biomass (2 g) suspended in 500 mL
of sodium phosphate buffer (0.1 M, pH 7.2). Repeated
freeze-thaw cycles (-20 °C freezing and room-tempera-
ture thawing in darkness) were applied over a one-week
period to facilitate extraction. The homogenate was cen-
trifuged (10,000 rpm, 30 min, 25 °C), and the supernatant
was subsequently lyophilized. The final lyophilized prod-
uct was stored at — 20 °C for further analysis [20] (Fig. 2).

Spectrophotometric determination of PC concentration
and purity

Absorbance spectra of PC were recorded using a UV-Vis
spectrophotometer (Hitachi, Japan). Spectral measure-
ments were performed across a wavelength range of 250—
700 nm, with absorbance values standardized against
urea concentrations (0—10 M). PC concentration and PC
purity were calculated according to published methodol-
ogies using the following equations, derived from absor-
bance values at 615 nm ( Ag15), 620 nm ( Agag), 652 nm
(Ags2), and 280 nm ( Asgg) [21].

[A615 —0.474 x A652]
5.34

PC concentration =

A620

PC purity =
280

Determination of inhibition zone diameter, MIC and MBC
of PC

Antibacterial activity was assessed using an S. aureus sus-
pension standardized to 1.0x 10° CFU/mL. The inhibi-
tion zone diameter was determined via agar disc diffusion
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Fig. 1 Flowchart summarizing the methods briefly

assay, where PC was applied to sterile filter paper discs
placed on inoculated agar plates. Following incubation at
37 °C for 24 h, inhibition zones were measured in tripli-
cate and reported as mean diameter + standard deviation
(mm) [22].

To determine MIC and MBC, we used microdilution
method. The lowest concentration that inhibited bacte-
rial growth was defined as MIC. MBC was defined as the
lowest concentration that caused complete death of the
bacteria (99.9% reduction in CFU/mL) [23].

Microbiological Analyses
 Total bacterial count (CFU/g)

Coating of PC and Preparation of bio-based sensors

A 2% (w/w) solution of Nanochitosan (NCT) and a 2%
(w/w) solution of Sodium Alginate (SA) were prepared.
PC extract (1 mL) was gradually incorporated into the
coating solution via dropwise addition. The mixture was
homogenized at 10,000 rpm using a homogenizer (IKA,
Germany). The resulting PC microparticle suspension
was lyophilized [24]. 10% (w/w) aqueous polyvinyl alco-
hol (PVA) solution was prepared by dissolving 10 g of
PVA powder in 90 mL of deionized water at 60 °C under
continuous magnetic stirring for 30 min. Coated PC mic-
roparticles were added to the PVA matrix at final concen-
trations of 0%, 0.5%, 1%, and 2% (w/w) and homogenized
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Table 1 Summary of processes for cyanobacterial culture, PC
extraction, analysis, and sensor Preparation

Parameter Specifications/Methods

Cyanobacterial culture

Strain Neowestiellopsis persica (CCC ALBORZ collec-
tion, Iran)

Growth medium Modified liquid Z8 medium

Light intensity 300 umol/m?/s

Temperature 28+2°C

Incubation period 10-15 days (log-phase harvested at 14 days)
Magnetic field (MF) exposure
Intensity 30 mT and 60 mT (ferrite magnets)

1 h daily; magnets positioned 15 cm above
culture vessels

Centrifugation at 4,000 rpm for cell pelleting

Duration

Post-exposure
processing

PC extraction
Biomass source 500 mL log-phase culture (14 days)

4,000 rpm (cell pellet), 10,000 rpm (30 min,
supernatant clarification)

Phosphate buffer (pH 7.2), sodium phosphate
buffer (0.1 M, pH 7.2)

Repeated freeze-thaw cycles (- 20 °C freez-
ing, room tempration thawing; 1 week)

Lyophilization Supernatant lyophilized; stored at —20 °C
Spectrophotometric analysis

Instrument UV-Vis spectrophotometer

Ag15, Ag20, Ags2, Aaso

Urea (0-10 M)

Centrifugation
Buffers

Cell disruption

Wavelengths
Standardization
Antibacterial assays
Test organism Staphylococcus aureus (1.0x 107 CFU/mL)
Inhibition zone measured after 24 h at 37 °C
(triplicate)

Microdilution method; MIC =lowest inhibito-
ry concentration; MBC=99.9% CFU reduction

Disc diffusion assay

MIC/MBC
determination

Sensor preparation
Coating agents
Matrix solution

2% (w/w) (NCT), 2% (w/w) (SA)

10% (w/w) (PVA) in deionized water (60 °C,
30 min stirring)

15% (w/w) glycerol

10,000 rpm

Casting in Petri dishes; drying at 25+2 °C
(48 h) followed by 50 °C (5 h)

Plasticizer
Homogenization
Film formation
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at ambient temperature (25+2 °C) for 60 min [25]. Glyc-
erol (15% w/w) was subsequently introduced as a plasti-
cizing agent [26].

For film formation, the composite solutions were
cast into Petri dishes and dried at room temperature
(25+2 °C) for 48 h. Films were subsequently transferred
to a drying oven at 50 °C for 5 h to complete solvent
evaporation (Figs. 3 and 4) [25].

Indicator film tests

Fourier transform infrared spectroscopy (FTIR) analysis

The FTIR spectrum (Shimatzo, Japan) of the films was
recorded using attenuated total reflection (ATR) in a
smart FTIR method. Thin films were directly placed on
the ZnSe ATR cell. For each spectrum, 64 consecutive
scans were performed with a resolution of 4 cm™! [27].

Scanning electron microscope (SEM) analysis

Film samples were sectioned into 2x2 c¢m in dimension
and dissolved in glutaraldehyde and acetonitrile solvent.
After attaching to the metal stubs and evaporating the
solvent, the films were coated with gold in a Spatucker
device under argon gas. The high electrical conductivity
of gold and the enhancing effect of argon gas were used to
optimize this process. Then, the samples were transferred
to the SEM (Shimatzo, Japan) chamber. The particle size
and their distribution in the coating were examined using
electron bombardment and the signals obtained from the
images [28].

Film thickness measurement

Film thickness was determined using a digital microm-
eter (Insize, China) with a precision of 0.001 mm. Mea-
surements were recorded at three distinct locations per
film to account for potential variability, and mean values
were calculated for subsequent analyses [29].

Determination of moisture content

Film samples were sectioned into 4 x4 cm squares, and
their initial mass ( M/;) was recorded using an analyti-
cal balance (Sartorius, Germany, +0.1 mg). The samples

Fig. 2 Culture of cyanobacterium Neowestiellopsis persica in liquid Z8 medium for 14 days with magnets of 30 and 60 mT intensity. a) day 1, b) day 7, c)

day 14, d) PC extracted by freeze-thaw method



(2025) 25:263

Nowruzi et al. BMC Microbiology

Page 6 of 21

Fig.3 Coating of PC a) PC nanoemulsion dried with SA and NCT b) Bio-Based Sensors prepared with different percentages of coated PC (0, 0.5, 1, and 2%)

were dried in an oven at 105 °C for 24 h and cooled
immediately. After drying the samples, their weights
were measured again (M) [30]. Moisture content (MC)
was calculated as:

MC (%) = (%) x 100

where M is the initial mass (g) and M is the mass after
drying (g).

Mechanical properties testing of films

The tensile properties of the films were evaluated using
a texture analyzer (Brookfield, USA). Specimens were
cut into 10 cm and preconditioned at 25+ 1 °C and 50%
relative humidity. Film thickness was measured at five
randomly selected locations using a micrometer (Insize,
China). Uniaxial tensile testing was performed with an
initial grip separation of 50 mm and a crosshead speed
of 50 mm/min. Tensile strength and elongation at break
were calculated using the following equations [31]:

Increase in length at break

Elongation at break % = x 100

Initial length

Maximum force

Tensile st th (MPa) =
ensile strength ( @) Original cross — sectional area

Colorimetric analysis (b*, a*, L* values) of the films

Film color parameters were quantified using a Hunter-
Lab colorimeter (Hunter Lab, USA). The color indices L*
(lightness index), a* (red-green index), and b* (yellow-
blue index) were identified to determine the color param-
eters of the samples [31].

Contamination of fish fillets with S. aureus
Fresh salmon fillets (Fig. 5) were surface-inoculated
by immersion in a 0.5 McFarland standard suspension

of S. aureus (PTCC 1917) prepared in Mueller-Hinton
broth (MHB) for 20 s. PC treatment concentrations were
selected based on prior MIC assays. Inoculated fillets
were subsequently immersed in 80 mL of PC solution
(Table 2) for 20 min, transferred to sterile polyethylene
bags, and stored at 4 °C. Microbiological and chemical
analyses were performed on days 1, 5, 10, and 12 post-
treatment. Treated fillets were then vacuum-sealed in
nanocomposite biofilms (Table 2). All experiments were
conducted in triplicate (n=3) to ensure statistical validity
[32].

Tests for fish packaged in nanocomposites

pH measurement

The pH of homogenized fish samples was determined
using a pH meter (Motorhome, Switzerland) at 25+1 °C
[33].

Measurement of thiobarbituric acid reactive substances
(TBARS)

Lipid oxidation was assessed by quantifying TBARS
using a spectrophotometric method. Briefly, 10 g of
homogenized fish tissue was mixed with 5 mL of 4%
(w/v) perchloric acid and 35 mL of 10% (w/v) trichloro-
acetic acid in a 50 mL Falcon tube. The mixture was cen-
trifuged, and 2 mL of the supernatant reacted with 2 mL
of 0.02 M TBA solution. The reaction mixture was incu-
bated in a boiling water bath (100 °C) for 60 min, cooled
to room temperature, and absorbance was measured
at 500 nm using a UV-Vis spectrophotometer (Hitachi,
Japan). TBARS values were expressed as mg malondial-
dehyde per kg sample [33].

Measurement of total volatile basic nitrogen (TVB-N)

The total volatile basic nitrogen (TVB-N) values were
measured with a Kjeldahl flask (Ara Tajhiz, Iran), 10 g of
the fish sample and 2 g of magnesium oxide were placed
in a Kjeldahl flask. Then, 200 ml of distilled water was
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Fig. 4 Flowchart of the phycocyanin isolation, extraction, and bio-based sensors preparation

added. The flask was connected to the distillation appa-
ratus. The distillate was collected in a flask containing a
2% (w/v) aqueous boric acid solution and a mixture of
methyl red and bromocresol green indicators (each at
0.1%) in ethanol. The boric acid solution was titrated with
0.1 N sulfuric acid. TVB-N values were expressed in units
of mg nitrogen Kg™' (mg N Kg™') sample. Was calcu-
lated based on sulfuric acid consumption using the fol-
lowing formula [34]:

VBN (m N )_VX 0.14 x 1000

97009 ) ~ 100

where V=volume (mL) of H,SO, consumed during
titration.

Antioxidant activity measurement using the DPPH method

The free radical scavenging capacity of PC was evaluated
using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Merck,
Germany) assay. Briefly, 1 mL of PC extract was com-
bined with 1 mL of 0.002% (w/v) DPPH methanolic solu-
tion (0.1 mM) in a light-protected vial. The mixture was
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Fig.5 Preparation and contamination stages of fish fillets with S. aureus. a) Collection of fish fillets b) Contamination of fish fillets with S. aureus suspen-
sion ¢) Coating contaminated fillets with different concentrations of PC d) Packaging contaminated fish fillets with nanocomposite biofilms. Healthy fish
fillet (Co), Contaminated fish fillet packaged with bio-film without PC (T1), Contaminated fish fillet packaged with 0.5% (T2), 1% (T3) and 2% (T4) coated

PC

Table 2 Classification of packaging formulations for fish fillets
with different concentrations of films. Nanochitosan / Polyvinyl
alcohol / Glycerol/ / sodium alginate/ phycocyanin films (NCT/

PVA/G/SA/PC)

Treatment code  Formulation

Co Control sample (fish fillet packaged in nanocom-
posite (NCT/PVA/G/SA)

T1 Fish fillet contaminated with S. aureus packaged in
nanocomposite (NCT/PVA/G/SA)

T2 Fish fillet contaminated with S. aureus packaged in
nanocomposite (NCT/PVA/G/SA) +0.5% coated PC

T3 Fish fillet contaminated with S. aureus packaged in
nanocomposite (NCT/PVA/G/SA) + 1% coated PC

T4 Fish fillet contaminated with S. aureus packaged in

nanocomposite (NCT/PVA/G/SA) + 2% coated PC

incubated in darkness at 25+ 2 °C for 30 min, and absor-
bance was measured at 517 nm. Ascorbic acid served as
the positive control. Radical scavenging activity (%) was
calculated as:

Inhibition (%) _ (Acontrol _Asample> % 100

Acontrol

where A.oniro is the absorbance of the DPPH solution
without PC and Aggmpie is the absorbance of the test
mixture. Results were expressed as ascorbic acid equiva-
lents (ug/mL) [35].

Evaluating the organoleptic properties

The sensory properties of fish fillets were examined based
on a 5-point hedonic scale by 10 trained panelists. These
properties included aroma, color, texture, and overall
acceptance [36].
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Microbiological analyses

Sample preparation

Ten grams of the sample were measured in a sterile plas-
tic container. Sterile Peptinum buffer water was added in
a 9:1 ratio to the sample weight. The mixture was homog-
enized using a Stomacher with sterile bags according to
the Iranian National Standard No0.9899. Then, 1 mL of
the initial suspension was transferred into a tube contain-
ing 1 mL of diluent solution using a sterile pipette. Then,
it was mixed for 5 to 10 s using a vortex (dilution 1072).
When necessary, this process was repeated to get other
dilutions [37].

Counting of total psychrotrophic bacteria

Aliquots (1 mL) of appropriate dilutions were spread-
plated onto nutrient agar (Q-Lab, Canada) and incubated
at 6.5+0.5 °C for 10 days under aerobic conditions. Colo-
nies were enumerated, and results were expressed as log
(CEU/g) [38].

Counting of total viable mesophilic bacteria

Aliquots (0.1 mL) of homogenate dilutions were spread-
plated on plate count and incubated at 30+ 1 °C for 24 h.
Plates containing 150 colonies were counted, and results
were reported as log CFU/g [39].

Counting of enterobacteriaceae bacteria
One mL of homogenate dilutions was mixed with 10 to
15 mL of tempered (45+1 °C) VRBGA culture medium

Absorbance

280
294
308
322
336
350
364
378
392
406
420
434
448
462
476
490
504
518
532
546
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(Q-Lab, Canada). The agar was gently swirled in figure-
eight motions to ensure homogeneity and allowed to
solidify. Plates were incubated at 37 +1 °C for 24 h. Char-
acteristic pink-purple colonies with halos were enumer-
ated, and results were expressed as log CFU/g [40].

Counting of S. aureus

Aliquots (1 mL) were combined with 10 to 15 mL of
tempered (45+1 °C) Baird Parker Agar (BPA) culture
medium (Q-Lab, Canada) supplemented with egg yolk
tellurite emulsion. After figure-eight mixing and solidi-
fication, plates were incubated at 37+1 °C for 24 h.
Colonies exhibiting shiny black halo morphology with
clear zones were counted as presumptive S. aureus and
reported as log CFU/g [40].

Statistical analysis

The data were reported as mean + standard deviation and
analyzed for one-way analysis of variance (ANOVA) by
using SPSS (26.0, SPSS Statistical Software, Inc., USA).
The differences between means were carried out by Dun-
can’s multiple range test (p <0.05).

Results

Spectroscopic analysis, purity, and concentration of PC
extracted from Neowestiellopsis persica

The spectroscopic profile of PC extracted from Neowes-
tiellopsis persica under standard and MF-treated growth
conditions is illustrated in Fig. 6. Absorption maxima

3T &==6T

C

0.71

(=3
O
v

574

0 N
o0 O
v \O

616
630
644
658
672
686
700
714
728
742
756
770
784
798

Amax (nm)

Fig. 6 Spectroscopic results of PC extracted from cyanobacteria grown under different conditions (Control and MFs of 30 mT and 60 mT)
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Table 3 Results of the average growth Inhibition zone diameter
(mm), MIC (mg/mL), and MBC (mg/mL) of PC grown under
different conditions

Co 30mT 60mT
Growth inhibition b047+1066 208141200 2
zone diameter (mm) 047+1233
MIC (mg/mL) 20.00+5.00 ®117+416 P
1174333

*Different lowercase letters show statistically significant differences in the row
(p<0.05)

(Amax) at 620 nm were recorded as 0.723, 0.68, and
0.71 for control, 30 mT MF, and 60 mT MF conditions,
respectively. The highest absorption was observed in cul-
tures exposed to a 30 mT MF.

Purity analysis revealed that PC extracted from Neow-
estiellopsis persica exposed to MFs exhibited a 1.02-fold
increase (30 mT) and 1.06-fold increase (60 mT) in purity
relative to the control (p<0.05). Furthermore, elevat-
ing the MF intensity from 30 mT to 60 mT significantly
enhanced purity values from 1.53+0.00 to 1.59+0.00
(p<0.05).

PC concentration increased 1.12-fold in MF-treated
cultures compared to the control (p<0.05). However,
no significant difference in concentration was observed
when the MF intensity was increased from 30 mT to 60
mT (p>0.05).

Antibacterial activity, MIC, and MBC of PC
The inhibitory effects of PC extracted from Neowestiel-
lopsis persica under standard and MF-treated growth
conditions are summarized in Table 3; Fig. 7. Exposure to
a 30 mT MEF resulted in a 1.12-fold increase in the inhi-
bition zone diameter against S. aureus (0.81+0.12 mm)
compared to the control, while a 1.15-fold increase was
observed at 60 mT (0.47 +£0.12 mm) (p<0.05). However,
no significant difference in antibacterial activity was
detected between 30 mT and 60 mT treatments (p >0.05).
The minimum inhibitory concentration (MIC) of
PC extracted from Neowestiellopsis persica under
standard and MF-treated conditions is detailed in
Table 3. Exposure to a 30 mT MF reduced the MIC by
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0.83-fold (4.16+0.30 mg/mL) compared to the control
(5.00£0.00 mg/mL), while a 0.66-fold reduction was
observed at 60 mT (3.33+1.17 mg/mL) (p<0.05). How-
ever, increasing the MF intensity from 30 mT to 60 mT
did not significantly alter the MIC value (p>0.05). No
minimum bactericidal concentration (MBC) against S.
aureus was detected in any treatment (p >0.05) (Table 3).

FTIR analysis results for identifying functional groups in
biodegradable film

FTIR spectroscopy was employed to characterize func-
tional groups and potential interactions in PVA films
before and after incorporation of PC at varying concen-
trations (0.5%, 1%, and 2%). As illustrated in Fig. 8, the
absorption bands of PC-loaded films exhibited spectra
nearly identical to the control PVA film. Minor shifts in
peak positions and intensities at specific wavenumbers
were attributed to PC incorporation, suggesting weak
physical interactions rather than chemical bonding.

Table 4 summarizes vibrational mode alterations under
MF exposure. A reduction in O—H stretching vibration
intensity was observed in treated samples. In contrast,
the T3 sample exhibited increased intensities for asym-
metric C-H, C=0, and C-C stretching vibrations, as
well as C—O bending and C-N stretching modes, relative
to the control. Similarly, the T2 sample showed enhanced
bending vibrations for C-H, O-H, and N-H groups.

Morphological analysis via SEM

SEM revealed distinct morphological differences between
biodegradable films. The control PVA film (Co) exhibited
a smooth, crack-free surface. In contrast, the addition of
coated PC (T1) induced the formation of wavy fibrous
structures on the polymer matrix. As illustrated in Fig. 9,
increasing the PC concentration to 1% (T2) and 2% (T3)
further amplified the prominence of these wavy fibers.

Thickness results

Thickness analysis revealed no significant differences
(p>0.05) among biodegradable films across treatments,
with all samples measuring 0.21 +0.01 mm.

Fig. 7 Results of measuring the growth inhibition zone diameter under conditions of (a) Control, (b) 30 mT, and (c) 60 mT in three repetitions
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Fig. 8 FTIR spectra of biodegradable films of PVA with different percentages of PC
Table 4 Identification of functional groups and observed changes
Functional Group Co T1 T2 T3 Changes (Decrease - Increase) Compared to Control
O-H Stretching Vibrations 55.51 53.39293 53.13034 51.60894 Decrease
Asymmetric C-H Stretching 46.21 46.15738 46.19944 46.27547 Increase
C=0 Stretching Vibrations 47.75 47.85358 48.00687 48.18935 Increase
C-H Bending Vibrations 59.10 61.91734 63.48924 62.70562 Increase
C-H Bending Vibrations 58.99 6540272 65.76016 6530374 Increase
C-O Bending Vibrations 20.55 25.00531 28.36906 28.77245 Increase
C-C Stretching Vibrations 58.75 60.83303 63.02258 68.34879 Increase
C=0 Stretching Vibrations 47.75 47.85358 48.00687 48.18935 Increase
O-H Bending Vibrations 59.10 6191734 63.48924 62.70562 Increase
N-H Bending Vibrations 5899 65.40272 65.76016 65.30374 Increase
C-N Stretching Vibrations 20.55 25.00531 28.36906 28.77245 Increase

*Co: Control sample (PVA)/ T1: PVA+0.5% coated PC / T2: PVA + 1% coated PC/ T3: PVA+2% coated PC

Moisture content

As detailed in Table 5, the incorporation of coated PC
significantly reduced moisture content compared to the
control (p<0.05). Increasing the PC concentration from
0.5% (13.01+0.05%) to 2% (12.43+0.07%) resulted in a
1.04-fold reduction in moisture (p <0.05).

Mechanical properties

Tensile strength and elongation

As shown in Table 6, the tensile strength of biodegrad-
able films significantly increased with the incorporation
of coated PC compared to the control (p<0.05). How-
ever, no statistically significant difference was observed
when the PC concentration was elevated from 0.5 to 2%
(p>0.05).

Film elongation was significantly influenced by treat-
ments (p<0.05). The addition of coated PC reduced
elongation compared to the control (P<0.05), with a
further decline observed at higher concentrations (0.5—
2%, p<0.05). The control sample exhibited the highest

elongation, whereas the lowest value was recorded for
the 2% PC film (T3, p<0.05).

Color analysis

As summarized in Table 7, increasing the concentra-
tion of coated PC significantly reduced the brightness
(L*), redness (a*), and yellowness (b*) of the biodegrad-
able films compared to the control (p<0.05). The 2%
PC-loaded film (T3) exhibited 1.37-fold, 2.06-fold, and
1.77-fold reductions in L*, a*, and b* values, compared to
the control respectively.

Antioxidant activity

As detailed in Table 8, the incorporation of coated PC sig-
nificantly enhanced the antioxidant activity of the films
compared to the control (p<0.05). Increasing PC con-
centration from 0.5% (63.92+1.07) to 2% (18.85+0.39)
resulted in a 3.39-fold increase in antioxidant capacity
(p<0.05). The highest activity was observed in the 2% PC
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Fig. 9 Morphological analysis of the films (Co) Control sample (PVA) (T1) PVA and 0.5% coated PC, (T2) PVA and 1% coated PC (T3) PVA and 2% coated PC

Table 5 Moisture content results (%) for biodegradable films

Table 7 Average results of brightness index (L*), redness index

Co T T2 T3 (a%), and yellowness index (b*) of biodegradable films
Moisture 1356+004% 1301+005° 1281+004° 1243+007¢ Co T1 T2 T3
Content Brightness 97.12+08*  8379+0.19° 7932+043° 7065+0.60°
* Co: Control sample (PVA)/ T1: PVA+0.5% coated PC/ T2: PVA + 1% coated PC/ Redness 10.82+0.09° 7.76+013° 632+028° 523+0.159

T3: PVA+2% coated PC

* Different small and capital letters show significant differences within each
column and row (p <0.05)

Table 6 Results of tensile strength (N/cm?) and elongation (%)
of biodegradable films

Co T1 T2 T3
Tensile 2603+058° 29.98+082° 3001+062° 29.54+0.14°
Strength
(N/cm?)
Elongation 56.19+079% 56.09+061° 4172+0.19° 3531+048°
(%)

* Co: Control sample (PVA)/ T1: PVA+0.5% coated PC / T2: PVA+ 1% coated PC/
T3: PVA+2% coated PC

* Different small and capital letters show significant differences within each
column and row (P<0.05)

Yellowness 2540+044° 2009+078° 17394038 14.27+0.25¢

* Co: Control sample (PVA)/ T1: PVA+0.5% coated PC / T2: PVA+ 1% coated PC/
T3: PVA+2% coated PC

* Different small and capital letters show significant differences within each
column and row (p<0.05)

Table 8 Antioxidant activity results (Ic50=mg/mL) of

biodegradable films
Co T T2 T3
Anti- 636.94+4668% 6392+107° 4404+041° 1885+0.39°
oxidant
activity

* Co: Control sample (PVA)/ T1: PVA+0.5% coated PC / T2: PVA+ 1% coated PC/
T3: PVA+2% coated PC

* Different small and capital letters show significant differences within each
column and row (p<0.05)
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film (T3), while the lowest activity corresponded to the
unmodified control (p <0.05).

Results of fish fillets coated with biodegradable film

pH

As summarized in Table 9, contamination significantly
increased the pH of fish fillets compared to the control
(p<0.05). However, packaging contaminated fillets with
biodegradable films containing coated PC effectively mit-
igated this pH increase (p<0.05). Notably, fillets coated
with 2% PC (T4) exhibited the lowest pH among all treat-
ments (p<0.05), while those coated with the lowest PC
concentration (T1) showed the highest pH by the 15th
day of storage (p <0.05).

TBA and TVB-N levels

The average TBA and TVB-N values for fish fillets during
15 days of storage are presented in Table 10. Both treat-
ment type and storage duration significantly influenced
TBA and TVB-N levels (p<0.05). No significant differ-
ences were observed between groups at day 0 (p>0.05);
however, divergences emerged by day 3 (p<0.05). Con-
tamination significantly elevated TBA and TVB-N levels
compared to the control (p<0.05), while packaging con-
taminated fillets with PC-coated composites effectively
mitigated these increases (p <0.05). By day 15, T4 exhib-
ited the lowest TBA and TVB-N values, whereas T1 dis-
played the highest (p <0.05).

TBA levels in all treatments remained within national
regulatory limits until day 7. Only T3 and T4 complied
with standards through day 15, extending fillet shelf life
by 8 days. In contrast, TVB-N levels for all treatments
remained within approved thresholds throughout the
15-day storage period.

Microbial analysis
Mean bacterial counts (psychrotrophic, mesophilic,
Enterobacteriaceae, and S. aureus) for fish fillets dur-
ing storage are detailed in Table 11. Both treatment type
and storage duration significantly influenced microbial
proliferation (p<0.05). No significant differences were
observed in bacterial counts at day 0 (p>0.05); however,
divergences emerged by day 3 for all microbial groups
(p<0.05). A significant upward trend in psychrotrophic,
mesophilic, Enterobacteriaceae, and S. aureus counts was
observed across all treatments over 15 days (p <0.05).
Packaging contaminated fillets with PC-coated com-
posites (T4) significantly inhibited psychrotrophic,
mesophilic, Enterobacteriaceae, and S. aureus growth
(p<0.05), with efficacy increasing proportionally to PC
concentration. By day 15, T4 exhibited the lowest bacte-
rial counts, while T1 displayed the highest (p <0.05).
According to national standards for the count of psy-
chrotrophic bacteria, only sample T4 was approved until
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Table 9 Results of pH levels of fish fillet samples coated with
biodegradable film during 15 days of storage

Day 15 Day 7 Day 3 Day 0 Day
Tretment
Ab002+6.71 B002+621 002+578 P2003+520 Co
70024691 B1003+646 0024607 P2004+520 TI
0024670 0024620 0024598 DP2002+522 T2
AC0.02+660 B<002+6.12 €001+580 P?0.03+522 T3
70024641 AM001+598 "002+574 A002+520 T4

* Co: Control sample (PVA)/ T1: PVA+0.5% coated PC/ T2: PVA+ 1% coated PC/
T3: PVA+2% coated PC

* Different small and capital letters show significant differences within each
column and row (p < 0.05)

Table 10 Results of TBA (ppm) and TVB-N (mg/100 g) levels in
fish fillet samples coated with biodegradable films during 15
days of storage

Day 15 Day 7 Day 3 Day 0 Day
Treatment
TBA (ppm)
AC0.01+103 B<000+056 001+047 Do Co
0.01+0.33
A001+£121 B002+076 ©001+059 D T
0.01+0.33
Ab001+1.14 B002+068 ©001+052 D2 ™
0.04+0.34
A001+092 B4001+051 “9000+040 D2 T3
0.03+0.32
20014073 B€002+043 ©001+034 Do T4
0.01+0.30
TVB-N
(mg/1009)
A043+2501 04341223 ©043+635 D2 Co
0.16+1.03
A028+27.16 B20.16+1363 “@028+728 D2 T
0.14+0.98
AC058+2137 B<028+1092 “056+504 D2 ™
0.16+1.03
Ad058+1895 B4028+896 021+397 Do T3
0.16+1.03
A€043+17.83 B€043+709 ©€028+280 D T4
0.08+1.07

*Co: Control sample (healthy fillet+PVA) / T1: Contaminated fillet+PVA / T2:
Contaminated fillet+PVA+0.5% coated PC / T3: Contaminated fillet+ PVA+1%
coated PC/T4: Contaminated fillet+ PVA +2% coated PC

*Different lowercase and uppercase letters indicate statistical differences in
each column and row (p <0.05)

day 3. For the number of mesophilic bacteria (log cfu/g),
samples T2 and T3 were approved until day 3,and sample
T4 was approved until day 7. For the count of Enterobac-
teriaceae, all samples were approved on day 1. For the
count of S. aureus (log cfu/g), only the control sample
was approved until day 7 and T4 was approved until day
3 according to the standard.
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Table 11 Results of psychrotrophic bacteria count (log cfu/g),
mesophilic bacteria count (log cfu/g), Enterobacteriaceae
bacteria count (log cfu/g) and S. aureus (log cfu/g) in fish fillets
coated with biodegradable films during 15 days of storage

Day 15 Day 7 Day 3 Day 0 Day
Treatment

Psychrotrophic bacteria count (log cfu/g)

20014939 0014834 0024631 P2002+337 Co
A001+942 B001+841 0014644 P2000+336 Ti

Ab017+9.15 B 001+830 0014629 P2003+336 T2
AC005+869 B4004+783 “<002+603 P2002+335 T3
20034792 B002+7.16 90014524 20024335 T4
Mesophilic bacteria count (log cfu/g)

2400441005 B001+826 “9001+735 P€002+426 Co
A001+1146 80014938 “001+722 P2001+539 Ti

AL 00341085 B20.02+9.12 0044690 P°002+518 T2
AC001+1040 B9001+817 “004+670 °°002+501 T3
20054968 P003+7.86 <©001+611 P1002+483 T4
Enterobacteriaceae bacteria count (log cfu/g)

A001+817 B003+661 “001+544 P2006+266 Co
A0 0024801 B2001+639 ©004+505 P20.09+265 Ti

AC000+743 B002+6.14 <001+480 ©2012+263 T2

2001717 890014520 “4001+442 P2002+259 T3

R 004+693 B005+494 ©002+421 P2016+246 T4
(log cfu/q) S. aureus

A 004+367 B003+286 ©000+£000 ©000+000 Co
A002+823 B001+742 0014641 220014525 Ti

AL002+800 B°003+697 ©003+609 °001+504 T2
A001+743 B005+668 “003+595 P°004+479 T3

20024692 B1001+612 90014330 P9016+432 T4

*Co: Control sample (healthy fillet+PVA) / T1: Contaminated fillet+PVA / T2:
Contaminated fillet+PVA +0.5% coated PC / T3: Contaminated fillet+ PVA+ 1%
coated PC/ T4: Contaminated fillet+ PVA + 2% coated PC

*Different lowercase and uppercase letters indicate statistical differences in
each column and row (p <0.05)

Sensory evaluation of odor, texture, and color

Mean sensory evaluation scores for odor and texture of
fish fillets during 15 days of storage are summarized in
Table 12. Both treatment type and storage duration sig-
nificantly influenced odor and texture scores (p<0.05).
No significant differences were observed between treat-
ments at day 0 (p>0.05); however, divergences emerged
by day 3 (p<0.05). Packaging contaminated fillets with
PC-containing composites significantly improved sen-
sory scores for odor and texture compared to the control
and contaminated sample (T1) (p<0.05). A significant
decline in sensory quality occurred across all treatments
over the 15-day storage period (p<0.05). By day 15, T4
and T3 exhibited the highest sensory scores, while T1
scored the lowest (p <0.05).

Results of color of fish fillets during 15 days of storage
showed (Table 12), that treatment type and storage dura-
tion significantly influenced color scores (p<0.05). No
significant differences were observed between treatments
at day O (p>0.05); however, divergences emerged by day
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Table 12 Sensory evaluation results for odor, texture and color
of fish fillets coated with biodegradable film during 15 days of
storage

Day 15 Day 7 Day 3 Day 0 Day
Treatment
Evaluation results for odor
Do 000+£100 “000+3.00 5000+400 " Co
0.00+5.00
Do 0004100 0004200 B000+3.00 *2 T
0.00+4.00
8058+133 "P058+333 "100+400 " T
0.00+4.00
@058+233 BP058+367 A058+468 "B T3
0.00+4.00
€@058+233  B000+400 "°000+500 B T4
0.00+4.00
Evaluation results for texture
Cc058+133 B058+267 BP000+300 " Co
0.00+5.00
0c000+£1.00 000+200 B 000+300 T
0.00+5.00
Cbcps58+133 P1058+333 AR Aa T
000+£4.00  0.00+500
C0ns58+133 B000+333  52000+400 " T3
0.00+5.00
€@058+133  B000+400 A& Aa T4
0.58+4.67  0.00+500
Evaluation results for color
©000+100 B<058+268 BP000+300 " Co
0.00+5.00
020004100 000+200 ®000+300 T
0.00+5.00
C@058+133 BPp58+333 ABD Aa T
1004400  0.00+5.00
C@058+133 Bbps5g+333 FBab ha T3
000£4.00  0.00+500
€@058+133  B000+400 A& Aa T4
0.58+467  0.00+500

*Co: Control sample (healthy fillet+PVA) / T1: Contaminated fillet+PVA / T2:
Contaminated fillet+ PVA+0.5% coated PC / T3: Contaminated fillet+ PVA+ 1%
coated PC/T4: Contaminated fillet+ PVA +2% coated PC

*Different lowercase and uppercase letters indicate statistical differences in
each column and row (p <0.05)

3 (p<0.05). Packaging contaminated fillets with PC-con-
taining composites significantly improved color scores
compared to the control and contaminated sample (T1)
(p<0.05). A significant decline in color scores occurred
across all treatments over the storage period (p<0.05),
with no differences detected between groups by day 15
(p>0.05).

Sensory evaluation of overall acceptability

Mean sensory evaluation scores for the overall acceptabil-
ity of fish fillets during 15 days of storage are presented in
Table 13. Both treatment type and storage duration sig-
nificantly influenced overall acceptability (p<0.05). No
significant differences were observed between treatments
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Table 13 Results of sensory evaluation for overall acceptability
of fish fillet samples coated with biodegradable film during 15
days of storage

Day 15 Day 7 Day 3 Day 0 Day
Treatment

®0.00+1.00 #€058+267 B058+3.33 A?0.00+500 Co

P50.00+1.00 “000+2.00 B000+300 **000+4.00 T1

A (058+3.33 AP 100+4.00 *?0.00+4.00 T2
B2058+233 A058+367 " 058+433 A000+4.00 T3
B1058+267 A1000+4.00 "*058+4.67 **000+4.00 T4

*Co: Control sample (healthy fillet+PVA) / T1: Contaminated fillet+PVA / T2:
Contaminated fillet+PVA +0.5% coated PC / T3: Contaminated fillet+PVA +1%
coated PC/ T4: Contaminated fillet + PVA + 2% coated PC

*Different lowercase and uppercase letters indicate statistical differences in
each column and row (p <0.05)

820.00+2.00

at day O (p>0.05); however, divergences emerged by day
3 (p<0.05). Packaging contaminated fillets with PC-
containing composites significantly improved overall
acceptability compared to the control and contaminated
sample (T1) (p<0.05). A significant decline in acceptabil-
ity occurred across all treatments over the storage period
(p<0.05), with T1 and the control exhibiting the lowest
scores by day 15 (p <0.05).

Results and discussion

Spectroscopic, purity, and concentration of PC

The application of MF to algae, microalgae, and cyano-
bacteria can influence metabolic activity, biomass syn-
thesis, and the production of carbohydrates, pigments,
essential amino acids, enzymes, and oxygen [41]. Nota-
bly, pigments extracted from cyanobacteria exposed to
MEF show promise as biosensors and biodegradable films
for extending food shelf life.

In this study, the highest PC absorption (0.723 nm) was
observed at an MF strength of 30 mT. This may reflect
the accelerated entry of cyanobacterial cultures into the
decline phase under 60 mT conditions, reducing biomass
concentration after day 13. These findings align with
Deamici et al. (2016), who reported a 57% increase in PC
yield (13.17 mg/mL vs. 8.38 mg/mL in controls) in Spiru-
lina sp. exposed to 60 mT MF for 1 h daily [16].

PC purity, assessed via the Agag and Aag ratio, is criti-
cal for determining commercial applicability. Ratios of
0.7-3.9 indicate food-grade quality [42]. Here, MF expo-
sure significantly enhanced PC purity and concentration
compared to untreated cultures [16].

Deamici et al. (2022) demonstrated that Limmnospira
indica cultures exposed to 11 mT MF (1 h/day) produced
123% more biomass than controls, with protein and chlo-
rophyll content increasing to 60.4% (w/w) and 326%,
respectively [43]. Similarly, Salari-Sichani et al. (2024)
optimized MF-assisted PC extraction from Spirulina pla-
tensis (13.27 mT, 49.87 min, 17.11% solid-liquid ratio),
achieving a 97.7% increase in concentration (5.44 mg/
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mL), 91.5% higher yield (26.34 mg/g), and 28.32% greater
purity (24.32) compared to conventional methods [44].
These studies corroborate our findings that MF enhances
PC yield and quality, underscoring its potential for scal-
able biotechnological applications.

PC, exhibits antibacterial properties against major
Gram-positive and Gram-negative bacteria. Their anti-
microbial action is initiated by electrostatic interac-
tions between charged regions of bacterial cell walls/
membranes and hydrophobic interactions with reactive
moieties. These forces generate tension via Brownian
motion in membrane macromolecules, leading to pore
formation, membrane disintegration, leakage of intra-
cellular contents (e.g., potassium ions), and eventual cell
death [45]. Additionally, bioactive compounds in micro-
algal extracts disrupt membrane integrity by integrating
hydrophobic molecules into phospholipid bilayers, fur-
ther increasing permeability and cytoplasmic efflux [46].

Antibacterial activity, MIC, and MBC

Consistent with these mechanisms, our study demon-
strated that PC extracted from Neowestiellopsis per-
sica under 30 mT and 60 mT MFs exhibited enhanced
antibacterial activity against S. aureus (reduced MIC,
increased inhibition zones). Similar findings were
reported by Safari et al. (2022), where pure and nano-
encapsulated PC (maltodextrin/sodium caseinate com-
posite) inhibited Gram-positive (Listeria monocytogenes,
S. aureus, Streptococcus iniae) and Gram-negative (Sal-
monella ruckeri, Escherichia coli) pathogens [47]. Col-
lectively, these studies highlight the dual role of MFs in
boosting both PC yield and its functional potency.

FTIR

The incorporation of PC into PVA films increased peak
intensity and induced a redshift (shift to lower wavenum-
bers) in FTIR absorption bands. PC contains hydroxyl
(-OH) and amino (-NH) functional groups, whose over-
lapping vibrations enhance absorption intensity in this
region. This suggests hydrogen bonding and electrostatic
interactions between PC and the PVA matrix [48]. The
observed redshift further confirms hydrogen bond for-
mation, while reduced peak intensity at higher PC con-
centrations may reflect physicochemical interactions
between the PE’s aromatic rings and the polymer matrix.
These interactions likely facilitate PC integration into
PVA matrices, as evidenced by FTIR spectra. The mini-
mal wavenumber shifts indicate that interactions are
primarily physical (e.g., hydrogen bonding) rather than
chemical [36].

Morphological
The SEM analysis revealed significant morphological
changes in PVA films upon incorporating coated PC.
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Pure PVA films (control) exhibited a smooth, homoge-
neous surface (Fig. 9), consistent with the strong hydro-
gen-bonding network characteristic of unmodified PVA
matrices. In contrast, PC addition induced wavy fibrous
structures on the film surface (T1), which became more
pronounced at higher concentrations (T2, T3). This sug-
gests concentration-dependent interactions between
PVA and PC, likely driven by hydrogen bonding and par-
tial self-aggregation of the PE, as observed in other natu-
ral colorant-polymer systems [49].

The increased surface roughness and fibrous morphol-
ogy at higher PC loadings may indicate reduced polymer-
pigment compatibility, consistent with studies on phase
separation in PVA composites [50]. However, the absence
of cracks or voids implies a semi-compatible system,
where the PC interacts with PVA without fully disrupting
the matrix. These morphological features could enhance
biodegradability by increasing surface area for microbial
action [51] but might compromise mechanical integrity
[52].

Future work should explore strategies like plasticizers
or pigment modification to optimize compatibility and
correlate morphology with functional properties (e.g.,
barrier performance and biodegradation rates).

Thickness

Film thickness critically influences mechanical strength,
water vapor permeability, light transmission, and opacity
[53]. In this study, treatments had no significant effect on
film thickness (p>0.05), likely due to the low PC concen-
tration and its compatibility with the PVA matrix [22].
Tie et al. (2024) reported similar consistency in carboxy-
methyl chitosan/pectin films (55-70 pum thickness) incor-
porating procyanidins and PC, attributing uniformity to
dense network structures [54]. Conversely, Akhtar et al.
(2024) observed increased thickness in edible films with
10% PC, suggesting concentration-dependent effects
[24].

Moisture

Moisture sensitivity is a key consideration for food
packaging, as excessive humidity absorption can com-
promise material functionality and product shelf life
[55]. Here, PC incorporation significantly reduced film
moisture content compared to controls (p<0.05), likely
due to hydrogen bonding between PC and the PVA
matrix, which restricts free water mobility [56]. This
contrasts with chitosan-based films, where hydrophilic
properties often elevate moisture retention [57]. Simi-
lar trends were reported by Akhtar et al. (2024), who
noted reduced moisture content, water solubility, and
vapor permeability in SA/carboxymethyl cellulose films
enriched with PC [24]. Chentir et al. (2019) further dem-
onstrated that moisture content remained stable at PC
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concentrations <1.25% but declined at higher levels [58].,
while Sun et al. (2023) observed analogous effects in

curcumin-enhanced whey protein/cellulose nanocrystal
films [59].

Mechanical properties

The mechanical properties of packaging materials are
fundamental for ensuring food protection against envi-
ronmental stressors. Key metrics such as tensile strength
and elongation at rupture play a critical role in the design
of biodegradable films, as these parameters determine
the suitability of polymer-based layers for food packag-
ing applications. A film’s durability hinges on its ability to
retain structural integrity when exposed to stresses dur-
ing production, handling, and storage. The mechanical
behavior of nanocomposite films is shaped by molecular
bonding, compound solubility, and intermolecular forces
within the polymer matrix. Incorporating specific addi-
tives can reconfigure the film’s structural framework,
strengthening interactions between components and
improving overall performance [60].

In this study, PC incorporation significantly enhanced
tensile strength compared to control films (p<0.05),
likely due to cross-linking between the pigment’s func-
tional groups and the polymer matrix. Conversely, elon-
gation at break a measure of flexibility declined with PC
addition (p<0.05). These findings underscore the trade-
off between mechanical robustness and pliability in
bioactive films, emphasizing the need to optimize formu-
lations for specific packaging requirements.

Color analysis
The incorporation of coated PC significantly reduced
brightness (L*), redness (a*), and yellowness (b*) indi-
ces in biodegradable films compared to the control. The
L*index (lightness: 100 = white, 0 =black) decreased with
higher PC concentrations, reflecting increased opacity
and darkness. This aligns with studies linking thicker or
pigment-rich polymer layers to reduced brightness [61].
The a* index (redness: +120=red, -120=green) shifted
toward green due to PC’s natural blue-green hue, while
the b* index (yellowness: +120=yellow, -120=Dblue)
trended toward blue, consistent with PC’s spectral prop-
erties. These shifts highlight PC’s potential for tailoring
film color toward blue-green spectra in food packaging.
Chentir et al. (2019) observed similar trends in gela-
tin- PC nanocomposites, where concentrations>6.5%
reduced L* and increased opacity, enhancing light-block-
ing efficacy [58]. Nami et al. (2024) also discovered that
adding PC nanoliposomes to a soy protein film matrix
made the film less bright over time, with 20 g/100 g being
the highest value seen [62]. Tie et al. (2024) further dem-
onstrated that blending PC with PE in carboxymethyl
chitosan/pectin films reduced brightness proportionally
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to PE content, with analogous shifts in a* and b* val-
ues [54]. The study demonstrated significant changes in
color indices (L* a* b*) of indicator biofilms during 14
days of storage, aligning with findings reported by Abed
et al. (2025). Statistical analysis (P<0.05) confirmed that
control samples exhibited the highest brightness (L*),
redness (a*), and yellowness (b*), while the incorpora-
tion of PC markedly reduced these values to 0.23, 0.88,
and 0.89, respectively [63]. This reduction underscores
PC’s efficacy in modulating biofilm color properties,
likely attributed to its natural pigmentation and synergis-
tic interactions within the biofilm matrix. These results
emphasize PC’s potential as a functional additive for tai-
loring optical characteristics in biofilm-based systems,
advancing strategies for optimizing color stability in food
or biomedical applications.

Antioxidant activity

The incorporation of coated PC significantly enhanced
the antioxidant activity of biodegradable films com-
pared to control samples. PC, a phycobiliprotein, exhibits
potent antioxidant properties attributed to its ability to
scavenge alkoxyl (RO»), hydroxyl (¢«OH), peroxyl (ROOs),
and peroxynitrite (ONOQO") radicals, as well as neutralize
hypochlorous acid (HOCI) under laboratory conditions
[64].

Both apoprotein and phycocyanobilin—the chromo-
phore moiety—contribute to this activity. The apoprotein
inhibits «OH radicals via pH-dependent conformational
changes and reacts with HOCI through cysteine and
methionine residues, while phycocyanobilin neutralizes
ONOO-, HOCI, and ROOe- via oxidation of its tetrapyr-
role structure. During radical scavenging, PC undergoes
spectral shifts, with absorption at 620 nm diminishing
and new bands emerging near 640 nm [65]. Chitosan, a
key polymer in the composite films, further augments
antioxidant activity. Its amino groups form stable com-
plexes with lipid oxidation byproducts (e.g., malondialde-
hyde), suppressing oxidative rancidity [66]. This synergy
between PC and chitosan underscores the films’ dual
antioxidative mechanism: direct radical scavenging and
inhibition of secondary oxidation pathways.

Chentir et al. (2019) demonstrated similar enhance-
ments in gelatin- PC nanocomposites, where 12.5% PC
(extracted from Arthrospira sp.) elevated chelation capac-
ity, B-carotene bleaching inhibition, and DPPH radical
scavenging by >40% compared to controls [58]. Akhtar
et al. (2024) likewise reported dose-dependent antioxi-
dant improvements in SA/carboxymethyl cellulose films
enriched with PC [24].

Conversely, Tie et al. (2024) observed reduced activ-
ity in carboxymethyl chitosan/pectin films combining
PC and fucoxanthin, likely due to competitive hydroxyl
group interactions between pigments and the polymer
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matrix [54]. These findings highlight the importance of
optimizing pigment-polymer compatibility to maximize
antioxidative efficacy.

pH

Post-mortem fish pH typically ranges from 6.0 to 7.0,
influenced by species, season, and spoilage-related bio-
chemical changes [67]. In this study, PC-coated compos-
ites effectively stabilized fillet pH during 15-day storage,
likely by inhibiting microbial growth and proteolytic
activity that generate alkaline compounds (e.g., trimeth-
ylamine, ammonia) via protein degradation [68]. Similar
mechanisms have been reported for chitosan-based coat-
ings, where intrinsic antimicrobial properties suppress
spoilage bacteria and enzymatic reactions, thereby delay-
ing pH elevation [69]. Notably, all coated fillets remained
consumable for 14 days, underscoring the dual antioxi-
dant and antimicrobial efficacy of phycobiliproteins in
preserving seafood quality [70].

Stejskal et al. (2020) demonstrated analogous pH sta-
bilization in Spirulina platensis- PC gelatin films, attrib-
uting this to reduced microbial production of volatile
amines [71]. Tavakoli et al. (2023) further corroborated
these findings using smart films with cyanobacterial
phycobiliproteins and anthocyanins, which slowed pH
increases by >30% compared to controls [36]. Similarly,
Nami et al. (2024) observed reduced pH drift in shrimp
fillets coated with whey protein isolate containing PC
nanoliposomes, linking this to inhibited trimethylamine
accumulation [62].

TBA and TVB-N

Marine products, rich in omega-3 polyunsaturated fatty
acids (PUFAs), are highly susceptible to lipid oxidation—
a free-radical chain reaction (initiation, propagation, ter-
mination) that degrades sensory and nutritional quality
[72]. Malondialdehyde (MDA), a secondary oxidation
product derived from PUFA degradation, serves as a key
marker in TBA assays. Its formation reflects advanced
oxidative rancidity, as peroxides react with TBA to yield
aldehydes and ketones [73]. PC’s antioxidant properties
likely mitigated lipid oxidation in coated fillets by scav-
enging free radicals (e.g., ROOs, «OH) and interrupting
propagation stages. This aligns with studies showing that
bioactive coatings reduce MDA accumulation by stabiliz-
ing lipid membranes and suppressing radical chain reac-
tions [73].

Storage duration significantly influenced TBA values
in fish fillets, with PC-containing composite films effec-
tively suppressing lipid oxidation. This aligns with the
well-documented oxygen barrier properties of such films,
which limit oxidative attacks on polyunsaturated fatty
acids (PUFAs) like docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA) [29, 74].
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Chitosan, a key component of the coating, further con-
tributed by scavenging free radicals (e.g., ROOs, «OH) via
its amino groups, thereby slowing oxidation [69]. TBA
values for all samples remained within acceptable limits
(3-8 mg MDA/kg) throughout the 15-day storage period,
consistent with standards for fresh and iced fish [75].

These findings corroborate studies demonstrating
PC’s antioxidative efficacy. Takyar et al. (2019) reported
reduced lipid oxidation in refrigerated rainbow trout
(Oncorhynchus mykiss) fillets coated with Spirulina
extracts [76], while Stejskal et al. (2020) observed simi-
lar suppression in hake fillets using Spirulina platen-
sis- PC coatings [71]. Seyedalangi et al. (2024) further
highlighted synergistic effects between dielectric barrier
discharge (DBD) plasma and PC, achieving>40% greater
TBARS reduction in combined treatments compared to
individual applications [20]. This synergy underscores the
potential of multifunctional coatings to enhance seafood
preservation.

TVB-N remains a critical marker for assessing micro-
biological quality in fresh and minimally preserved sea-
food. Volatile bases, such as ammonia, trimethylamine,
and methylamine, arise from enzymatic decarboxylation
of amino acids post-mortem and correlate directly with
microbial proliferation [77, 78].

In this study, storage duration significantly elevated
TVB-N levels; however, PC-containing composite films
effectively mitigated this increase. All samples complied
with national standards (TVB-N<35 mg/100 g) through-
out the 15-day storage period. By day 15, fillets coated
with 2% (T4) and 1% (T3) PC retained excellent quality
(TVB-N<25 mg/100 g), while controls (Co), T2 (0.5%),
and contaminated T1 samples maintained good quality
(TVB-N<30 mg/100 g) [79].

Microbial analysis
This suppression aligns with chitosan’s dual role in coat-
ings: (1) inhibiting proteolytic bacteria and (2) disrupting
microbial access to nitrogenous substrates [80]. PC fur-
ther enhances this effect via antimicrobial and antioxi-
dant mechanisms, delaying metabolite production [62].
For instance, Alparslan et al. (2019) reported reduced
TVB-N in gelatin-orange essential oil-coated shrimp
[81], while Ozogul et al. (2021) observed similar trends
in sardine fillets coated with microalgal PC [75]. Notably,
Nami et al. (2024) documented slower TVB-N accumula-
tion in shrimp coated with soy protein isolate- PC nano-
liposomes, despite residual increases linked to enzymatic
activity and bacterial spoilage [62]. These findings under-
score the importance of optimizing PC concentration to
balance microbial inhibition and structural compatibility.
Foodborne illnesses caused by S. aureus remain a
global health concern, particularly in protein-rich sea-
food products where microbial proliferation is facilitated
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by proteolytic breakdown into amino acids [82]. In this
study, PC -containing composites significantly inhib-
ited S. aureus growth in contaminated fish fillets. This
aligns with the antimicrobial mechanisms of microal-
gal extracts, which disrupt bacterial membrane integ-
rity via hydrophobic and electrostatic interactions [46].
Chitosan, a cationic polymer in the composite, further
enhanced this effect by binding to negatively charged
microbial membranes through its NHJ groups, induc-
ing intracellular leakage and limiting oxygen permeability
a critical factor in psychrotrophic bacterial suppression
[69].

Notably, the 2% PC composite (T4) exhibited the stron-
gest inhibition of psychrotrophic bacteria, Enterobacte-
riaceae, mesophiles, and S. aureus. This dose-dependent
efficacy underscores PC’s role as a functional additive,
with higher concentrations (>1%) achieving compliance
with international standards for S. aureus-free seafood.
Similar trends were reported by Mallikarjun Gouda et
al. (2015), where Spirulina platensis extracts suppressed
S. aureus and E. coli [83], and by Chentir et al. (2019),
who observed broad-spectrum antimicrobial activity in
PC -enhanced gelatin films [58]. Martinez-Antequera et
al. (2021) further validated chitosan’s preservative role
in smoked fish fillets, demonstrating its ability to curb
microbial growth [84].

Sensory evaluation of odor, texture and color

Sensory analysis revealed that PC composites preserved
odor, color, texture, and overall acceptability of fish fil-
lets, with T4 (2% PC) receiving the highest scores. This
aligns with Baliti et al. (2020), who linked active sea-
weed extract coatings to reduced microbial spoilage and
delayed browning in shrimp [85], and Nami et al. (2024),
who reported improved organoleptic scores in PC-coated
shrimp [62]. Similarly, Nowruzi et al. (2024) documented
enhanced sensory quality in rainbow trout fillets coated
with PC, attributing this to oxidative and microbial sta-
bility [86].

Sensory evaluation of overall acceptability

The superior sensory performance of high-concentration
PC films (T4) likely stems from their dual antioxida-
tive and antimicrobial properties, which mitigate spoil-
age volatiles (e.g., trimethylamine) and lipid oxidation
byproducts. These findings mirror Tie et al. (2024), where
carboxymethyl chitosan-pectin films with PC exhib-
ited dose-dependent antimicrobial effects, though low
concentrations (<1%) paradoxically promoted bacterial
growth [54].
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Conclusion

This study evaluated the effects of MFs and NCT-SA-
coated PC extracted from Neowestiellopsis persica on
extending the shelf life of S. aureus contaminated fish
fillets during 15 days of refrigerated storage. UV-Vis
spectrophotometer analysis revealed that PC extracted
under 30 mT and 60 mT MF exhibited absorbance max-
ima at 620 nm (0.68, 0.723, and 0.71, respectively), with
the highest purity and concentration achieved at 30 mT.
The PC demonstrated enhanced antibacterial activ-
ity against S. aureus under MF treatment, as evidenced
by increased inhibition zone diameters and reduced
minimum inhibitory/bactericidal concentrations (MIC/
MBC). The 60 mT MF-treated PC, showing superior effi-
cacy, was selected for incorporation into biodegradable
films. FTIR spectroscopy confirmed the successful inte-
gration of PC into the PVA matrix via hydrogen bonding
and electrostatic interactions. Morphological analysis
revealed wavy fibrous structures in the polymer matrix,
which intensified at higher PC concentrations (1-2%).
While film thickness remained unaffected, moisture con-
tent decreased significantly (p<0.05) with PC addition.
Mechanical testing showed increased tensile strength but
reduced elongation, indicating enhanced rigidity. Colori-
metric analysis demonstrated dose-dependent reductions
in lightness (L*) and shifts in redness (a*) and yellow-
ness (b*) indices, aligning with PC’s spectral properties.
PCloaded films significantly improved antioxidant activ-
ity and suppressed spoilage markers in contaminated fil-
lets: pH stabilization, reduced TBA values, and inhibited
volatile nitrogen compound formation. Microbial analy-
sis revealed suppressed growth of mesophilic, psychro-
trophic, Enterobacteriaceae, and S. aureus populations.
Sensory evaluation indicated that films with 2% PC (T4)
maintained the highest acceptability (odor, color, texture)
for 7 days, correlating with delayed oxidative and micro-
bial spoilage. Overall, the T4 formulation extended fillet
shelf life most effectively, underscoring the potential of
ME-enhanced PC as a multifunctional bioactive agent in
active food packaging.

Safety characteristics are necessary to evaluate NCT-
SA-coated PC. In our study, we didn’t evaluate the in
vitro and in vivo safety of composites, due to the limita-
tions in methodological standardization crucial to assess-
ing their physiological benefits and health-promoting
properties. Therefore, the saftly characterization of PC
must be carried out through standard in vitro and in
vivo experiments in the future. An important require-
ment for natural pigments is that they must be resistant
to antimicrobials to ensure protection during therapeu-
tic or preventive use while avoiding strains with acquired
resistance that could limit effectiveness in human
applications.
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